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Abstract

Outcomes of patients with inflammatory rheumatic diseases have significantly improved over the last three decades, mainly due
to therapeutic innovations, more timely treatment, and a recognition of the need to monitor response to treatment and to titrate
treatments accordingly. Diagnostic delay remains a major challenge for all stakeholders. The combination of electronic health
(eHealth) and serologic and genetic markers holds great promise to improve the current management of patients with inflammatory
rheumatic diseases by speeding up access to appropriate care. The Joint Pain Assessment Scoring Tool (JPAST) project, funded
by the European Union (EU) European Institute of Innovation and Technology (EIT) Health program, is a unique European
project aiming to enable and accelerate personalized precision medicine for early treatment in rheumatology, ultimately also
enabling prevention. The aim of the project is to facilitate these goals while at the same time, reducing cost for society and
patients.

(JMIR Mhealth Uhealth 2020;8(5):e17507)   doi:10.2196/17507

KEYWORDS

rheumatology; eHealth; mHealth; symptom-checkers; apps

Background

The path to a correct diagnosis and efficacious treatment is often
long and frustrating for patients with inflammatory rheumatic

and musculoskeletal diseases (RMDs). This is a major problem
as both short and long treatment efficacy depends on early and
correct diagnosis. Early diagnosis for rheumatoid arthritis (RA),
systemic lupus erythematosus (SLE), myositis, primary Sjögren
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syndrome (SS), and systemic sclerosis (SSc) is critical for
improved disease outcomes and the selection of a therapy
strategy. For example, in the context of RA, the first 3 months
of symptoms have been identified as a therapeutic window
during which immunologic mechanisms can still be altered
[1,2]. Therefore, the European League Against Rheumatism
(EULAR) recommends that any patient presenting with morning
stiffness or joint pain or swollen joints sees a rheumatologist
no later than 6 weeks after symptom onset [3]. Interestingly,
the advice to see a rheumatologist for persistent joint pain poses
a particular challenge, as joint pain is very common in the
population [4]. However, certain variants of joint pain together
with the presence of rheumatoid factor (RF) or anticitrullinated
protein antibody (ACPA) indicate a high risk for the
development of RA. When identified, such individuals can be
given lifestyle advice to reduce the risk of disease development
and an opportunity to participate in clinical trials aimed at
prevention of RA. Notably, novel ways of identifying patients
at risk on a large scale will be needed if ongoing preventive
trials are successful and will lead to a change in clinical practice.

Diagnostic Delay in Today’s Clinical
Practice

Diagnostic delay [5] is one of the biggest current challenges in
rheumatology. Rheumatic symptoms such as joint pain are
common and hard to evaluate for patients and health care
providers [6-8]. Patients often wait too long as they believe that
the symptoms will resolve spontaneously [9] or with self-care
methods [10]. General practitioners (GP) find it hard to identify
RMD symptoms indicative of emerging RA or other
inflammatory RMD at early stages in the disease course [11].

The resulting delay may exacerbate existing health disparities
[10,11]. Furthermore, rheumatologists remain scarce worldwide
[12], and this represents one of the main reasons for the delay
in diagnosis. Notably, the early and correct identification of
patients with emerging rheumatic diseases based solely on
clinical evaluation is very challenging even for experienced
rheumatologists [13].

Improving Health Care Efficiency

In addition to the challenge of reducing diagnostic delay, there
is an increasing need to optimize health care efficiency.
Musculoskeletal complaints account for 21.3% of the years
lived with disabilities, with neck pain and low back pain
accounting for almost 70% [14]. Up to 60% of patients
presenting to rheumatologists in many countries turn out to have
no inflammatory rheumatic diseases [15] (Figure 1). Given that
the prevalence of musculoskeletal complaints increases with
age, the increasing age of most populations will lead to a
systemic overload of health care systems. The solution to such
situations is to classically triage patients to allow prioritization
based on the level of urgency and availability of effective
treatment. There are different strategies [16,17] to accelerate
access to rheumatologists, although low-barrier electronic health
(eHealth)–based approaches remain rare. In emergency
departments, heterogeneous triage decisions led to the creation
and use of triage standards such as the widely used
Manchester-Triage-System [18]. In rheumatology, no triage
system has yet been widely accepted [16] and various local
systems are being used [19]. The lack of transparent and
objective standards for triage [20] represents a major hurdle for
early diagnosis in patients where early treatment could make a
large difference.
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Figure 1. Diagnostic delay and inefficient health care service. GP: general practitioner. *Powley et al [21]. **Stack et al [10]. ***Feuchtenberger et
al [15].

The Value of Current Symptom Checkers
in Rheumatology

The internet is an important source of information for both
health care professionals and members of the public. Patients
often check their symptoms online prior to seeing a
rheumatologist [21]. Symptom checkers represent a professional
alternative to search engines. They represent a patient-facing
version of a diagnostic decision support system (DDSS). These
systems have existed for a long time, yet are rarely used in
clinical practice. Based on the patient’s reported symptoms,
these systems generate a list of probable diagnoses and offer
advice on further steps. These tools can potentially reduce the
number of delayed and incorrect diagnoses [22]. Two systematic
reviews showed that the diagnostic accuracy of physicians could
be improved by using DDSS [23,24]. A retrospective evaluation
that applied a DDSS on medical records of patients with rare
diseases showed that the median advantage of correct disease
suggestions compared to the time of clinical diagnosis was 3
months [25]. The use of symptom checkers in rheumatology
has been explored only on a minor level. Powley et al [21]
recently evaluated two freely available symptom checkers which
included a broad variety of different diseases, and were thus
not rheumatology-specific. The study showed that the

help-seeking advice and diagnoses given by the symptom
checkers tested was frequently inaccurate for rheumatic diseases,
correctly identifying inflammatory arthritis in only 4 of 21 (19%)
patients. The NHS (National Health Service) symptom checker
inappropriately suggested that nearly half of patients should
seek advice from emergency services. This phenomenon is well
known for symptom checkers, as most systems perform in a
relatively risk-adverse manner [26]. Symptom checkers promise
to support patients, GPs, and rheumatologists in making the
correct diagnosis in a timely manner using minimal resources
with little burden; however, more evidence is needed to prove
their clinical and economic benefit.

Incorporation of Serological and Genetic
Data

Subjectivity is an inherent weakness of symptom checkers. The
possibility to combine the outcome from symptom checkers
with serological and genetic biomarkers is likely to drastically
improve early differentiation between patients with and without
autoimmune inflammatory RMDs. This would shorten the time
it takes for patients to get access to specialist care (Figure 2).
Several serological biomarkers are included in the American
College of Rheumatology (ACR)/EULAR classification criteria
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for RMDs (eg, ACPA and RF in RA [27], anti-dsDNA and
anti-Sm in SLE [28], Scl70, anti-CENP and anti-RNA
polymerase III in SSc [29], anti-Jo-1 in myositis [30] and
anti-SSA/Ro in SS [31]). Such biomarkers can be present years
before the onset of symptoms [32]. Early diagnostic biomarker
panels and biomarkers with predictive utility are needed to guide
clinical decision-making in rheumatology. The contribution of
genetic variants to the individual risk of patients developing

RMDs was highlighted in several twin studies [33,34]. Recently,
genome-wide association studies (GWAS) have highlighted
specific genes (eg, HLA, STAT4, TNF, PTPN22) for their
contribution. Combinations of different genetic risk factors
could contribute to the overall differentiation of patients at risk
of developing inflammatory RMDs compared with other
noninflammatory, nonautoimmune diseases.

Figure 2. Shorter patient journey and more efficiency in health care with JPAST (Joint Pain Assessment Scoring Tool). AI: artificial intelligence; GP:
general practitioner.

Next-generation technologies have emerged, allowing fast and
easy analyses of multiple serology and genetic markers. The
early identification of high-risk patients allows them and their
physicians to make effective lifestyle and medication changes
to reduce the risk of future disease activity. The combination
and interrogation of clinical, serological, and genetic data could
allow the precise and early separation and description of
phenotypes; currently available machine learning approaches
offer particular promise in relation to this [35]. The digital
documentation of symptoms and complete electronic patient
records enable the identification of current treatment bottlenecks,
although implementation into the digital infrastructure at the
GP level and in different hospital information systems will be
a challenge. Using these data, process enhancement will allow
the optimization of the current health care situation [36].

Joint Pain Assessment Scoring Tool

The objective of the Joint Pain Assessment Scoring Tool
(JPAST) project, a digital diagnostic program supported by
EU/EIT, is to improve the early differentiation between patients
with and without autoimmune inflammatory RMDs and in
addition to identify individuals at very high risk for these
diseases (Figure 2). To our knowledge JPAST is the first project
combining patient symptoms, genetics, and serology biomarkers
for these purposes. The intention is that JPAST will eventually
be tested at leading university hospitals in Europe and
subsequently be implemented elsewhere to accelerate access to
rheumatology services and appropriate therapy.

The current version of the JPAST eHealth tool, “Rheumatic?”
(Figure 3 and Multimedia Appendix 1), is available in English,
Swedish, Dutch, and German. “Rheumatic?” is a website with
responsive web design, making it adaptable for smartphone and
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tablet use. The interface consists of single-choice buttons,
multiple-choice buttons, image area questions, single-choice
sliders, and pain sliders (Multimedia Appendix 1). The questions
are individualized, as the next question depends on the previous
answer. The scoring system was developed to be flexible and
adapt to any needs that came up during the project. To achieve
this, we created a system of reusable, recursive point buckets.
Every point bucket has two threshold values, and a list of
assigned points for any number of question options. To evaluate
the point bucket, all the selected question options and their total
points are calculated. The points can be positive or negative.

The sum is compared to the threshold values to see if either
threshold should be considered active. The recursive element
comes into play when a point bucket assigns points not just
directly to one particular option, but also to a threshold in
another point bucket. For example, this allows us to create point
buckets that are activated on individual symptoms, and then
assign different scores to these symptoms for different diseases.
This decouples the way points are assigned from the way the
questions are asked, and allows more sophisticated scoring logic
and more convenient reuse of points. Patients and physicians
worked together to develop these tools.

Figure 3. Screenshots of "Rheumatic?" the JPAST (Joint Pain Assessment Scoring Tool) symptom checker.

Furthermore, specific serology-based multiplex assays and next
generation sequencing panels are also being developed and will
be integrated with the “Rheumatic?” eHealth tool. These assays
are currently being validated using blood samples from the 5
key RMDs: rheumatoid arthritis, idiopathic inflammatory
myopathies, systemic lupus erythematosus, Sjögren syndrome,
and systemic sclerosis. An algorithm including genetic markers,
serological markers, and clinical data will provide information
to the patient and the care provider. This will help in early
diagnosis of an existing disease as well as in estimating the risk
for an emerging rheumatic disease in individuals with symptoms
such as joint pain but without current signs of inflammation.
As proposed by Weyrich et al [37] this triage system is
user-friendly, dynamic, and incorporates the potential of eHealth
[38]. A recent review [38] identified a lack of mHealth and

eHealth tools in the field of rheumatology, underlining the
innovative and stand-alone character of the JPAST project. In
the first step, the diagnostic accuracy of JPAST and its usability
will be analyzed in patients newly presenting to secondary
care–based rheumatology clinics to test its usefulness. JPAST
performance can then be compared to currently used local
screening methods [17], which will allow further algorithm
improvement. Once an acceptable level of performance is
achieved, a prospective primary care–based long-term study
should compare the clinical and economic impact of using this
system versus current local care [39]. We believe JPAST will
provide an accelerated pathway and improved personalized
diagnosis of autoimmune inflammatory RMDs by combining
innovative products and services and including all main
stakeholders.
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Abstract

New technologies and innovations have often improved population well-being and societal function; however, these are also
often initially accompanied by worry and fear. In some cases, such worries can impede, or even prevent entirely, the adoption of
the technology. Mobile health (mHealth), a discipline broadly focused on employing ambulatory technologies to improve the
affordability, reach, and effectiveness of health promotion and clinical intervention approaches, offers new innovations and
opportunities. Despite emerging evidence supporting mHealth efficacy (eg, for improving health outcomes), some individuals
have concerns about mHealth technology that may impede scalability, efficacy, and, ultimately, the public health benefits of
mHealth. We present a review and conceptual framework to examine these issues, focusing on three overarching themes:
biophysiological, psychological, and societal concerns. There are features of mHealth that lead to worries about the potential
negative effects on an individual’s health (eg, due to exposure to electromagnetic or radio waves), despite evidence supporting
the safety of these technologies. When present, such beliefs can lead to worry that gives rise to the experience of unpleasant and
concerning physical symptoms—the nocebo effect. This may represent an important implementational barrier because of
apprehension toward beneficial mHealth products (or features thereof, such as wireless charging, wearable or implantable sensors,
etc) and may also have broader ramifications (eg, leading to economic, governmental, and legislative actions). In addition to
reviewing evidence on these points, we provide a broad three-step model of implementation research in mHealth that focuses on
understanding and preventing health concerns to facilitate the safe and effective scalability of mHealth (and that may be
generalizable and applied to similar technologies): (1) evaluating and better discerning public perceptions and misperceptions
(and how these may differ between populations), (2) developing theory-based public health communication strategies regarding
the safety of mHealth, and (3) disseminating this messaging using evidence-based methods. Collectively, these steps converge
on reviewing evidence regarding the potential role of worry and nocebo in mHealth and providing a model for understanding and
changing attitudes and preventing unfounded negative perceptions related to mHealth technology.

(JMIR Mhealth Uhealth 2020;8(5):e14375)   doi:10.2196/14375
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mHealth; technology; nocebo effect; implementation science; medically unexplained symptoms

Introduction

Human technological innovation has progressed tremendously
over the past century. From the flagship electronic devices of
the early 1900s to the advanced circuits of the midcentury, the
proliferation of the personal computer and the internet in the
1980s and 1990s, and the current expansion of nanotechnology
and smart devices, the rapid evolution of technology presents

opportunities for improving societal function and global
well-being. One particular scientific field, mobile health
(mHealth), is an example of technological expansion aimed at
improving human outcomes.

Over the past 20 years, mHealth has emerged as an integrative
discipline, focusing on developing and implementing wireless,
portable, or implantable technology for improving human health
[1-3]. Some mHealth approaches such as wearable fitness
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trackers for encouraging physical activity and smartphone apps
supporting medication adherence have become ubiquitous in
modern society as tools for promoting health [4]. Infrastructures
across the world, at multiple levels, continue to adapt to support
the introduction of mHealth devices to the masses. Some
examples include investments in expanding cellular
infrastructure and internet access [5], advertising campaigns
disseminating new mHealth products [6], collaborations between
engineers and physicians for developing innovative mobile
intervention approaches [7], and electronic systems integrating
mobile technology into clinical treatment approaches within
health care organizations [8,9]

Mobile Health Technology’s Potential for
Improving Health

The rapid proliferation of new technologies has often outpaced
the slower process of collecting evidence on mHealth, such as
by conducting rigorous clinical trials [1]. However, there is a
growing scientific evidence base supporting mHealth’s
effectiveness in improving health outcomes. Recently published
clinical trial results, accompanied by evidence derived from
alternative research methodologies (eg, microrandomized trials
and big-data analytic approaches), increasingly support the
efficacy [2] and safety [10] of mHealth approaches for
improving various health behaviors and outcomes (eg, smoking
cessation [11], HIV care [12], medication adherence [13],
chronic disease management and care [2], and health-related
quality of life [14]) and reducing traditional care costs [15].

Need for Human-Centered
Implementation Research

Even with emerging evidence suggesting the benefits of
mHealth, the expansion of such technologies across multiple
levels of society worldwide calls for implementation
research—investigations aimed at better understanding the
factors related to the successful introduction and utilization of
mHealth interventions in the real-world community and clinical
settings [16]. Although limited, some mHealth implementation
research does exist, and there are frameworks developed (eg,
the Integrate, Design, Assess, and Share – IDEAS Framework
[17]) for digital interventions that broadly suggest methods for
designing, implementing, and disseminating such products.
Overall, however, the literature regarding best practices for
implementing mHealth is unclear. There is some consensus that
one of the most crucial prescriptions for advancing mHealth
implementation research involves better understanding the
human-centered factors associated with the adoption, uptake,
and sustained use of new technologies [18]. Even if mHealth
systems are shown to be effective, if individuals are unwilling
to accept, trust, and engage with such technologies, mHealth
cannot reach its potential for improving public health.

Issues in Widespread Technology
Adoption

Given there is no gold standard for conducting human-centered
mHealth implementation science [19], historical perspectives
regarding mass technology introductions may provide an
evidence-informed precedent for approaching such research
questions. Large-scale technological implementations of the
past century provide exemplar accounts of human-centered
factors that may hinder the widespread implementation and
utilization of mHealth. For example, unsupported health worries
surrounding the safety of microwave ovens (ie, concerns about
microwave radiation being emitted into the nearby environment,
increasing a perceived risk of cancer) date back to the product’s
introduction in the 1940s [20], and these worries were further
exacerbated in the 1960s when a US government survey
reinforced this (mis)perception [21]. The expansion of mobile
phones and cellular networks in the 1980s brought about public
trust issues with the increased amount of unseen radio waves
traveling through the air [22]. Recently, public concerns have
been raised about the use of wind turbines for sustainable energy
and almost unavoidable exposure to Wi-Fi internet signals and
related to the upcoming global transition to 5G cellular data
connectivity [23-27]. These factors tend to revolve around
worries and distrust about the effects that unfamiliar, innovative
devices may have on physical well-being [28]. Although many
people support such advancements, some are hesitant and
express concerns about potential risks—particularly about
negative health effects—of new technologies [29].

In addition, the recognition that large corporate entities (eg,
tech companies, banks, and communication providers)
increasingly capture large amounts of data for their own
use—often without clear disclosure and, in some cases, without
consent—has stoked concerns about data privacy and the usage
of such data [30,31]. These data concerns, coupled with existent
worries about the risks of new technologies on physical health,
have led to distrust and may ultimately culminate in
technological avoidance behaviors [32].

Biopsychosocial Approach to
Understanding Mobile Health Concerns

We propose that worries about new technologies are
multifaceted and that implementational concerns can be
characterized as stemming from the dynamic interplay of
biophysiological (eg, concerns about mHealth affecting physical
health), psychobehavioral (eg, affecting well-being, perceptions,
and decision making), and social (eg, affecting larger global
policy and regulatory practices) constructs. Given mHealth’s
integration and reliance upon varied technological platforms
(eg, passive sensing, wearable components, near-field
communication [NFC] transmitters), we view mHealth
technology as a case study of how current widespread
implementation of innovative devices (with great potential for
improving human health) may inadvertently instigate public
distrust and concern. These issues likely are not confined to
mHealth; many related technological services and products (eg,
wireless power transfer, smart homes, and Wi-Fi connectivity)
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serve other market interests beyond health promotion and
intervention yet may share features that similarly elicit concerns
or distrust. We thus hope our attempt to better understand and
prevent biopsychosocial public concerns with mHealth may
help inform related technologies and issues.

Objectives

The overarching objective of this paper is to bring attention to
the potential biophysiological, psychological/behavioral, and
societal ramifications related to (often unfounded) health
concerns with newly emergent mHealth technologies. Given
that there is very limited existing literature about this
phenomenon, it is not yet possible to conduct a systematic
review on this topic. Rather, we aimed to narratively summarize
the key issues, present selected evidence, and, more generally,
provide a conceptual framework for these issues—particularly
for readers who develop novel mHealth technology (including
those outside of social and behavioral science, such as
engineers). Notably, we posit that there already likely are—and
will continue to be—potential implementation barriers in the
rapidly emergent mHealth product market. Such barriers, if not
evaluated and addressed, may lead to lower uptake and
nonadherence with mHealth technology. Specifically, we
highlight the potential role of concerns regarding power (eg,
electromagnetic hypersensitivity syndrome, EHS) and the
nocebo effect, consumer distrust and technology avoidance
behaviors, and larger social implications for user acceptability,
regulation, and market availability. We also attempted to
indicate how such considerations may extend to other (similar)
technologies besides mHealth.

The absence of empirical evidence in this context also means
the prevalence and magnitude of mHealth worries and concern
are, at this point, somewhat left to speculation. To address this
dearth in the literature, we believe it is essential to outline a
conceptual framework to stimulate and inform needed research.
Therefore, a secondary goal is to propose an approach to
studying the details of such mHealth-related worries and
concerns and suggest public health prevention efforts for curbing
unfounded distrust in mHealth technologies. The proposed
framework also integrates elements from widely accepted
models for implementation research (eg, the Reach,
Effectiveness, Adoption, Implementation and
Maintenance-RE-AIM Framework [33] and the Consolidated
Framework for Implementation Research – CFIR [34])—broadly
speaking, evaluating the target population’s perceptions,
designing interventions to match needs, and disseminating
materials with evidence-informed methodologies. Future
directions for evaluating and enhancing the uptake of safe and
effective mHealth technologies are presented.

Biophysiological Concerns With Mobile
Health Implementation

Worries about how novel technologies influence health
outcomes are prevalent and appear to be increasing with the
proliferation of advanced modern technology [29]. Many new
technologies, just as have many old technologies over the past

century, have been linked to public concerns and reports of
unpleasant physical symptoms and adverse health outcomes
that sufferers attribute to exposure to new technologies [35].
Symptoms reported are typically not associated with a specific
bodily system or an underlying disease process but, nonetheless,
are reported as severe and disabling; these include, for example,
sleep disturbances, fatigue, headaches, and cognitive problems
[35]. Such concerns about the potential harms of new
technologies and other aspects of modern life are common
among otherwise healthy individuals [36]. Public concerns
appear to be heightened by technological exposures that have
certain characteristics, for example, exposures that are
involuntary, inescapable, and from a novel or unfamiliar source
[37].

Electromagnetic Hypersensitivity Syndrome and
Mobile Health
One feature common to many technologies, including many
mHealth devices, that prompts public concerns about health
impacts is the emission of electromagnetic radiation. A number
of products and components necessary for supporting mHealth
systems (eg, Wi-Fi routers, cellular towers, rechargeable
batteries, and wireless data) rely on power to operate harness
magnets, capture or emit radio waves, or send or receive
electricity. Some individuals have concerns about the release
of unsafe levels of electromagnetic radiation into the
environment. Furthermore, it is purported that there are specific
types of predisposed or particularly sensitive individuals who
experience unpleasant symptoms following such perceived
exposures. Such people are often described as having EHS [35].
Some studies have estimated that around 1 in 20 people in the
general population believe they are affected by EHS, and it
appears that many more are concerned about the potential
negative health effects of exposure to electromagnetic radiation
[38,39].

It is likely that media coverage can strongly shape individuals’
perceptions toward potentially inaccurate (and sometimes risky)
misinformation (eg, the antivaccination movement [40] and
dangerous diet fads [41]). In recent years, the reporting of EHS
in the media has increased public concerns and subsequently
reported instances and symptoms, as attributed to
electromagnetic frequencies in the environment [42]. Such
circumstances have led to general public distress and distrust,
increased seeking of medical care for EHS symptoms, and a
growing number of activists and community groups worldwide
[24]. Some EHS sufferers and their families have filed lawsuits
to get rid of technology that they view as posing risks to
environment (including those vital to mHealth, such as Wi-Fi),
asserting that such exposures are the cause of negative physical
and psychological health outcomes, including suicidal ideation
[43]. Other EHS sufferers have taken more extreme intervention
measures, such as choosing to leave their families and
re-establish their lives in desolate rural areas where cellular
networks are nonexistent [24]. We recognize that the veracity
of claims from media outlets can be questionable; what these
reports do suggest, however, is that concerns and worries related
to technology appear prominent, broadly distributed (eg,
geographically and demographically), and accompanied by
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behavioral responses intended to manage the concerns and
worries.

Science Behind Electromagnetic Hypersensitivity
Syndrome
In response to rapidly growing public concerns, observational
and experimental studies have been conducted to understand
the prevalence and possible physiological mechanisms of EHS.
Cross-sectional research has found that the majority of EHS
sufferers are self-diagnosed and have not sought medical care
for the condition, that the mean duration of EHS symptoms is
10.5 years, and that more than half of those with EHS actively
try to avoid electromagnetic field (EMF) sources [44]. Rigorous
trials (both in the lab and out in the field) over the past 20 years
have also been conducted to better understand EHS and the
effects of electromagnetic radiation on human health. The
general consensus of the scientific and medical communities,
based on extensive evidence, including that from double-blind
sham-controlled experimental studies, is that the symptoms
reported by individuals with EHS are not caused by exposure
to electromagnetic radiation. When people believe that they are
(or might be) exposed to EMF, they report experiencing
unpleasant EHS symptoms, regardless of whether the
EMF-emitting devices are switched on or off [35,45-48].
Multiple systematic reviews have found that there is no evidence
to support EHS as a disease with a biological basis [49,50] and
that there has never been a causal relationship established
between exposures to electromagnetic radiation and well-being
[51]. An alternative viewpoint that EHS symptoms are likely
to be caused by the expectations and beliefs about the risk of
potential harm and the accompanying worry is emerging; this
process has more broadly been described as the nocebo effect.

Nocebo Effect
This is a phenomenon whereby nonspecific, unpleasant physical
symptoms and other adverse health outcomes occur in response
to negative expectations and beliefs (in this case, related to
exposure to electromagnetic radiation)—rather than any specific
physiological or environmental cause [28,52-54]. Nocebo effects
are prevalent in medicine and daily life [55], including in the
development and maintenance of EHS symptoms, and these
effects can be powerful enough to cause symptoms that lead
individuals to hospitalization and medical intervention [56].
Although the empirical evidence shows that exposure to multiple
types of invisible wave frequencies does not cause EHS,
individuals are still reporting unpleasant symptoms and negative
outcomes as a result of (real or perceived) exposure. As noted,
the (likely mistaken) perception that EMF exposure is unsafe
leads to experiencing associated concerns, negative expectations,
and subsequent (nocebo) symptoms.

Negative expectations can act via two different pathways to
cause nocebo effects. First, by directly influencing the
experience of physical symptoms through neurobiological
changes as well as increasing anxiety and shifting attention
toward the expected experience [57]. Second, via a
misattribution process whereby normal physical symptoms are
mistakenly attributed to the perceived toxic or harmful exposure
(ie, in this case, electromagnetic radiation). The experience of
physical symptoms is common, even in healthy individuals,

thereby providing a range of potential symptoms for
misattribution at any given time [58].

Mobile Health Innovations May Fuel Nocebo Effects
Given the possibility that negative expectations regarding the
perceived risk resulting from exposure to electromagnetic
radiation can fuel nocebo symptoms and the common use of
EHS-relevant technologies in the mHealth field (eg, Wi-Fi,
wireless charging, Bluetooth connectivity, cellular signals, etc),
evaluating and addressing worries about mHealth technologies
is timely. Technologies that are poorly understood by the
population at large are increasingly being employed to support
mHealth prevention and treatment approaches. For example,
wireless power transfer is now necessary for charging current
health-monitoring smartwatches and wearables [59]; in addition,
implantable pacemakers rely on this technology for seamless
charging without surgery [3]. NFC devices, which can be used
to trigger intervention messaging in particular spaces and
environments on mobile devices, rely upon the sending and
receipt of radio waves [60]. As these technologies continue to
proliferate to support mHealth approaches, the likelihood of
such devices fueling health concerns, negative expectations,
and EHS symptoms via the nocebo effect is heightened. More
generally, assuming that mHealth technologies and therapies
are developed that are, in fact, safe and effective, these worries
represent a critical implementational barrier to the dissemination
and impact of mHealth. Thus, research on these topics may also
be helpful to understand and address public distrust, thereby
facilitating the expansion of safe and effective mHealth
technologies (and providing the opportunity for such
technologies to reach their potential for improving health).

Psychological/Behavioral Concerns With
Mobile Health Implementation

Roger’s [61] Diffusion of Innovations Model of the 1960s
(among others) aimed to characterize individuals across a
spectrum of psychological and behavioral dispositions toward
adopting new technologies, from early adopter to laggard.
However, given recent surges in the accessibility of mobile
technologies, and that over 90% of global adults now own a
mobile device [62], the many mobile laggards of recent decades
have become potential mHealth consumers/users. The majority
of people worldwide are surrounded by new technological
systems and infrastructure (eg, video surveillance, open Wi-Fi,
and long-term evolution networking) [5]. Separate from
contributing to EHS and nocebo effects, the global push to go
mobile has raised significant public concerns about data privacy
and trust issues.

One-fourth of the world population logs on to Facebook at least
once per month [63], and almost 88% of the global smartphone
marketplace belongs to Google [64]. In recent years, such
companies (among many others, such as Equifax [65] and
Amazon [66]) have faced public scrutiny over their mass
procurement, guarding, and utilization of personal and mobile
usage data [67]. Much of these data are collected passively, as
in, users are unaware of when their personal mobile device,
browsing, or provided data are being collected, or how they are
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being harnessed (or used) by the associated company [68]. Many
consumers, especially in high-income nations, view the
procurement of ongoing, passively obtained personal, financial,
and health information to be intrusive and an invasion of privacy
[68,69].

Many tech giants (eg, Facebook and Google) assert that users
fully accept their companies’ data privacy standards when they
agree to the terms and conditions of signing up for a service
[70]. Although such affirmation has in some cases been seen
as legally binding [71], such data privacy considerations have
also been widely criticized. mHealth technologies, particularly
those that involve personal health information (PHI), may
require greater attention to these data privacy concerns; this
may result in better data management practices, but this also
represents a potential barrier to implementation and adoption
of mHealth technologies [72]. For example, clinically verified
monitors for tracking ambulatory physiology (eg, blood
pressure) face stringent US Food and Drug Administration
standards for the transfer and storage of data to protect patient
anonymity [73], and similar standards exist in other high-income
nations [74]. Many private companies that manufacture
medical-grade mHealth devices have also made their data
privacy actions transparent on the Web, many aspiring to use
layperson language [75-77]. Physicians have also requested
clinician-focused educational materials about the security of
mHealth technology’s data transfer and privacy, and easily
delivered resources for ensuring enhanced transparency (to
patients) about the safety of implementing new technologies
into care [6]. Yet given the public distrust fueled by concerns
with the tech giants’ usage of individuals’ mobile data, trust in
upcoming mHealth technologies may dwindle—if so, such
worries and concerns may slow the adoption and uptake of such
devices. Indeed, researchers have noted considerable variability
in perceived safety and security of mHealth apps and similar
products [31].

Mobile Health Innovations May Fuel
Avoidance Behaviors

Avoidance behaviors are characterized by protective, sometimes
proactive, actions toward avoiding situations that may be
perceived as harmful to well-being [78]. In terms of innovative
technologies, Technology Threat Avoidance Theory describes
consumers’ actions for avoiding technological entities that are
perceived to cause harmful outcomes, especially individual
harms related to information and data security [32,79]. Although
many mHealth technologies have secure collection and
responsible usage of patient data for clinical purposes [7],
broader concerns regarding general consumer security (eg, of
big data procurement) are likely to persist even as mHealth
continues to be more integrated into clinical prevention and
intervention approaches—perhaps resulting in increased
avoidance behaviors.

Worries regarding data insecurity [67] are certainly not
constrained to mHealth. For example, SmartHome technologies
(ie, wireless monitoring of heating and air conditioning, locks,
and surveillance systems in homes, among other capabilities)
are increasingly prevalent in high-income nations and require

the transfer of intimate home-based environmental data and
video streams between mobile devices [80]. In addition, social
media utilization increased by 13% globally from 2017 to 2018,
with most platforms being accessed via mobile devices [81],
and the background monitoring of smartphone usage statistics
and digital footprints is at an all-time high [82]. Multiple private
and public technology companies, including those invested in
mHealth and other consumer innovations, will benefit from a
more nuanced and evidence-based understanding and accurate
evaluation of perceived data security (or lack thereof) and its
impact on avoidance behaviors.

Societal Concerns With Mobile Health
Implementation

For mHealth technologies to reach their full potential on a global
level, they must be trusted, accepted, and adopted by society at
large. One implementation factor positively associated with the
adoption of newly innovative technologies to society is overall
consumer acceptability. Multiple well-regarded models have
been established to explicate the relationship between consumer
acceptability and adoption of new technologies, including the
Technology Acceptance Model [83] and the Consumer
Acceptance of Technology model [84]. Acceptability is
purported to be a multifaceted concept, with agreeability,
satisfaction, and willingness to engage with a device being
common constructs associated with measuring how acceptable
a product is to an end user [19]. It can also be measured at
different timepoints, including prior to use, to predict adherence
with a new technology (eg, hypothetical, a priori, or prospective
acceptability) and after (eg, actual, experienced, or retrospective
acceptability) the technology has been introduced to the user
[85,86]. Higher levels of consumer acceptability (both before
and after engaging with a device) are associated with higher
sustained levels of uptake to using technological systems
[83,84].

The concern here is that for mHealth, we have strong reasons
to believe that some significant fraction of potential consumers
may have worries regarding potential negative health effects
and data security and privacy, particularly as they see (likely
nonrepresentative, but very powerful) media stories consistent
with their concerns. In such cases, it appears likely that this will
limit consumers’acceptance of innovative mHealth approaches,
their willingness to engage with mHealth, and their satisfaction
with the technology (ie, devices thought to elicit negative health
effects or foster data privacy concerns will not likely be
satisfactory to the average consumer). Taken together, these
effects will limit consumer mHealth acceptability, which, in
turn, limits social uptake of the technology overall. If the
individuals who can benefit from mHealth do not accept the
technology, particularly when based on unfounded concerns,
this may impede the larger societal acceptance and capacity of
mHealth to reach its potential for public good as a tool for
enhancing human health.
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Issues for Taking Mobile Health to Market

Government agencies tasked with ensuring public safety and
health are likely to pay attention to any data privacy concerns
or perceived negative health effects of mHealth products, even
in the absence of a strong scientific base to support such worries.
Addressing these concerns can be costly. For example,
investigating complaints about wind farm–related EHS is
anticipated to cost the Australian government more than Aus
$2 million (US $1.2 million dollars) [23]. Chapman and Crichton
[23] note that unfounded public concerns not only cause major
delays in the rollout of beneficial technology but also impede
the pace of global technological advancements. A growing
rollout of mHealth to market in high-income nations in the near
future may face similar scrutiny, potentially requiring taxpayer
dollars, reducing government interest in supporting such
technologies, and ultimately slowing the development and
implementation of mHealth.

In addition, reported concerns with mHealth technologies can
result in legal ramifications for product developers. For example,
in the case of EHS, some sufferers have filed lawsuits against
producers and local governing bodies in an attempt to rid their
environments of various types of devices that emit
electromagnetic radiation [43]. As similar public perceptions
could evolve around mHealth, manufacturers who would
otherwise be well fit to mass produce such technologies may
be hesitant to embark on such an endeavor for fear of litigation,
negative publicity, and lawsuits. Alternatively, if such concerns
do emerge about a recently marketed product, the resultant legal
and financial challenges may be beyond the capacity of the
business to manage. In addition, extending prior discussion on
this point, in recent years, tech giants such as Facebook and
Apple have faced class-action legal suits regarding data privacy
issues, in turn, contributing to publicized distrust and worry
with associated apps and products [68,87].

As a function of reduced acceptability and uptake, the mHealth
product market may be limited or may fail to show the expected
growth. As has happened in the past when unfounded privacy
and health concerns have been disseminated to the public,
otherwise safe products are seen as unacceptable and these new
technologies are avoided by consumers [23,83,84]. This, in turn,
limits sales, meaning producers suffer low return on research
and development expenditures. Subsequently, product
developers halt manufacturing, shifting their resources and
interests toward more acceptable products. The compounded
scenario of distrust in mobile technologies, low acceptability
limiting social capital and market reach, and hence, low producer
investment in developing such devices, all reduce the likelihood
of mHealth reaching its full potential for enhancing public
health.

Social and Behavioral Science Solutions
to Address Mobile Health Implementation

To better understand and recalibrate public concerns surrounding
emerging mHealth technologies, we propose a biopsychosocial
framework derived from previous work to investigate these

human-centered implementation factors. Such research can
inform proactive prevention efforts, aimed at reducing the
likelihood of negative expectations, nocebo effects, data and
privacy concerns, and overall social worries, regulations, and
barriers to taking mHealth products to the market.

Initially, we propose that public perceptions surrounding the
safety and security of mHealth technologies be systematically
evaluated. Specifically, such assessments should evaluate the
aforementioned biopsychosocial constructs, and recruitment
should be targeted at the population of interest for mHealth
implementation. For example, populations with widespread
uptake of mHealth technologies (eg, high-income nations like
the United States [87]) may be of value for exploring individual
and societal health concerns as they relate to innovative mHealth
products. Such findings may translate to informative precedent
for assessing such research questions in additional developing
country populations where significant funding and infrastructure
improvements have been recently proposed for mHealth
expansion [88].

Next, after evaluating the target populations’concerns with new
mHealth technologies, we propose identifying any concerns
that appear unfounded or overstated and developing
evidence-based communication strategies that aim to minimize
these misperceptions regarding biophysiological and
psychological/behavioral risks related to mHealth
implementation. In turn, these communications should enhance
acceptability and self-efficacy for utilization of such
technologies. Our view is that for meaningful impact, such
interventions should focus on addressing the target population’s
most prevalent technological misperceptions and should be
developed using theory-based procedures. The Health Belief
Model [89], the Theory of Planned Behavior [90], and the
Communication Persuasion Model [91] may be helpful
evidence-based theoretical approaches to employ in this context.

Finally, we assert that evidence-informed dissemination efforts
of these theory-based communications (to the population of
interest) are helpful to achieve the population-level effects for
preventing additional future mHealth concerns. Providing
consumers with accurate information, knowledge, and efficacy
affirmations that appropriately (ie, evidence-based) allay
potential worries, enhance trust, and facilitate the overall uptake
of beneficial mHealth technologies are needed for this
technology reaching its potential to improve health. Such public
outreach and intervention endeavors will require determining
the most appropriate and wide-reaching dissemination platform
for the population of interest (eg, social media vs physician
communication), the optimal frequency of communications,
and how to design and tailor the specific content in such
communications.

Conclusions

New technologies can afford opportunities for improving
societal function and individual well-being. mHealth technology
holds the potential to have a large positive global impact on
health. However, scientifically unsupported concerns
surrounding electromagnetic radiation exposure may produce
negative health outcomes via nocebo effects; coupled with data
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privacy issues and larger social implications, the array of related
worries may hinder the development and implementation of
mHealth technologies. We argue it is thus essential to carefully
attend to these potential concerns, including distinguishing
between unfounded mHealth-related worries and risks from
evidence-based concerns and then evaluate and address the
unfounded mHealth concerns. Some apprehension about new
digital platforms (eg, wireless-powered pacemakers) may be
expected, especially when the technology is very new and not
widely documented or disseminated; it may also be the case
that concerns, and avoidance may even serve to be proactively

protective in some situations (eg, data security of PHI).
Notwithstanding that some worries are entirely appropriate and
adaptive, our goal here is to outline areas where unwarranted
negative expectations and public concerns regarding mHealth
are more likely. We hope that such attention may result in
increased uptake of safe and effective mHealth, facilitating the
reach and positive impact of these exciting new technologies.
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Abstract

Background: The recent trends of technological innovation and widescale digitization as potential solutions to challenges in
health care, sports, and emergency service operations have led to the conception of smart textile technology. In health care, these
smart textile systems present the potential to aid preventative medicine and early diagnosis through continuous, noninvasive
tracking of physical and mental health while promoting proactive involvement of patients in their medical management. In areas
such as sports and emergency response, the potential to provide comprehensive and simultaneous physiological insights across
multiple body systems is promising. However, it is currently unclear what type of evidence exists surrounding the use of smart
textiles for the monitoring of physiological outcome measures across different settings.

Objective: This scoping review aimed to systematically survey the existing body of scientific literature surrounding smart
textiles in their most prevalent form, the smart shirt, for monitoring physiological outcome measures.

Methods: A total of 5 electronic bibliographic databases were systematically searched (Ovid Medical Literature Analysis and
Retrieval System Online, Excerpta Medica database, Scopus, Cumulative Index to Nursing and Allied Health Literature, and
SPORTDiscus). Publications from the inception of the database to June 24, 2019 were reviewed. Nonindexed literature relevant
to this review was also systematically searched. The results were then collated, summarized, and reported.

Results: Following the removal of duplicates, 7871 citations were identified. On the basis of title and abstract screening, 7632
citations were excluded, whereas 239 were retrieved and assessed for eligibility. Of these, 101 citations were included in the final
analysis. Included studies were categorized into four themes: (1) prototype design, (2) validation, (3) observational, and (4)
reviews. Among the 101 analyzed studies, prototype design was the most prevalent theme (50/101, 49.5%), followed by validation
(29/101, 28.7%), observational studies (21/101, 20.8%), and reviews (1/101, 0.1%). Presented prototype designs ranged from
those capable of monitoring one physiological metric to those capable of monitoring several simultaneously. In 29 validation
studies, 16 distinct smart shirts were validated against reference technology under various conditions and work rates, including
rest, submaximal exercise, and maximal exercise. The identified observational studies used smart shirts in clinical, healthy, and
occupational populations for aims such as early diagnosis and stress detection. One scoping review was identified, investigating
the use of smart shirts for electrocardiograph signal monitoring in cardiac patients.

Conclusions: Although smart shirts have been found to be valid and reliable in the monitoring of specific physiological metrics,
results were variable for others, demonstrating the need for further systematic validation. Analysis of the results has also
demonstrated gaps in knowledge, such as a considerable lag of validation and observational studies in comparison with prototype
design and limited investigation using smart shirts in pediatric, elite sports, and emergency service populations.

(JMIR Mhealth Uhealth 2020;8(5):e18092)   doi:10.2196/18092
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Introduction

Background
Recent years have seen a marked trend of technological
innovation through widescale digitization in the areas of health
care, sports, and emergency operation services [1-3]. Propelled
by technological progress and motivated by improving quality
of care while reducing costs, the immense volume of health
data produced today holds promise for aiding in ways such as
clinical decision support, disease surveillance, health
management, and performance optimization [1,4,5]. With a
global shift toward personalized, preventative, and
evidence-based models of care, the use of noninvasive
monitoring and data analysis to inform clinical practice and
training program design is steadily increasing [1,2,6].

Owing to the large volume, velocity, and variety of data
produced, there has been a need to adopt advanced and complex
technology capable of data collection, storage, and analysis [4].
Among these innovative technologies are wearable systems for
physiological metrics tracking conceived by the convergence
of microelectronics, wireless communication, and analytics.
Designated by the Global Observatory for eHealth as mobile
health systems, these forms of technology have been recognized
by the World Health Organization as an essential element of
electronic health, which prioritizes the cost-effective and secure
use of digital technologies in support of medical and public
health practice [7,8].

Wearables such as the wrist-worn Fitbit (Fitbit Inc) have
garnered incredible commercial acceptance, with revenues
reaching US $347 million in the third quarter of 2019 [9,10].
However, despite demonstrating validity, reliability, and
acceptability for their estimates of physiological metrics such
as heart rate (HR), the use of these devices is largely targeted
toward fitness enthusiasts rather than researchers or clinicians
[11-13].

Over the past two decades, the increased demand for
noninvasive and comfortable long-term tracking of physiological
metrics among clinicians has been met through an increase in
the research and development of another type of wearable
technology known as the smart textile.

Smart textiles are products made up of fibers, filaments, and
yarns that host several electronic components, such as sensors,
read-out circuits, and embedded communication systems,
powered by an integrated or external power supply.
Communication systems such as Bluetooth allow for the
connectivity of the textile to other intelligent devices for the
visualization and analysis of the data obtained in real time.
These textile systems, typically designed as electronic-embedded
clothing, offer a relaxed structure capable of noninvasive
tracking and simultaneous communication of physiological and
biomechanical data. In health care, these intelligent textile
systems have the ability to support telemedicine and promote

the proactive involvement of patients in their medical
management through the collection and tracking of their health
and diagnostic data [14]. The potential to improve preventative
medicine and early diagnosis through the continuous tracking
of physical and mental health status as well as physical activity
also exists. [14].

In the spheres of sports and emergency response, the ability of
these systems to provide continuous physiological data in real
time is considerable. The detection and subsequent use of
metrics indicative of the physical performance, physiological
status, and mental alertness of an athlete or emergency operator
have been shown to mitigate injuries and improve performance
[2,15]. Although wearable systems such as those produced by
Catapult (Catapult Innovations) are currently used by sporting
teams to monitor workload and impact, these systems are
typically limited in the physiological metrics monitored
[6,15,16]. Smart textiles, on the other hand, have the potential
to provide medical personnel and performance specialists with
additional comprehensive, physiological insights across multiple
body systems.

However, it is currently unclear what type of evidence
surrounding the use of smart textiles for physiological parameter
monitoring exists. For this reason, a scoping review was
conducted to systematically survey the existing body of
scientific literature on smart textiles in their most prevalent
form, the smart shirt, for the monitoring of physiological
parameters.

Objectives
The primary outcomes were to (1) provide a clear indication of
the volume and types of scientific literature relating to smart
shirts, (2) summarize the studies completed to date, and (3)
identify any knowledge gaps to inform future research.

To guide the review, the following research question was
formulated: what is the extent, range, and nature of the scientific
literature pertaining to smart shirts for physiological monitoring?

Methods

Protocol and Registration
An a priori protocol was developed using the Preferred
Reporting Items for Systematic Reviews and Meta-analysis
(PRISMA) Extension for Scoping Reviews: Checklist and
Explanation [17]. The final protocol was registered prospectively
with the Open Science Framework (DOI
10.17605/OSF.IO/TNK9X) on August 8, 2019 [18].

Eligibility Criteria
The eligibility criteria were informed by the
Population-Concept-Context framework recommended by the
Joanna Briggs Institute (JBI) Reviewer’s Manual [19].
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Population
This scoping review did not impose any restrictions on the
population. Men and women of any population or age were
suitable for inclusion.

Concept
The concept of this scoping review was the monitoring of
physiological outcome measures using smart textiles in the form
of smart shirts. For the purpose of this review, a smart textile
was defined as an intelligent textile structure or fabric that
possesses integrated sensors for the monitoring and recording
of physiological parameters while worn.

Context
All study designs were considered for this scoping review, which
included published articles and reviews, conference proceedings,
gray literature, and chapters in the text. Studies conducted across
all settings were considered for inclusion. Studies were excluded
if they focused on a singular component of the smart shirt (ie,
materials, sensors, or algorithms) rather than the smart shirt as
an integrated unit. Furthermore, because this review focused
on physiological parameters, studies concerning smart shirts
for biomechanical or activity monitoring were also excluded.

Information Sources
To identify potentially relevant literature, a 3-step approach was
utilized. First, a limited preliminary search was conducted in 2
electronic bibliographic databases relevant to the topic: Ovid
Medical Literature Analysis and Retrieval System Online
(MEDLINE) and Excerpta Medica database (EMBASE). The
limited search was then followed by analysis of the text words
contained in the titles and abstracts of the retrieved papers and
of the index terms used to describe them. A second
comprehensive search strategy was then developed using all
identified keywords and index terms by the lead investigator
(HK) in consultation with a librarian highly experienced in
electronic searches. Using the final search strategy, the following

bibliographic databases were searched from inception of the
database to June 24, 2019: Ovid MEDLINE, EMBASE, Scopus,
Cumulative Index to Nursing and Allied Health Literature, and
SPORTDiscus. The search results were exported into EndNote
(Clarivate Analytics), with duplicates removed. Finally, the
electronic database search was supplemented by scanning the
reference lists of the included studies. The Canadian Agency
for Drugs and Technologies in Health (CADTH) gray literature
searching tool was also used to identify any nonindexed
literature of relevance to this review [20].

Search
The final search strategy for all databases used can be found in
Multimedia Appendix 1. Owing to the large number of irrelevant
citations returned by the Scopus database, the search strategy
was refined through the inclusion of additional keywords using
the “AND” operator to focus the returned results on smart shirts
for the monitoring of physiological outcome measures.

Selection of Sources of Evidence
Using a priori eligibility criteria, a standardized questionnaire
for study selection was developed to assist in the screening of
titles, abstracts, and full text (Multimedia Appendix 2). A pilot
exercise preceded each level of screening. Any queries raised
by the pilot exercise were reviewed and resulted in the
amendment of the questionnaire by the lead investigator.
Following the removal of duplicates, the lead investigator
screened papers based on title and abstract. Papers that did not
meet the eligibility criteria were removed. Subsequently, the
full texts of the remaining papers were retrieved and screened
to determine their eligibility. As per the PRISMA guidelines,
a flow diagram outlining the study selection process was
produced (Figure 1). A critical appraisal of individual sources
of evidence was not undertaken because this scoping review
aimed to provide a map of the extent, range, and nature of the
existing evidence rather than seek the best available evidence
related to practice or policy [17].
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-analysis flow diagram. CINAHL: The Cumulative Index to Nursing and Allied
Health; EMBASE: Excerpta Medica database; MEDLINE: Medical Literature Analysis and Retrieval System Online.

Data Charting and Data Items
First, a data-charting form was adapted from the JBI
Methodology Guidance for Scoping Reviews at the protocol
stage [19] (Multimedia Appendix 3). Main areas of interest were
identified, such as study citation details (eg, author, year of
publication, reference type, country of origin, and study design),
key study characteristics (eg, sample characteristics, study aims,
type of smart shirt used, comparators, and outcomes measured),
and key findings. Once the form was created, it was tested in a

pilot data-charting exercise using 10 studies to ensure that all
relevant data were being captured. The data extraction fields
were updated through an iterative process that resulted in the
inclusion of additional fields for thematic analysis (eg, types of
signals acquired, and sensors used). Once the testing was
complete, and the data-charting form was refined, the lead
investigator (HK) independently screened all included studies
and extracted key information from them. Data charted in the
final extraction form included study citation details (eg, author,
year of publication, reference type, country of origin, and study
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design), key study characteristics (eg, sample characteristics,
study aims, type of smart shirt used, types of signals acquired,
types of sensors used, comparators when applicable, and
outcomes measured), and key study findings.

Synthesis of Results
Studies were categorized according to the four main themes
identified: (1) prototype design, (2) validation, (3) observational,
and (4) reviews. Key study characteristics and findings are
graphically represented and tabulated.

Results

Selection of Sources of Evidence
Following the removal of duplicates, a total of 7871 citations
were identified from searches of the electronic databases, the
CADTH gray literature searching tool, and the reference lists
of included studies. On the basis of title and abstract screening,
7632 citations were excluded, whereas 239 were retrieved and
assessed for eligibility. Of these, 138 were excluded for the
following reasons: 33 were abstracts or the author was unable
to retrieve the full text, 2 were in Mandarin, 37 were not focused
on physiological parameters collected by smart shirts, 2 included
technology that failed the study’s definition of a smart shirt due
to the lack of integration of their sensors, 55 were focused on

only one aspect of a smart shirt (eg, a sensor, materials, or
algorithm) rather than the functional unit, and 9 were not smart
shirts (eg, chest straps; Figure 1).

General Study Characteristics
In sorting the included studies by publication type, journal
articles were the most prevalent (60/101, 59.4%), followed by
conference proceedings (37/101, 36.6%), thesis dissertations
(3/101, 3.0%), and reviews (1/101, 1.0%). The years of
publication identified in the literature search ranged from 1999
to 2019, with the years 2015 to 2018 producing the majority of
publications (47/101, 46.5%). Publications were categorized
into four themes of study: (1) prototype design, (2) validation,
(3) observational, and (4) reviews. Table 1 presents the general
characteristics and associated references of the analyzed
publications, including year of publication, type of publication,
and theme of study. The countries of origin varied widely, with
24 countries represented by 5 continents: Europe (61/101,
60.4%), North America (18/101, 17.8%), Asia (15/101, 14.9%),
Australia and Oceania (4/101, 4.0%), and South America (3/101,
3.0%, Table 2). Among the 24 countries, Italy produced the
bulk of the relevant literature (25/101, 24.8%).

Table 2 presents the countries represented within each continent,
their respective references, and the number of studies by theme
originating from each country.

Table 1. Characteristics of included studies (N=101).

Reference(s)Number of
studies, n

Characteristics

Year of publication

[21]1Before 2000

[22]22000-2004

[3,23-45]252005-2009

[46-63]182010-2014

[64-111]472015-2018

[112-117]82019

Type of publication

[21-23,25,28,32,34-36,39-43,45,46,49,53,56,59-65,67,69-71,73,74,76,78,80-83,85,86,88-90,93,95-97,99-101,104,106,108,109,114-119]60Journal article

[3,24,26,27,29-31,33,37,38,44,47,48,50,54,55,57,58,68,72,75,77,79,84,87,92,94,98,102,103,105,107,110,111,113,120]37Conference proceed-
ing

[51,66,91]3Thesis dissertation

[112]1Reviews

Theme of study

[3,21,22,24-26,31-34,36-40,42-44,47,50,57-60,67-71,77-80,86-90,99-105,114,118,120]50Prototype design

[27-29,41,45,46,48,52,53,61-63,72-74,81,92,93,106-111,115-117,119]29Validation

[23,30,35,49,54-56,64,65,75,76,82-85,94,96-98]21Observational

[112]1Review
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Table 2. Countries of origin of the included studies by total and thematic numbers (N=101).

Number of studies by themeTotal number of stud-
ies by country, n

Continent and country of origin

Reviews
(n=1)

Observa-
tional
(n=21)

Valida-
tion
(n=29)

Prototype
design
(n=50)

Europe

N/AN/AN/Aa22Belgium [32,38]

N/A1N/AN/A1Finland [23]

N/AN/A2N/A2France [27,107]

N/A1247Germany [42,59,60,63,81,98,105]

N/AN/AN/A22Ireland [31,47]

N/A781025Italy
[3,25,26,29,30,33,36,37,46,48,49,53,54,56,58,64,76,79,84,92,99,108,110,116,120]

N/A2N/AN/A2Poland [95,100]

N/AN/AN/A66Portugal [68,71,75,80,102,113]

N/AN/AN/A11Slovakia [57]

N/AN/A134Spain [39,50,62,101]

N/A2226Switzerland [28,34,55,72,83,100]

N/A12N/A3United Kingdom [45,52,82]

North America

N/A1135Canada [35,74,87,104,114]

N/A48113United States [21,41,61,65,66,73,85,93,96,97,106,109,117]

Asia

N/AN/AN/A55China [40,44,78,88,90]

N/AN/AN/A11India [43]

N/AN/AN/A11Japan [70]

N/AN/A1N/A1Malaysia [111]

N/AN/A156South Korea [22,24,69,89,118,119]

N/AN/AN/A11Taiwan [67]

Australia

1N/AN/AN/A1Australia [112]

N/A21N/A3New Zealand [91,94,115]

South America

N/AN/AN/A33Chile [77,86,103]

aN/A: Not applicable.

Study Themes

Prototype Design Studies
Throughout the 50 analyzed prototype design studies, the
capabilities of the presented smart shirts varied from acquiring
one physiological signal (cardiac, respiratory, or surface
electromyography [sEMG]) to numerous signals simultaneously
(Table 3).

The physiological sensors integrated into the presented
prototypes also varied considerably. Across the 50 studies, 10
distinct cardiac and respiratory sensors were identified (Table

4). Among the cardiac sensors, the most prevalent was the textile
electrode, which was used in 28 different studies. The
piezoresistive sensor, or strain gauge, was the most common
respiratory sensor, with its use reported in 10 studies (10/50,
20%). sEMG electrodes were used in all studies (4/50, 8%),
presenting a prototype capable of measuring electrical muscle
activity. Other physiological sensors integrated into the
prototypes included those capable of measuring body
temperature (BT) and blood oxygen saturation (SpO2). Table 4
presents all the different sensors identified across all prototype
design studies.
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Table 3. Types of signals acquired by the prototypes presented in the included studies (N=50).

Value, n (%)Signals acquired

13 (26)Cardiac only [32,57,60,67-69,78,80,88,105,118]

8 (16)Respiratory only [31,42,47,51,79,87,104]

2 (4)Electromyography only [38,103]

27 (54)Numerous signals [3,22,24-26,33,34,36,37,39,40,44,50,58,59,77,80,86,99,102,113,114,120]

Table 4. Types and prevalence of the physiological sensors used in prototype studies (categories not exclusive; N=81)

Reference(s)Number of studies, nClassification and type of sensor

Cardiac

[22]1Adhesive button electrodes

[67]1Bluetooth heart rate monitor

[69]1Noncontact, metal capacitive electrodes

[70]1Conductive ink electrodes

[24]1Disposable electrodes

[44]1Phonocardiogarphy

[43,44]2Photoplethysmography

[100]2Pulse sensor

[43,114]2Silicon electrodes

[3,25,26,32-34,36,37,40,50,57,59,60,68,71,77,78,80,86,88-90,99,102,105,113,118,120]28Textile electrodes

[21,39,58]3Not specified

Respiratory

[51,57,104]2Antenna (fiber, spiral, and hybrid spi-
ral)

[79]1Fiber Bragg grating sensor

[22,33]2Impedance pneumography

[101]1Noncontact, metal capacitive electrodes

[42]1Optical fiber

[3,25,26,33,36,47,77,86,120]10Piezoresistive

[31]1Polypyrrole

[34,37,40,44,114]5Respiratory inductive plethysmography

[59]1Sensor coil

[99,102]2Textile

[58]1Not specified

Electromyography

[38,102,103,113]4Surface electromyography electrodes

Oxygen saturation

[46,48]2Pulse oximeter

[120]1Not specified

Body temperature

[3]1Monolithic

[50]1Bandgap

[43]1Digital sensor and thermistor

[120]2Not specified
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Validation Studies
Following prototype design, validation was the most recurrent
study theme. All identified studies investigated the validity of
a smart shirt against an established reference technology to
measure one or more physiological outcome measures. A total
of 16 types of smart shirts were validated (Table 5). Among
these were 3 commercially available shirts, Hexoskin (Carrè
Technologies Inc), LifeShirt (LifeShirt VivoMetric), and Zephyr
BioHarness (Zephyr Technology), and 13 working prototypes.
Included in these prototypes was the Protection e-Textiles
system developed as part of a European initiative focused on

developing a wearable textile system for emergency operators
[46,48]. The physiological sensors integrated into each shirt
varied and ranged from combinations of cardiac, respiratory,
BT, and SpO2 sensors. Table 5 presents the outcome measures
validated in each smart shirt.

Table 6 summarizes the physiological sensors integrated in each
smart shirt. Multimedia Appendix 4 summarizes the validation
studies across citation characteristics, study participants, type
of smart shirt used, physiological outcome measures validated,
reference technology used as a comparator, and main findings.

Table 5. Physiological outcome measures validated by a smart shirt across all validation studies.

Energy ex-
penditure

Blood oxy-
gen satura-
tion

Body tempera-
ture

Electrocardiograph

signalsa
Heart
rate

Breath
duration

Tidal vol-
ume

Minute
ventilation

Respiratory
rate

Type of smart
shirt

N/AN/AN/AXcN/AN/AN/AN/AN/AbBioShirt

N/AN/AN/AXN/AN/AN/AN/AN/AGOW system

N/AN/AN/AXXN/AN/AN/AXHeartCycle’s
guided exercise
system

XN/AN/AXXN/AXXXHexoskin

N/AN/AXN/AXN/AN/AN/AXLong Term Medi-
cal Survey Sys-
tem

N/AN/AN/AXXN/AN/AN/AXMaglietta Interat-
tiva Computeriz-
zata

N/AN/AN/AN/AXN/AN/AN/AN/APrototype 1 [81]

N/AN/AN/AN/AN/AXXN/AXPrototype 2 [52]

N/AN/AN/AN/AN/AN/AXN/AXPrototype 3 [92]

N/AN/AN/AN/AN/AXXN/AXPrototype 4 [108]

N/AN/AN/AN/AN/AN/AN/AN/AN/APrototype 5 [110]

N/AXXN/AN/AN/AN/AN/AN/AProtection e-Tex-
tiles (inner gar-
ment)

N/AN/AN/AXN/AN/AN/AN/AXLifeShirt

N/AN/AN/AN/AN/AN/AN/AXXWealthy system

N/AN/AN/AXN/AN/AN/AN/AN/AWearable Well-
ness System

N/AN/AN/AN/AXN/AN/AN/AN/AZephyr Bio-
Harnes

aP and T waves, QRS complex, respiratory rate intervals, and heart rate variability.
bN/A: not applicable.
cX indicates physiological outcome measures validated by studies for the corresponding smart shirt.
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Table 6. Types of physiological sensors used by smart shirts in the identified validation studies.

Reference(s)Number of studies, nPhysiological sensorsSmart shirt and category of sensor

BioShirt

[119]11-lead ECGbCa

GOW

[62]11-lead ECGC

HeartCycle’s guided exercise

[63]11-lead ECGC

[63]1Not specifiedRc

Hexoskin

[65,73,74,93,106,107,109,111,115,117]101-lead ECGC

[65,73,74,93,106,107,109,111,115,117]10RIPdR

LifeShirt

[28,41,45]32-lead ECGC

[28,41,45]3RIPR

Long Term Medical Survey System

[72]12-lead ECGC

[72]1Transthoracic bioimpedanceR

[72]14-channel optical sensorSpO2
e

[72]1BTBTf

Maglietta Interattiva Computerizzata

[29,53]21-lead ECGC

[29,53]2Piezoresistive plethysmogra-
phy

R

Protection e-Textiles

[46,48]21-lead ECGC

[46,48]2Piezoresistive plethysmogra-
phy

R

[46,48]2Pulse oximeter (finger)SpO2

[46,48]2N/AgBT

Prototype 1

[81]112-lead ECGC

Prototype 2

[52]11-lead ECGC

Prototype 3

[92]1FBGhR

Prototype 4

[108]1FBGR

Prototype 5

[110]1FBGR

Wealthy System

[27]15-lead ECGC

[27]1Impedance pneumographyR
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Reference(s)Number of studies, nPhysiological sensorsSmart shirt and category of sensor

Wearable Wellness System

[116]11-lead ECGC

Zephyr BioHarness

[61]11-lead ECGR

aC: cardiac.
bECG: electrocardiograph.
cR: respiratory.
dRIP: respiratory inductance plethysmography.
eSpO2: blood oxygen saturation.
fBT: body temperature.
gN/A: not applicable.
hFBG: fiber Bragg grating.

Observational Studies
Observational studies made up approximately 21.0% (21/101)
of the included publications. These studies used smart shirts to
capture various physiological outcome measures in a range of
populations. In total, 10 types of smart shirts were used, with
Hexoskin being the most prevalent (8/21, 38%), followed by
the Personalized Monitoring System for Care in Mental Health
system (3/21, 14%). The experimental settings varied among
the analyzed studies, with the majority (13/21, 62%) being
conducted in the field. A total of 5 studies were conducted in a
controlled setting such as a laboratory, whereas 2 used both
controlled and free-living settings. The populations studied also
varied, with the predominant population being clinical (9/21,
43%). The remaining studies used occupational populations
such as medical personnel, office employees, firefighters (5/21,
24%), healthy participants (4/21, 19%), and a combination of
healthy and clinical participants (3/21, 14%). All studies
recruited adults with the exception of one that recruited both
adults and pediatric participants [95]. Multimedia Appendix 5
summarizes the observational studies across citation
characteristics, type of shirt used, study aim, population
characteristics, study setting, and physiological outcome
measures tracked.

Reviews
Only one review focusing on the use of smart shirts for the
monitoring of physiological parameters was identified through
a literature search. This review was in the form of a scoping
review with the objectives of exploring, organizing, and
presenting the existing literature on the use of electronic textiles
for electrocardiograph (ECG) monitoring in cardiac populations.
The review identified resting ECG as the most common form
of ECG acquired by electronic textiles, followed by exercise
ECG and ambulatory ECG. The primary technical issue reported
across all studies was noise from motion artifacts [112].

Discussion

Principal Findings
The primary purpose of this scoping review was to
systematically analyze the body of scientific literature pertaining
to smart shirts for the monitoring of physiological parameters.

The primary outcomes were to (1) provide a clear indication of
the volume and types of scientific literature relating to smart
shirts, (2) summarize the studies completed to date, and (3)
identify any knowledge gaps to inform future research.

From the 7871 citations identified after the removal of
duplicates, 239 (3.00%) were eligible for full-text review. Of
these 239 citations, 101 (1.3%) were included in the final study.
Although the percentage of included studies appears small, this
was an expected outcome due to the broad search strategy
employed. The reason behind the broad search strategy was the
lack of standardized terminology in the field of wearables due
to its relatively recent inception. For example, smart textiles
may be referred to as electronic textiles, e-textiles, electronic
devices, wearable devices, wearable monitoring devices,
wearable systems, etc. This required the inclusion of a wide
range of keywords in the search strategy to maximize the
capturing of relevant literature. However, the limitation of this
strategy is that the search resulted in many studies that failed
the inclusion criteria.

Throughout the screening and review process, four main themes
of study were identified: (1) prototype design, (2) validation,
(3) observational, and (4) reviews. The most prominent theme
was prototype design, accounting for approximately 49.5%
(50/101) of the total included studies. These studies presented
the design of wearable systems in the form of sensor-integrated
shirts for continuous and noninvasive monitoring of
cardiorespiratory parameters. Although some prototypes were
capable of only monitoring a single parameter (23/50, 46%),
the majority (27/50, 54%) could monitor several simultaneously.
These physiological parameters were classified as cardiac,
respiratory, sEMG, BT, and SpO2. Aside from the monitoring
capabilities, it was evident that the key focus of design was on
the wearability of the smart shirts over longer periods. Many
of the established technologies used today for the monitoring
of physiological parameters such as the ECG or Holter monitor
are only capable of short-term diagnostic recording because of
their restricted portability and uncomfortable sensors. To
circumvent these issues, many of the included studies integrated
their smart shirts with textile sensors. Textile sensors are
intended to be comfortable, lightweight, flexible, stretchable,
conformable, washable, and long lasting. This contrasts with
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sensors such as the standard single-use, disposable silver-silver
chloride (Ag/AgCl) electrodes, which, in combination with
conductive gels, can provoke cutaneous reactions after
prolonged skin contact [121]. The Ag/AgCl electrodes are also
prone to damage after repeated use owing to mechanical stress
[121].

Following prototype design, validation was the most identified
theme. Validation studies accounted for approximately one-third
(29/101, 28.7%) of the total included studies. These studies
demonstrated that smart shirts were largely valid in determining
cardiorespiratory parameters such as HR and respiratory rate
(RR), but showed variable validity when measuring parameters
such as energy expenditure (EE), minute ventilation (VE), and
tidal volume (VT) [28,41,107,115,117]. Notably, although
maximal oxygen consumption was assessed for reliability in
one study, its validity was not evaluated [115]. At the current
stage, smart shirts can be considered mostly valid for the
measurement of certain physiological parameters under
conditions of rest and submaximal activities with variable results
at maximal work rate [62,63,74,93,107,115,117]. When
comparing the number of prototype design and validation
studies, it is evident that a large discrepancy exists. The volume
of systematic validation research needs to be increased to meet
the rate of prototype design studies being published. This is of
importance as these wearables are marketed for use by clinicians
and researchers who require valid and reliable measures.
Moreover, owing to the fluid state of the software used in these
devices, which can receive periodic updates, it is important to
validate the new algorithm.

The third theme of study identified by this review was
observational research, which comprised 20.8% (21/101) of the
total studies. These studies employed a variety of smart shirts
in a range of populations, including healthy and clinical as well
as specific population subsets such as medical personnel,
employees, and emergency operators. A total of 10 distinct
smart shirts were utilized, with Hexoskin being the most
prevalent. These studies used the data collected by smart shirts
for various purposes, such as quantifying stress through heart
rate variability (HRV) data in medical personnel and identifying
early physiological markers that preceded self-injurious behavior
in individuals with intellectual disabilities [35,82,96]. More
observational research such as these is required to explore the
implementation of smart shirts in live settings and make practical
use of the data collected through its processing and analysis.
This is the next obvious step in the progression of wearables
research.

Finally, only one scoping review was identified in this study,
focusing solely on the use of smart textiles for physiological
monitoring. As presented in the Results section, this review was
restricted to the use of smart textiles for ECG monitoring in
cardiac patients.

Gaps in the Literature
As alluded to in the Principal Findings section, there is a
considerable lag between the publication of prototype design
and validation studies. Within the area of prototype design,
there remains a crucial need to develop sensing technology to

further optimize sensor positioning, increase detection
sensitivity, and improve the signal-to-noise ratio to assist in
moving wearables past the initial prototype stage. In addition,
the refinement of algorithms is needed to reduce the risk of
overestimating or underestimating values. Furthermore, the
diversification of the populations used in validating the
prototypes is also needed. Currently, the majority of validation
studies include healthy or clinical adults, whereas studies
focusing on pediatric populations and specific population subsets
such elite athletes and emergency operators are lacking.

Observational research is also largely underrepresented. To
understand the capabilities of smart shirts outside of the
laboratory, more studies of this nature need to be conducted
using a variety of population samples in various settings. These
studies should investigate the use of the collected data for
meaningful analysis as one issue challenging wearable
technology is the translation of its data to create clinically
actionable insights. Such insights could take the form of
physiological data being collated and reported to a health
practitioner on a periodic basis to ensure the optimal
management of an outpatient or the implementation of warning
signals sent to the patient or health practitioner when the
collected data reaches a particular threshold. Although in the
sporting realm, teams have begun employing data scientists to
disseminate the data into usable metrics, this is largely absent
in the clinical sphere. Moving forward, observational studies
would be best conducted using a multidisciplinary approach
whereby researchers collaborate with the clinicians or
professionals expected to implement this technology outside of
the laboratory.

Limitations
This review was limited to publications written in English,
which may have excluded key studies published in other
languages. This review also focused solely on physiological
parameters measured by smart shirts and did not report on any
other parameters concerning activity or biomechanics. In
addition, the screening, inclusion/exclusion, and data charting
stages of this review were conducted by 1 investigator (HK),
which could have reduced the likelihood that all relevant studies
were identified in the review. The use of 1 investigator may
have also resulted in some reviewer bias.

Comparisons With Previous Work
To the authors’ knowledge, this scoping review is the first to
systematically map the scientific body of literature surrounding
the use of smart textiles in the form of smart shirts for
monitoring physiological parameters across all populations.
Only one other review that was included in the results
investigated the use of smart shirts for monitoring a single
physiological parameter [112]. The inclusion criteria of the
aforementioned review were limited to smart shirts capable of
monitoring ECG signals in cardiac patients, whereas this scoping
review included all physiological parameters and population
types.

Conclusions
With the persistent challenges confronting health systems
globally and the rising health and safety demands of athletes
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and emergency operators, smart textiles present themselves as
a contributor to a possible solution. This scoping review
systematically surveyed the existing body of scientific literature
pertaining to smart textiles in the form of smart shirts for the
monitoring of physiological parameters. Through this review,
it was identified that the majority of studies surrounding smart
textiles were dedicated to prototype design, whereas validation
and observational studies lagged behind considerably. Although
smart shirts have been proven to be valid and reliable in the
monitoring of some physiological parameters such as HR, HRV,

and RR, results were variable for other parameters such as VE,
VT, and EE, suggesting a continued need for their systematic
validation. Although innovations such as these offer vast
potential, it is important to ensure their validity and reliability
through careful evaluation before their widespread adoption.
To unlock the potential of smart textiles, there is also a need
for more observational investigation in collaboration with the
professionals expected to implement the technology outside of
the laboratory.

 

Authors' Contributions
HK, WH, JF, and MC conceived the scoping review. HK performed the scoping review and analyzed the data. HK wrote the
paper, and WH, JF, and MC revised and provided edits contributing to the final manuscript. WH, JF, and MC reviewed and
provided feedback for approval of the final manuscript.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Search strategies used for each electronic database searched.
[DOCX File , 21 KB - mhealth_v8i5e18092_app1.docx ]

Multimedia Appendix 2
Study selection questionnaire.
[DOCX File , 13 KB - mhealth_v8i5e18092_app2.docx ]

Multimedia Appendix 3
Data extraction chart.
[DOCX File , 14 KB - mhealth_v8i5e18092_app3.docx ]

Multimedia Appendix 4
Summaries of included validation studies.
[DOCX File , 40 KB - mhealth_v8i5e18092_app4.docx ]

Multimedia Appendix 5
Summaries of included observational studies.
[DOCX File , 35 KB - mhealth_v8i5e18092_app5.docx ]

References
1. Raghupathi W, Raghupathi V. Big data analytics in healthcare: promise and potential. Health Inf Sci Syst 2014;2:3 [FREE

Full text] [doi: 10.1186/2047-2501-2-3] [Medline: 25825667]
2. Seshadri DR, Drummond C, Craker J, Rowbottom JR, Voos JE. Wearable devices for sports: new integrated technologies

allow coaches, physicians, and trainers to better understand the physical demands of athletes in real time. IEEE Pulse
2017;8(1):38-43. [doi: 10.1109/MPUL.2016.2627240] [Medline: 28129141]

3. Curone D, Dudnik G, Loriga G, Luprano J, Magenes G, Paradiso R, et al. Smart garments for safety improvement of
emergency/disaster operators. Conf Proc IEEE Eng Med Biol Soc 2007;2007:3962-3965. [doi: 10.1109/IEMBS.2007.4353201]
[Medline: 18002867]

4. Roski J, Bo-Linn GW, Andrews TA. Creating value in health care through big data: opportunities and policy implications.
Health Aff (Millwood) 2014 Jul;33(7):1115-1122. [doi: 10.1377/hlthaff.2014.0147] [Medline: 25006136]

5. Chang H. Book review: data-driven healthcare & analytics in a big data world. Healthc Inform Res 2015;21(1):61-62
PMCID: PMC4330202. [doi: 10.4258/hir.2015.21.1.61]

6. Seshadri DR, Li RT, Voos JE, Rowbottom JR, Alfes CM, Zorman CA, et al. Wearable sensors for monitoring the internal
and external workload of the athlete. NPJ Digit Med 2019;2:71 [FREE Full text] [doi: 10.1038/s41746-019-0149-2] [Medline:
31372506]

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e18092 | p.35http://mhealth.jmir.org/2020/5/e18092/
(page number not for citation purposes)

Khundaqji et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=mhealth_v8i5e18092_app1.docx&filename=1c5eec7c502de665dd1fa409a0efde53.docx
https://jmir.org/api/download?alt_name=mhealth_v8i5e18092_app1.docx&filename=1c5eec7c502de665dd1fa409a0efde53.docx
https://jmir.org/api/download?alt_name=mhealth_v8i5e18092_app2.docx&filename=543eb11cbfa6e5cbd8abf2725ad86c79.docx
https://jmir.org/api/download?alt_name=mhealth_v8i5e18092_app2.docx&filename=543eb11cbfa6e5cbd8abf2725ad86c79.docx
https://jmir.org/api/download?alt_name=mhealth_v8i5e18092_app3.docx&filename=eb87cebad528fe8aad0240e8c8870afb.docx
https://jmir.org/api/download?alt_name=mhealth_v8i5e18092_app3.docx&filename=eb87cebad528fe8aad0240e8c8870afb.docx
https://jmir.org/api/download?alt_name=mhealth_v8i5e18092_app4.docx&filename=8edca28ece0ca30f93a8bc19c3d9b771.docx
https://jmir.org/api/download?alt_name=mhealth_v8i5e18092_app4.docx&filename=8edca28ece0ca30f93a8bc19c3d9b771.docx
https://jmir.org/api/download?alt_name=mhealth_v8i5e18092_app5.docx&filename=8fe77c48a018739c3282df6bc1b9914a.docx
https://jmir.org/api/download?alt_name=mhealth_v8i5e18092_app5.docx&filename=8fe77c48a018739c3282df6bc1b9914a.docx
http://europepmc.org/abstract/MED/25825667
http://europepmc.org/abstract/MED/25825667
http://dx.doi.org/10.1186/2047-2501-2-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25825667&dopt=Abstract
http://dx.doi.org/10.1109/MPUL.2016.2627240
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28129141&dopt=Abstract
http://dx.doi.org/10.1109/IEMBS.2007.4353201
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18002867&dopt=Abstract
http://dx.doi.org/10.1377/hlthaff.2014.0147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25006136&dopt=Abstract
http://dx.doi.org/10.4258/hir.2015.21.1.61
http://europepmc.org/abstract/MED/31372506
http://dx.doi.org/10.1038/s41746-019-0149-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31372506&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


7. World Health Organization. Geneva, Switzerland: WHO; 2018. Seventy-First World Health Assembly (WHA71.7) URL:
https://www.who.int/ehealth/about/en/ [accessed 2019-12-02]

8. World Health Organization. mHealth: New Horizons for Health Through Mobile Technologies: Second Global Survey on
eHealth. Geneva, Switzerland: WHO Press; 2011.

9. FitBit Inc. 2019 Jun 11. Fitbit Reports Third Quarter Results for the Three Months Ended September 28, 2019 URL: https:/
/investor.fitbit.com/press/press-releases/press-release-details/2019/Fitbit-Reports-Third-Quarter-Results-for-the-Three-
Months-Ended-September-28-2019/default.aspx [accessed 2020-03-30]

10. Pantelopoulos A, Bourbakis N. A survey on wearable sensor-based systems for health monitoring and prognosis. IEEE
Trans Syst Man Cybern C Appl Rev 2010 Jan;40(1):1-12. [doi: 10.1109/TSMCC.2009.2032660]

11. Feehan LM, Geldman J, Sayre EC, Park C, Ezzat AM, Yoo JY, et al. Accuracy of FitBit devices: systematic review and
narrative syntheses of quantitative data. JMIR Mhealth Uhealth 2018 Aug 9;6(8):e10527 [FREE Full text] [doi:
10.2196/10527] [Medline: 30093371]

12. Thiebaud RS, Funk MD, Patton JC, Massey BL, Shay TE, Schmidt MG, et al. Validity of wrist-worn consumer products
to measure heart rate and energy expenditure. Digit Health 2018;4:2055207618770322 [FREE Full text] [doi:
10.1177/2055207618770322] [Medline: 29942628]

13. Burton E, Hill KD, Lautenschlager NT, Thøgersen-Ntoumani C, Lewin G, Boyle E, et al. Reliability and validity of two
fitness tracker devices in the laboratory and home environment for older community-dwelling people. BMC Geriatr 2018
May 3;18(1):103 [FREE Full text] [doi: 10.1186/s12877-018-0793-4] [Medline: 29724191]

14. Wang Y, Kung L, Byrd TA. Big data analytics: understanding its capabilities and potential benefits for healthcare
organizations. Technol Forecast Soc Change 2018 Jan;126:3-13. [doi: 10.1016/j.techfore.2015.12.019]

15. Li RT, Kling SR, Salata MJ, Cupp SA, Sheehan J, Voos JE. Wearable performance devices in sports medicine. Sports
Health 2016;8(1):74-78 [FREE Full text] [doi: 10.1177/1941738115616917] [Medline: 26733594]

16. Wisbey B, Montgomery PG, Pyne DB, Rattray B. Quantifying movement demands of AFL football using GPS tracking.
J Sci Med Sport 2010 Sep;13(5):531-536. [doi: 10.1016/j.jsams.2009.09.002] [Medline: 19897414]

17. Tricco AC, Lillie E, Zarin W, O'Brien KK, Colquhoun H, Levac D, et al. PRISMA extension for scoping reviews
(PRISMA-ScR): checklist and explanation. Ann Intern Med 2018 Oct 2;169(7):467-473. [doi: 10.7326/M18-0850] [Medline:
30178033]

18. Khundaqji H, Hing W, Furness J, Climstein M. The Open Science Framework. 2019. Smart Shirts for Physiological
Monitoring: A Scoping Review URL: https://osf.io/tnk9x/ [accessed 2019-08-19]

19. Peters MD, Godfrey C, McInerney P, Munn Z, Tricco AC, Khalil H. Joanna Briggs Institute Reviewer's Manual. 2020.
Chapter 11: Scoping Reviews URL: https://reviewersmanual.joannabriggs.org/ [accessed 2019-08-19]

20. Canadian Agency for Drugs and Technologies in Health. 2019 May 8. Grey Matters: A Practical Tool for Searching
Health-Related Grey Literature URL: https://www.cadth.ca/resources/finding-evidence/grey-matters [accessed 2019-06-01]

21. Gopalsamy C, Park S, Rajamanickam R, Jayaraman S. The wearable motherboard: the first generation of adaptive and
responsive textile structures (ARTS) for medical applications. Virtual Real 1999 Sep;4(3):152-168. [doi: 10.1007/bf01418152]

22. Shin S, Ryu CY, Kang JH, Nam SH, Song YS, Lim TG, et al. Realization of an e-health system to perceive emergency
situations. Conf Proc IEEE Eng Med Biol Soc 2004;2004:3309-3312. [doi: 10.1109/IEMBS.2004.1403930] [Medline:
17270989]

23. Halín N, Junnila M, Loula P, Aarnio P. The LifeShirt system for wireless patient monitoring in the operating room. J
Telemed Telecare 2005;11(Suppl 2):S41-S43. [doi: 10.1258/135763305775124623] [Medline: 16375793]

24. Nam S, Yim T, Ryu C, Shin S, Kang J, Kim S. The preliminary study of unobtrusive respiratory monitoring for e-health.
Conf Proc IEEE Eng Med Biol Soc 2005;2005:3796-3798. [doi: 10.1109/IEMBS.2005.1617311] [Medline: 17281056]

25. Paradiso R, Loriga G, Taccini N. A wearable health care system based on knitted integrated sensors. IEEE Trans Inf Technol
Biomed 2005 Sep;9(3):337-344. [doi: 10.1109/titb.2005.854512] [Medline: 16167687]

26. Paradiso R, Loriga G, Taccini N. Wearable system for vital signs monitoring. Stud Health Technol Inform 2004;108:253-259.
[doi: 10.1109/ITAB.2003.1222533] [Medline: 15718653]

27. Bourdon L, Coli S, Loriga G, Taccini N, Gros B, Gemignani A, et al. First Results With the Wealthy Garment
Electrocardiogram Monitoring System. In: Proceedings of the 2005 Computers in Cardiology Conference. 2005 Presented
at: CIC'05; September 25-28, 2005; Lyon, France. [doi: 10.1109/cic.2005.1588176]

28. Clarenbach CF, Senn O, Brack T, Kohler M, Bloch KE. Monitoring of ventilation during exercise by a portable respiratory
inductive plethysmograph. Chest 2005 Sep;128(3):1282-1290. [doi: 10.1378/chest.128.3.1282] [Medline: 16162719]

29. di Rienzo M, Rizzo F, Parati G, Ferratini M, Brambilla G, Castiglioni P. A Textile-Based Wearable System for Vital Sign
Monitoring: Applicability in Cardiac Patients. In: Proceedings of the 2005 Computers in Cardiology Conference. 2005
Presented at: CIC'05; September 25-28, 2005; Lyon, France. [doi: 10.1109/cic.2005.1588199]

30. di Rienzo M, Rizzo F, Meriggi P, Bordoni B, Brambilla G, Ferratini M, et al. Applications of a textile-based wearable
system for vital signs monitoring. Conf Proc IEEE Eng Med Biol Soc 2006;2006:2223-2226. [doi:
10.1109/IEMBS.2006.260173] [Medline: 17946505]

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e18092 | p.36http://mhealth.jmir.org/2020/5/e18092/
(page number not for citation purposes)

Khundaqji et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://www.who.int/ehealth/about/en/
https://investor.fitbit.com/press/press-releases/press-release-details/2019/Fitbit-Reports-Third-Quarter-Results-for-the-Three-Months-Ended-September-28-2019/default.aspx
https://investor.fitbit.com/press/press-releases/press-release-details/2019/Fitbit-Reports-Third-Quarter-Results-for-the-Three-Months-Ended-September-28-2019/default.aspx
https://investor.fitbit.com/press/press-releases/press-release-details/2019/Fitbit-Reports-Third-Quarter-Results-for-the-Three-Months-Ended-September-28-2019/default.aspx
http://dx.doi.org/10.1109/TSMCC.2009.2032660
https://mhealth.jmir.org/2018/8/e10527/
http://dx.doi.org/10.2196/10527
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30093371&dopt=Abstract
http://europepmc.org/abstract/MED/29942628
http://dx.doi.org/10.1177/2055207618770322
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29942628&dopt=Abstract
https://bmcgeriatr.biomedcentral.com/articles/10.1186/s12877-018-0793-4
http://dx.doi.org/10.1186/s12877-018-0793-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29724191&dopt=Abstract
http://dx.doi.org/10.1016/j.techfore.2015.12.019
http://europepmc.org/abstract/MED/26733594
http://dx.doi.org/10.1177/1941738115616917
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26733594&dopt=Abstract
http://dx.doi.org/10.1016/j.jsams.2009.09.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19897414&dopt=Abstract
http://dx.doi.org/10.7326/M18-0850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30178033&dopt=Abstract
https://osf.io/tnk9x/
https://reviewersmanual.joannabriggs.org/
https://www.cadth.ca/resources/finding-evidence/grey-matters
http://dx.doi.org/10.1007/bf01418152
http://dx.doi.org/10.1109/IEMBS.2004.1403930
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17270989&dopt=Abstract
http://dx.doi.org/10.1258/135763305775124623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16375793&dopt=Abstract
http://dx.doi.org/10.1109/IEMBS.2005.1617311
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17281056&dopt=Abstract
http://dx.doi.org/10.1109/titb.2005.854512
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16167687&dopt=Abstract
http://dx.doi.org/10.1109/ITAB.2003.1222533
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15718653&dopt=Abstract
http://dx.doi.org/10.1109/cic.2005.1588176
http://dx.doi.org/10.1378/chest.128.3.1282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16162719&dopt=Abstract
http://dx.doi.org/10.1109/cic.2005.1588199
http://dx.doi.org/10.1109/IEMBS.2006.260173
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17946505&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


31. Brady S, Carson B, O'Gorman D, Moyna N, Diamond D. Combining Wireless With Wearable Technology for the
Development of On-Body Networks. In: Proceedings of the International Workshop on Wearable and Implantable Body
Sensor Networks. 2006 Presented at: BSN'06; April 3-5, 2006; Cambridge, MA, USA. [doi: 10.1109/BSN.2006.16]

32. Coosemans J, Hermans B, Puers R. Integrating Wireless ECG Monitoring in Textiles. In: Proceedings of the 13th International
Conference on Solid-State Sensors, Actuators and Microsystems. 2005 Presented at: SENSOR'05; June 5-9, 2005; Seoul,
South Korea. [doi: 10.1109/SENSOR.2005.1496399]

33. Paradiso R, de Rossi D. Advances in textile technologies for unobtrusive monitoring of vital parameters and movements.
Conf Proc IEEE Eng Med Biol Soc 2006;2006:392-395. [doi: 10.1109/IEMBS.2006.259307] [Medline: 17946827]

34. Wilhelm FH, Pfaltz MC, Grossman P. Continuous electronic data capture of physiology, behavior and experience in real
life: towards ecological momentary assessment of emotion. Interact Comput 2006 Mar;18(2):171-186. [doi:
10.1016/j.intcom.2005.07.001]

35. Barrera FJ, Violo RA, Graver EE. On the form and function of severe self-injurious behavior. Behav Intervent 2007
Feb;22(1):5-33. [doi: 10.1002/bin.228]

36. Castiglioni P, Faini A, Parati G, di Rienzo M. Wearable seismocardiography. Conf Proc IEEE Eng Med Biol Soc
2007;2007:3954-3957. [doi: 10.1109/IEMBS.2007.4353199] [Medline: 18002865]

37. di Rienzo M, Parati G, Rizzo F, Meriggi P, Merati G, Faini A, et al. Heart rate monitoring and control in altered gravity
conditions. Conf Proc IEEE Eng Med Biol Soc 2007;2007:6682-6685. [doi: 10.1109/IEMBS.2007.4353893] [Medline:
18003559]

38. Taelman J, Adriaensen T, van der Horst C, Linz T, Spaepen A. Textile integrated contactless EMG sensing for stress
analysis. Conf Proc IEEE Eng Med Biol Soc 2007;2007:3966-3969. [doi: 10.1109/IEMBS.2007.4353202] [Medline:
18002868]

39. Villalba E, Arredondo M, Ottaviano M, Salvi D, Hoyo-Barbolla E, Guillen S. Heart failure monitoring system based on
wearable and information technologies. J Commun 2007 Mar 1;2(2):10-21. [doi: 10.4304/jcm.2.2.10-21]

40. Zheng JW, Zhang ZB, Wu TH, Zhang Y. A wearable mobihealth care system supporting real-time diagnosis and alarm.
Med Biol Eng Comput 2007 Sep;45(9):877-885. [doi: 10.1007/s11517-007-0221-y] [Medline: 17619091]

41. Heilman KJ, Porges SW. Accuracy of the LifeShirt (Vivometrics) in the detection of cardiac rhythms. Biol Psychol 2007
Jul;75(3):300-305 [FREE Full text] [doi: 10.1016/j.biopsycho.2007.04.001] [Medline: 17540493]

42. D'Angelo L, Weber S, Honda Y, Thiel T, Narbonneau F, Luth TC. A system for respiratory motion detection using optical
fibers embedded into textiles. Conf Proc IEEE Eng Med Biol Soc 2008;2008:3694-3697. [doi: 10.1109/IEMBS.2008.4650011]
[Medline: 19163514]

43. Pandian PS, Mohanavelu K, Safeer KP, Kotresh TM, Shakunthala DT, Gopal P, et al. Smart Vest: wearable multi-parameter
remote physiological monitoring system. Med Eng Phys 2008 May;30(4):466-477. [doi: 10.1016/j.medengphy.2007.05.014]
[Medline: 17869159]

44. Zhang Z, Wang W, Wang B, Wu H, Liu H, Zhang Y. A Prototype of Wearable Respiration Biofeedback Platform and Its
Preliminary Evaluation on Cardiovascular Variability. In: Proceedings of the 3rd International Conference on Bioinformatics
and Biomedical Engineering. 2009 Presented at: ICBBE'09; June 11-13, 2009; Beijing, China. [doi:
10.1109/icbbe.2009.5162230]

45. Kent L, O'Neill B, Davison G, Nevill A, Elborn JS, Bradley JM. Validity and reliability of cardiorespiratory measurements
recorded by the LifeShirt during exercise tests. Respir Physiol Neurobiol 2009 Jun 30;167(2):162-167. [doi:
10.1016/j.resp.2009.03.013] [Medline: 19505672]

46. Curone D, Secco EL, Tognetti A, Loriga G, Dudnik G, Risatti M, et al. Smart garments for emergency operators: the
ProeTEX project. IEEE Trans Inf Technol Biomed 2010 May;14(3):694-701. [doi: 10.1109/TITB.2010.2045003] [Medline:
20371413]

47. Carlos R, Coyle S, Corcoran B, Diamond D, Tomas W, Aaron M, et al. Web-Based Sensor Streaming Wearable for
Respiratory Monitoring Applications. In: Proceedings of the 2011 SENSORS Conference. 2011 Presented at: ICSENS'11;
October 28-31, 2011; Limerick, Ireland. [doi: 10.1109/icsens.2011.6127168]

48. Magenes G, Curone D, Secco EL, Bonfiglio A. Biosensing and environmental sensing for emergency and protection
e-textiles. Conf Proc IEEE Eng Med Biol Soc 2011;2011:8365-8368. [doi: 10.1109/IEMBS.2011.6092063] [Medline:
22256287]

49. Migliorini M, Mendez MO, Bianchi AM. Study of heart rate variability in bipolar disorder: linear and non-linear parameters
during sleep. Front Neuroeng 2011;4:22 [FREE Full text] [doi: 10.3389/fneng.2011.00022] [Medline: 22291638]

50. Talavera G, Martin R, Rodríguez-Alsina A, Garcia J, Fernández F, Carrabina J. Protecting Firefighters with Wearable
Devices. In: Proceedings of the International Conference on Ubiquitous Computing and Ambient Intelligence. 2012 Presented
at: UCAmI'12; December 3-5, 2012; Vitoria-Gasteiz, Spain p. 470-477. [doi: 10.1007/978-3-642-35377-2_65]

51. Ratnarathorn S. Semantic Scholar. Gothenburg, Sweden: Chalmers University of Technology; 2012. Design of a Stress
Monitor Based on Breathing Signals Using a Smart Textile Shirt URL: https://pdfs.semanticscholar.org/a2bd/
aa838d5333e6d674297d4bf71b0fd709fed1.pdf [accessed 2020-04-03]

52. Cleland I, Nugent C, Finlay D, Burns W, Bougourd J, Armitage R. Assessment of Custom Fitted Heart Rate Sensing
Garments whilst undertaking Everyday Activities. In: Proceedings of the International Conference on Smart Homes and

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e18092 | p.37http://mhealth.jmir.org/2020/5/e18092/
(page number not for citation purposes)

Khundaqji et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://dx.doi.org/10.1109/BSN.2006.16
http://dx.doi.org/10.1109/SENSOR.2005.1496399
http://dx.doi.org/10.1109/IEMBS.2006.259307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17946827&dopt=Abstract
http://dx.doi.org/10.1016/j.intcom.2005.07.001
http://dx.doi.org/10.1002/bin.228
http://dx.doi.org/10.1109/IEMBS.2007.4353199
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18002865&dopt=Abstract
http://dx.doi.org/10.1109/IEMBS.2007.4353893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18003559&dopt=Abstract
http://dx.doi.org/10.1109/IEMBS.2007.4353202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18002868&dopt=Abstract
http://dx.doi.org/10.4304/jcm.2.2.10-21
http://dx.doi.org/10.1007/s11517-007-0221-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17619091&dopt=Abstract
http://europepmc.org/abstract/MED/17540493
http://dx.doi.org/10.1016/j.biopsycho.2007.04.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17540493&dopt=Abstract
http://dx.doi.org/10.1109/IEMBS.2008.4650011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19163514&dopt=Abstract
http://dx.doi.org/10.1016/j.medengphy.2007.05.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17869159&dopt=Abstract
http://dx.doi.org/10.1109/icbbe.2009.5162230
http://dx.doi.org/10.1016/j.resp.2009.03.013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19505672&dopt=Abstract
http://dx.doi.org/10.1109/TITB.2010.2045003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20371413&dopt=Abstract
http://dx.doi.org/10.1109/icsens.2011.6127168
http://dx.doi.org/10.1109/IEMBS.2011.6092063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22256287&dopt=Abstract
https://doi.org/10.3389/fneng.2011.00022
http://dx.doi.org/10.3389/fneng.2011.00022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22291638&dopt=Abstract
http://dx.doi.org/10.1007/978-3-642-35377-2_65
https://pdfs.semanticscholar.org/a2bd/aa838d5333e6d674297d4bf71b0fd709fed1.pdf
https://pdfs.semanticscholar.org/a2bd/aa838d5333e6d674297d4bf71b0fd709fed1.pdf
http://www.w3.org/Style/XSL
http://www.renderx.com/


Health Telematics. 2012 Presented at: ICOST'12; June 12-15, 2012; Artiminio, Italy p. 124-131. [doi:
10.1007/978-3-642-30779-9_16]

53. di Rienzo M, Racca V, Rizzo F, Bordoni B, Parati G, Castiglioni P, et al. Evaluation of a textile-based wearable system
for the electrocardiogram monitoring in cardiac patients. Europace 2013 Apr;15(4):607-612. [doi: 10.1093/europace/eus368]
[Medline: 23258818]

54. di Rienzo M, Vaini E, Castiglioni P, Lombardi P, Meriggi P, Rizzo F. A textile-based wearable system for the prolonged
assessment of cardiac mechanics in daily life. Conf Proc IEEE Eng Med Biol Soc 2014;2014:6896-6898. [doi:
10.1109/EMBC.2014.6945213] [Medline: 25571581]

55. Mirmohamadsadeghi L, Fallet S, Buttu A, Saugy J, Saugy T, Heinzer R, et al. Sleep Apnea Detection Using Features From
the Respiration and the ECG Recorded With Smart-Shirts. In: Proceedings of the 2014 Biomedical Circuits and Systems
Conference. 2014 Presented at: BioCAS'14; October 22-24, 2014; Lausanne, Switzerland. [doi: 10.1109/biocas.2014.6981645]

56. Valenza G, Nardelli M, Lanatà A, Gentili C, Bertschy G, Paradiso R, et al. Wearable monitoring for mood recognition in
bipolar disorder based on history-dependent long-term heart rate variability analysis. IEEE J Biomed Health Inform 2014
Sep;18(5):1625-1635. [doi: 10.1109/JBHI.2013.2290382] [Medline: 24240031]

57. Hanic M, Sládek L, Horínek F, Jagelka M, Donoval M, Dařícek M, et al. BIO-Monitoring System With Conductive Textile
Electrodes Integrated Into T-Shirt. In: Proceedings of the 24th International Conference Radioelektronika. 2014 Presented
at: Radioelek'14; April 15-16, 2014; Bratislava, Slovakia. [doi: 10.1109/radioelek.2014.6828472]

58. Sardini E, Serpelloni M. T-Shirt for Vital Parameter Monitoring. In: Proceedings of the First National Conference on
Sensors. 2014 Presented at: SENSORS'14; February 15-17, 2014; Rome p. 201-205. [doi: 10.1007/978-1-4614-3860-1_35]

59. Teichmann D, Kuhn A, Leonhardt S, Walter M. The MAIN shirt: a textile-integrated magnetic induction sensor array.
Sensors (Basel) 2014 Jan 9;14(1):1039-1056 [FREE Full text] [doi: 10.3390/s140101039] [Medline: 24412900]

60. Ulbrich M, Mühlsteff J, Sipilä A, Kamppi M, Koskela A, Myry M, et al. The IMPACT shirt: textile integrated and portable
impedance cardiography. Physiol Meas 2014 Jun;35(6):1181-1196. [doi: 10.1088/0967-3334/35/6/1181] [Medline: 24846072]

61. Dolezal BA, Boland DM, Carney J, Abrazado M, Smith DL, Cooper CB. Validation of heart rate derived from a physiological
status monitor-embedded compression shirt against criterion ECG. J Occup Environ Hyg 2014;11(12):833-839. [doi:
10.1080/15459624.2014.925114] [Medline: 24896644]

62. Romagnoli M, Alis R, Guillen J, Basterra J, Villacastin JP, Guillen S. A novel device based on smart textile to control
heart's activity during exercise. Australas Phys Eng Sci Med 2014 Jun;37(2):377-384. [doi: 10.1007/s13246-014-0271-z]
[Medline: 24756693]

63. Skobel E, Martinez-Romero A, Scheibe B, Schauerte P, Marx N, Luprano J, et al. Evaluation of a newly designed shirt-based
ECG and breathing sensor for home-based training as part of cardiac rehabilitation for coronary artery disease. Eur J Prev
Cardiol 2014 Nov;21(11):1332-1340. [doi: 10.1177/2047487313493227] [Medline: 23733743]

64. Lanata A, Valenza G, Nardelli M, Gentili C, Scilingo EP. Complexity index from a personalized wearable monitoring
system for assessing remission in mental health. IEEE J Biomed Health Inform 2015 Jan;19(1):132-139. [doi:
10.1109/JBHI.2014.2360711] [Medline: 25291802]

65. Montes J, Stone TM, Manning JW, McCune D, Tacad DK, Young JC, et al. Using hexoskin wearable technology to obtain
body metrics during trail hiking. Int J Exerc Sci 2015;8(4):425-430 [FREE Full text] [doi:
10.1249/01.mss.0000477034.13469.88] [Medline: 27293503]

66. Montes J. Digital Scholarship. 2015. Validation and Reliability of the Hexoskin and FitBit Flex Wearable BIO Collection
Devices URL: https://digitalscholarship.unlv.edu/thesesdissertations/2393/ [accessed 2020-04-03]

67. Hsiao C, Lee R, Tien S, Feng Y, Huang S. Early clinical prognosis for high-risk chest pain patients using smart textiles.
Biomed Eng Appl Basis Commun 2015;27(6):1550057. [doi: 10.4015/s101623721550057x]

68. Lage JE, Catarino AP, Carvalho H, Rocha A. Smart Shirt With Embedded Vital Sign and Moisture Sensing. In: Proceedings
of the First International Conference on Smart Portable, Wearable, Implantable and Disability-oriented Devices and Systems.
2015 Presented at: SPWID'15; June 21 - 26, 2015; Brussels, Belgium URL: https://www.semanticscholar.org/paper/
Smart-shirt-with-embedded-vital-sign-and-moisture-Lage-Catarino/e22968b24987b6bce82f9cd67b5918a93885b896

69. Mathias DN, Kim S, Park J, Joung Y. Real time ECG monitoring through a wearable smart t-shirt. Trans Electr Electron
Mater 2015 Feb 25;16(1):16-19. [doi: 10.4313/teem.2015.16.1.16]

70. Tada Y, Amano Y, Sato T, Saito S, Inoue M. A smart shirt made with conductive ink and conductive foam for the
measurement of electrocardiogram signals with unipolar precordial leads. Fibers 2015 Nov 3;3(4):463-477. [doi:
10.3390/fib3040463]

71. Trindade I, Martins F, Dias R, Oliveira C, da Silva JM. Novel textile systems for the continuous monitoring of vital signals:
design and characterization. Conf Proc IEEE Eng Med Biol Soc 2015 Aug;2015:3743-3746. [doi:
10.1109/EMBC.2015.7319207] [Medline: 26737107]

72. Chételat O, Ferrario D, Proença M, Porchet JA, Falhi A, Grossenbacher O, et al. Clinical validation of LTMS-S: a wearable
system for vital signs monitoring. Conf Proc IEEE Eng Med Biol Soc 2015;2015:3125-3128. [doi:
10.1109/EMBC.2015.7319054] [Medline: 26736954]

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e18092 | p.38http://mhealth.jmir.org/2020/5/e18092/
(page number not for citation purposes)

Khundaqji et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://dx.doi.org/10.1007/978-3-642-30779-9_16
http://dx.doi.org/10.1093/europace/eus368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23258818&dopt=Abstract
http://dx.doi.org/10.1109/EMBC.2014.6945213
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25571581&dopt=Abstract
http://dx.doi.org/10.1109/biocas.2014.6981645
http://dx.doi.org/10.1109/JBHI.2013.2290382
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24240031&dopt=Abstract
http://dx.doi.org/10.1109/radioelek.2014.6828472
http://dx.doi.org/10.1007/978-1-4614-3860-1_35
http://www.mdpi.com/resolver?pii=s140101039
http://dx.doi.org/10.3390/s140101039
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24412900&dopt=Abstract
http://dx.doi.org/10.1088/0967-3334/35/6/1181
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24846072&dopt=Abstract
http://dx.doi.org/10.1080/15459624.2014.925114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24896644&dopt=Abstract
http://dx.doi.org/10.1007/s13246-014-0271-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24756693&dopt=Abstract
http://dx.doi.org/10.1177/2047487313493227
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23733743&dopt=Abstract
http://dx.doi.org/10.1109/JBHI.2014.2360711
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25291802&dopt=Abstract
http://europepmc.org/abstract/MED/27293503
http://dx.doi.org/10.1249/01.mss.0000477034.13469.88
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27293503&dopt=Abstract
https://digitalscholarship.unlv.edu/thesesdissertations/2393/
http://dx.doi.org/10.4015/s101623721550057x
https://www.semanticscholar.org/paper/Smart-shirt-with-embedded-vital-sign-and-moisture-Lage-Catarino/e22968b24987b6bce82f9cd67b5918a93885b896
https://www.semanticscholar.org/paper/Smart-shirt-with-embedded-vital-sign-and-moisture-Lage-Catarino/e22968b24987b6bce82f9cd67b5918a93885b896
http://dx.doi.org/10.4313/teem.2015.16.1.16
http://dx.doi.org/10.3390/fib3040463
http://dx.doi.org/10.1109/EMBC.2015.7319207
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26737107&dopt=Abstract
http://dx.doi.org/10.1109/EMBC.2015.7319054
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26736954&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


73. Tanner EA, Montes J, Manning JW, Taylor JE, DeBeliso M, Young JC, et al. Validation of Hexoskin biometric shirt to
COSMED K4 b2 metabolic unit in adults during trail running. Sport Technol 2015;8(3-4):118-123. [doi:
10.1080/19346182.2016.1248973]

74. Villar R, Beltrame T, Hughson RL. Validation of the Hexoskin wearable vest during lying, sitting, standing, and walking
activities. Appl Physiol Nutr Metab 2015 Oct;40(10):1019-1024. [doi: 10.1139/apnm-2015-0140] [Medline: 26360814]

75. Paiva J, Rodrigues S, Cunha JP. Changes in ST, QT and RR ECG intervals during acute stress in firefighters: a pilot study.
Conf Proc IEEE Eng Med Biol Soc 2016 Aug;2016:3378-3381. [doi: 10.1109/EMBC.2016.7591452] [Medline: 28269028]

76. Valenza G, Nardelli M, Lanata' A, Gentili C, Bertschy G, Kosel M, et al. Predicting mood changes in bipolar disorder
through heartbeat nonlinear dynamics. IEEE J Biomed Health Inform 2016 Jul;20(4):1034-1043. [doi:
10.1109/JBHI.2016.2554546] [Medline: 28113920]

77. Aqueveque P, Gutierrez C, Saavedra F, Pino EJ. Noninvasive health condition monitoring device for workers at high
altitudes conditions. Conf Proc IEEE Eng Med Biol Soc 2016 Aug;2016:2349-2352. [doi: 10.1109/EMBC.2016.7591201]
[Medline: 28268797]

78. Dai M, Xiao X, Chen X, Lin H, Wu W, Chen S. A low-power and miniaturized electrocardiograph data collection system
with smart textile electrodes for monitoring of cardiac function. Australas Phys Eng Sci Med 2016 Dec;39(4):1029-1040.
[doi: 10.1007/s13246-016-0483-5] [Medline: 27743384]

79. Massaroni C, Ciocchetti M, di Tomaso G, Saccomandi P, Caponero MA, Polimadei A, et al. Design and preliminary
assessment of a smart textile for respiratory monitoring based on an array of Fiber Bragg Gratings. Conf Proc IEEE Eng
Med Biol Soc 2016 Aug;2016:6054-6057. [doi: 10.1109/EMBC.2016.7592109] [Medline: 28269633]

80. Trindade IG, da Silva JM, Miguel R, Pereira M, Lucas J, Oliveira L, et al. Design and evaluation of novel textile wearable
systems for the surveillance of vital signals. Sensors (Basel) 2016 Sep 24;16(10):1573 [FREE Full text] [doi:
10.3390/s16101573] [Medline: 27669263]

81. Boehm A, Yu X, Neu W, Leonhardt S, Teichmann D. A novel 12-lead ECG t-shirt with active electrodes. Electron 2016
Nov 8;5(4):75. [doi: 10.3390/electronics5040075]

82. Chatty L, Omurtag A, Roy R, Garbey M. Tracking Mental Workload by Multimodal Measurements During Minimally
Invasive Surgery Training. In: Proceedings of the 2017 Scientific Session of the Society of American Gastrointestinal and
Endoscopic Surgeons. 2017 Presented at: SAGES'17; March 22-25, 2017; Houston, Texas URL: https://www.sages.org/
meetings/annual-meeting/abstracts-archive/tracking-mental-workload-by-multimodal-measurements-during-
minimally-invasive-surgery-training/ [doi: 10.1007/s00464-017-5445-9]

83. Palix J, Akselrod M, Cungi C, Giuliani F, Favrod J. Changes in heart rate variability recorded in natural situation with
t-shirt integrated sensors and level of observed behavioral excitation: a pilot study of patients with intellectual disabilities
and psychiatric disorders. Front Psychiatry 2017;8:4 [FREE Full text] [doi: 10.3389/fpsyt.2017.00004] [Medline: 28203208]

84. Presti DL, Massaroni C, Formica D, Giurazza F, Schena E, Saccomandi P, et al. Respiratory and Cardiac Rates Monitoring
During MR Examination by a Sensorized Smart Textile. In: Proceedings of the International Instrumentation and Measurement
Technology Conference. 2017 Presented at: I2MTC'17; May 22-25, 2017; Turin, Italy. [doi: 10.1109/i2mtc.2017.7969818]

85. Webster E, Sukaviriya N, Chang H, Kozloski J. Predicting cognitive states from wearable recordings of autonomic function.
IBM J Res Dev 2017 Mar 1;61(2/3):2:1-2:11. [doi: 10.1147/jrd.2017.2648698]

86. Aqueveque P, Gutierrez C, Rodriguez FS, Pino EJ, Morales AS, Wiechmann EP. Monitoring physiological variables of
mining workers at high altitude. IEEE Trans Ind Appl 2017 May;53(3):2628-2634. [doi: 10.1109/tia.2017.2675360]

87. Gorgutsa S, Bellemare-Rousseau S, Guay P, Miled A, Messaddeq Y. Smart T-Shirt With Wireless Respiration Sensor. In:
Proceedings of the 2017 Conference on IEEE Sensors. 2017 Presented at: ICSENS'17; October 29-November 1, 2017;
Glasgow, UK. [doi: 10.1109/icsens.2017.8234293]

88. Zhang H, Tian L, Lu H, Zhou M, Zou H, Fang P, et al. A wearable 12-lead ECG acquisition system with fabric electrodes.
Conf Proc IEEE Eng Med Biol Soc 2017 Jul;2017:4439-4442. [doi: 10.1109/EMBC.2017.8037841] [Medline: 29060882]

89. Park J, Han H, Heo J, Lee J. Computer aided diagnosis sensor integrated outdoor shirts for real time heart disease monitoring.
Comput Assist Surg (Abingdon) 2017 Dec;22(Supl 1):176-185. [doi: 10.1080/24699322.2017.1389396] [Medline: 29037055]

90. Sun F, Yi C, Li W, Li Y. A wearable H-shirt for exercise ECG monitoring and individual lactate threshold computing.
Comput Ind 2017 Nov;92-93:1-11. [doi: 10.1016/j.compind.2017.06.004]

91. Baig MM. AUT Library. Auckland, New Zealand: Auckland University of Technology; 2017. Early Detection and
Self-Management of Long-Term Conditions Using Wearable Technologies URL: https://openrepository.aut.ac.nz/handle/
10292/10999?show=full [accessed 2020-04-03]

92. Lo Presti D, Massaroni C, Saccomandi P, Caponero MA, Formica D, Schena E. A wearable textile for respiratory monitoring:
feasibility assessment and analysis of sensors position on system response. Conf Proc IEEE Eng Med Biol Soc 2017
Jul;2017:4423-4426. [doi: 10.1109/EMBC.2017.8037837] [Medline: 29060878]

93. Montoye AH, Mitrzyk JR, Molesky MJ. Comparative accuracy of a wrist-worn activity tracker and a smart shirt for physical
activity assessment. Meas Phys Educ Exerc Sci 2017 Jun 8;21(4):201-211. [doi: 10.1080/1091367x.2017.1331166]

94. Baig M, Mirza F, GholamHosseini H, Gutierrez J, Ullah E. Clinical decision support for early detection of prediabetes and
type 2 diabetes mellitus using wearable technology. Conf Proc IEEE Eng Med Biol Soc 2018 Jul;2018:4456-4459. [doi:
10.1109/EMBC.2018.8513343] [Medline: 30441340]

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e18092 | p.39http://mhealth.jmir.org/2020/5/e18092/
(page number not for citation purposes)

Khundaqji et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://dx.doi.org/10.1080/19346182.2016.1248973
http://dx.doi.org/10.1139/apnm-2015-0140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26360814&dopt=Abstract
http://dx.doi.org/10.1109/EMBC.2016.7591452
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28269028&dopt=Abstract
http://dx.doi.org/10.1109/JBHI.2016.2554546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28113920&dopt=Abstract
http://dx.doi.org/10.1109/EMBC.2016.7591201
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28268797&dopt=Abstract
http://dx.doi.org/10.1007/s13246-016-0483-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27743384&dopt=Abstract
http://dx.doi.org/10.1109/EMBC.2016.7592109
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28269633&dopt=Abstract
http://www.mdpi.com/resolver?pii=s16101573
http://dx.doi.org/10.3390/s16101573
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27669263&dopt=Abstract
http://dx.doi.org/10.3390/electronics5040075
https://www.sages.org/meetings/annual-meeting/abstracts-archive/tracking-mental-workload-by-multimodal-measurements-during-minimally-invasive-surgery-training/
https://www.sages.org/meetings/annual-meeting/abstracts-archive/tracking-mental-workload-by-multimodal-measurements-during-minimally-invasive-surgery-training/
https://www.sages.org/meetings/annual-meeting/abstracts-archive/tracking-mental-workload-by-multimodal-measurements-during-minimally-invasive-surgery-training/
http://dx.doi.org/10.1007/s00464-017-5445-9
https://doi.org/10.3389/fpsyt.2017.00004
http://dx.doi.org/10.3389/fpsyt.2017.00004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28203208&dopt=Abstract
http://dx.doi.org/10.1109/i2mtc.2017.7969818
http://dx.doi.org/10.1147/jrd.2017.2648698
http://dx.doi.org/10.1109/tia.2017.2675360
http://dx.doi.org/10.1109/icsens.2017.8234293
http://dx.doi.org/10.1109/EMBC.2017.8037841
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29060882&dopt=Abstract
http://dx.doi.org/10.1080/24699322.2017.1389396
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29037055&dopt=Abstract
http://dx.doi.org/10.1016/j.compind.2017.06.004
https://openrepository.aut.ac.nz/handle/10292/10999?show=full
https://openrepository.aut.ac.nz/handle/10292/10999?show=full
http://dx.doi.org/10.1109/EMBC.2017.8037837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29060878&dopt=Abstract
http://dx.doi.org/10.1080/1091367x.2017.1331166
http://dx.doi.org/10.1109/EMBC.2018.8513343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30441340&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


95. Balsam P, Lodziński P, Tymińska A, Ozierański K, Januszkiewicz L, Główczyńska R, et al. Study design and rationale for
biomedical shirt-based electrocardiography monitoring in relevant clinical situations: ECG-shirt study. Cardiol J
2018;25(1):52-59 [FREE Full text] [doi: 10.5603/CJ.a2017.0102] [Medline: 28840587]

96. Slamon NB, Penfil SH, Nadkarni VM, Parker RM. A prospective pilot study of the biometrics of critical care practitioners
during live patient care using a wearable 'smart shirt'. J Intensive Crit Care 2018;4(2):10. [doi: 10.21767/2471-8505.100112]

97. Thompson JF, Severson RL, Rosecrance JC. Occupational physical activity in brewery and office workers. J Occup Environ
Hyg 2018 Sep;15(9):686-699. [doi: 10.1080/15459624.2018.1492136] [Medline: 30188781]

98. Yu X, Boehm A, Neu W, Venema B, Marx N, Leonhardt S, et al. A Wearable 12-Lead ECG T-Shirt With Textile Electrodes
for Unobtrusive Long-Term Monitoring–Evaluation of an Ongoing Clinical Trial. In: Proceedings of the 2017 European
Medical and Biological Engineering Confernce. 2017 Presented at: EMBEC'17; June 11-15, 2017; Tampere, Finland p.
703-706. [doi: 10.1007/978-981-10-5122-7_176]

99. di Rienzo M, Vaini E, Lombardi P. Development of a smart garment for the assessment of cardiac mechanical performance
and other vital signs during sleep in microgravity. Sens Actuators A Phys 2018 May;274:19-27. [doi:
10.1016/j.sna.2018.02.034]

100. Kańtoch E. Recognition of sedentary behavior by machine learning analysis of wearable sensors during activities of daily
living for telemedical assessment of cardiovascular risk. Sensors (Basel) 2018 Sep 24;18(10):E3219 [FREE Full text] [doi:
10.3390/s18103219] [Medline: 30249987]

101. Naranjo-Hernández D, Talaminos-Barroso A, Reina-Tosina J, Roa L, Barbarov-Rostan G, Cejudo-Ramos P, et al. Smart
vest for respiratory rate monitoring of COPD patients based on non-contact capacitive sensing. Sensors (Basel) 2018 Jul
3;18(7):2144 [FREE Full text] [doi: 10.3390/s18072144] [Medline: 29970861]

102. Paiva A, Ferreira F, Catarino A, Carvalho M, Carvalho H. Design of smart garments for sports and rehabilitation. IOP Conf
Ser Mater Sci Eng 2018 Dec 7;459:12083. [doi: 10.1088/1757-899X/459/1/012083]

103. Pino E, Arias Y, Aqueveque P. Wearable EMG shirt for upper limb training. Conf Proc IEEE Eng Med Biol Soc 2018
Jul;2018:4406-4409. [doi: 10.1109/EMBC.2018.8513107] [Medline: 30441329]

104. Roudjane M, Bellemare-Rousseau S, Khalil M, Gorgutsa S, Miled A, Messaddeq Y. A portable wireless communication
platform based on a multi-material fiber sensor for real-time breath detection. Sensors (Basel) 2018 Mar 25;18(4):973
[FREE Full text] [doi: 10.3390/s18040973] [Medline: 29587396]

105. Walzer T, Thies C, Meier K, Madrid NM. Textile Sensor Platform (TSP)-Development of a Textile Real-Time
Electrocardiogram. In: Proceedings of the 2018 International Conference on Bioinformatics and Biomedical Engineering.
2018 Presented at: IWBBIO'18; April 25-27, 2018; Granada, Spain p. 359-370. [doi: 10.1007/978-3-319-78759-6_33]

106. Banerjee T, Peterson M, Oliver Q, Froehle A, Lawhorne L. Validating a commercial device for continuous activity
measurement in the older adult population for dementia management. Smart Health (Amst) 2018 Jan;5-6:51-62 [FREE
Full text] [doi: 10.1016/j.smhl.2017.11.001] [Medline: 29915807]

107. Cherif NH, Mezghani N, Gaudreault N, Ouakrim Y, Mouzoune I, Boulay P. Physiological Data Validation of the Hexoskin
Smart Textile. In: Proceedings of the 11th International Conference on Biomedical Electronics and Devices. 2018 Presented
at: BIODEVICES'18; January 19-21, 2018; Funchal, Portugal p. 150-156. [doi: 10.5220/0006588001500156]

108. Massaroni C, Venanzi C, Silvatti AP, Lo Presti D, Saccomandi P, Formica D, et al. Smart textile for respiratory monitoring
and thoraco-abdominal motion pattern evaluation. J Biophotonics 2018 May;11(5):e201700263. [doi: 10.1002/jbio.201700263]
[Medline: 29297202]

109. Montes J, Young JC, Tandy R, Navalta JW. Reliability and validation of the hexoskin wearable bio-collection device during
walking conditions. Int J Exerc Sci 2018;11(7):806-816 [FREE Full text] [doi: 10.1519/JSC.0000000000002005] [Medline:
30338022]

110. Presti DL, Massaroni C, Schena PS, Formica D, Caponero MA, di Tomaso G. Smart Textile Based on FBG Sensors for
Breath-by-Breath Respiratory Monitoring: Tests on Women. In: Proceedings of the 2018 IEEE International Symposium
on Medical Measurements and Applications. 2018 Presented at: MeMeA'18; June 11-13, 2018; Rome, Italy. [doi:
10.1109/memea.2018.8438721]

111. Tan DY, Yong TH. Suitability of SmartShirt by Hexoskin to Monitor Heart Rate for Racket Sports. In: Proceedings of the
2017 International Conference on Robotics, Automation and Sciences. 2017 Presented at: ICORAS'17; November 27-29,
2017; Melaka, Malaysia. [doi: 10.1109/icoras.2017.8308057]

112. Teferra MN, Kourbelis C, Newman P, Ramos JS, Hobbs D, Clark RA, et al. Electronic textile electrocardiogram monitoring
in cardiac patients: a scoping review protocol. JBI Database System Rev Implement Rep 2019 Feb;17(2):147-156. [doi:
10.11124/JBISRIR-2017-003630] [Medline: 30204712]

113. Paiva A, Catarino A, Carvalho H, Postolache O, Postolache G, Ferreira F. Design of a Long Sleeve T-Shirt with ECG and
EMG for Athletes and Rehabilitation Patients. In: Proceedings of the 2018 International Conference on Innovation,
Engineering and Entrepreneurship. 2018 Presented at: HELIX'18; June 27-29, 2018; Guimarães, Portugal p. 244-250. [doi:
10.1007/978-3-319-91334-6_34]

114. Steinberg C, Philippon F, Sanchez M, Fortier-Poisson P, O'Hara G, Molin F, et al. A novel wearable device for continuous
ambulatory ECG recording: proof of concept and assessment of signal quality. Biosensors (Basel) 2019 Jan 21;9(1):17
[FREE Full text] [doi: 10.3390/bios9010017] [Medline: 30669678]

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e18092 | p.40http://mhealth.jmir.org/2020/5/e18092/
(page number not for citation purposes)

Khundaqji et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://journals.viamedica.pl/cardiology_journal/article/view/54384
http://dx.doi.org/10.5603/CJ.a2017.0102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28840587&dopt=Abstract
http://dx.doi.org/10.21767/2471-8505.100112
http://dx.doi.org/10.1080/15459624.2018.1492136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30188781&dopt=Abstract
http://dx.doi.org/10.1007/978-981-10-5122-7_176
http://dx.doi.org/10.1016/j.sna.2018.02.034
http://www.mdpi.com/resolver?pii=s18103219
http://dx.doi.org/10.3390/s18103219
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30249987&dopt=Abstract
http://www.mdpi.com/resolver?pii=s18072144
http://dx.doi.org/10.3390/s18072144
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29970861&dopt=Abstract
http://dx.doi.org/10.1088/1757-899X/459/1/012083
http://dx.doi.org/10.1109/EMBC.2018.8513107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30441329&dopt=Abstract
http://www.mdpi.com/resolver?pii=s18040973
http://dx.doi.org/10.3390/s18040973
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29587396&dopt=Abstract
http://dx.doi.org/10.1007/978-3-319-78759-6_33
http://europepmc.org/abstract/MED/29915807
http://europepmc.org/abstract/MED/29915807
http://dx.doi.org/10.1016/j.smhl.2017.11.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29915807&dopt=Abstract
http://dx.doi.org/10.5220/0006588001500156
http://dx.doi.org/10.1002/jbio.201700263
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29297202&dopt=Abstract
http://europepmc.org/abstract/MED/30338022
http://dx.doi.org/10.1519/JSC.0000000000002005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30338022&dopt=Abstract
http://dx.doi.org/10.1109/memea.2018.8438721
http://dx.doi.org/10.1109/icoras.2017.8308057
http://dx.doi.org/10.11124/JBISRIR-2017-003630
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30204712&dopt=Abstract
http://dx.doi.org/10.1007/978-3-319-91334-6_34
http://www.mdpi.com/resolver?pii=bios9010017
http://dx.doi.org/10.3390/bios9010017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30669678&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


115. Elliot CA, Hamlin MJ, Lizamore CA. Validity and reliability of the hexoskin wearable biometric vest during maximal
aerobic power testing in elite cyclists. J Strength Cond Res 2019 May;33(5):1437-1444. [doi:
10.1519/JSC.0000000000002005] [Medline: 28759538]

116. Reali P, Tacchino G, Rocco G, Cerutti S, Bianchi AM. Heart rate variability from wearables: a comparative analysis among
standard ECG, a smart shirt and a wristband. Stud Health Technol Inform 2019;261:128-133. [doi:
10.3233/978-1-61499-975-1-128] [Medline: 31156103]

117. Smith CM, Chillrud SN, Jack DW, Kinney P, Yang Q, Layton AM. Laboratory validation of hexoskin biometric shirt at
rest, submaximal exercise, and maximal exercise while riding a stationary bicycle. J Occup Environ Med 2019
Apr;61(4):e104-e111. [doi: 10.1097/JOM.0000000000001537] [Medline: 30946696]

118. Lee Y, Chung W. Wireless sensor network based wearable smart shirt for ubiquitous health and activity monitoring. Sens
Actuators B Chem 2009 Jul;140(2):390-395. [doi: 10.1016/j.snb.2009.04.040]

119. Hong S, Yang Y, Kim S, Shin S, Lee I, Jang Y, et al. Performance study of the wearable one-lead wireless
electrocardiographic monitoring system. Telemed J E Health 2009 Mar;15(2):166-175. [doi: 10.1089/tmj.2008.0071]
[Medline: 19292626]

120. Magenes G, Curone D, Lanati M, Secco EL. Long-distance monitoring of physiological and environmental parameters for
emergency operators. Conf Proc IEEE Eng Med Biol Soc 2009;2009:5159-5162. [doi: 10.1109/IEMBS.2009.5332737]
[Medline: 19963886]

121. Ankhili A, Tao X, Cochrane C, Coulon D, Koncar V. Washable and reliable textile electrodes embedded into underwear
fabric for electrocardiography (ECG) monitoring. Materials (Basel) 2018 Feb 7;11(2):256 [FREE Full text] [doi:
10.3390/ma11020256] [Medline: 29414849]

Abbreviations
Ag: silver
AgCl: silver chloride
BT: body temperature
CADTH: Canadian Agency for Drugs and Technologies in Health
ECG: electrocardiograph
EE: energy expenditure
EMBASE: Excerpta Medica database
HR: heart rate
HRV: heart rate variability
JBI: Joanna Briggs Institute
MEDLINE: Medical Literature Analysis and Retrieval System Online
PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-analysis
RR: respiratory rate
sEMG: surface electromyography
SpO2: blood oxygen saturation
VE: minute ventilation
VT: tidal volume

Edited by G Eysenbach; submitted 03.02.20; peer-reviewed by M DeBeliso, K Pirzada; comments to author 07.03.20; revised version
received 10.03.20; accepted 22.03.20; published 27.05.20.

Please cite as:
Khundaqji H, Hing W, Furness J, Climstein M
Smart Shirts for Monitoring Physiological Parameters: Scoping Review
JMIR Mhealth Uhealth 2020;8(5):e18092
URL: http://mhealth.jmir.org/2020/5/e18092/ 
doi:10.2196/18092
PMID:32348279

©Hamzeh Khundaqji, Wayne Hing, James Furness, Mike Climstein. Originally published in JMIR mHealth and uHealth
(http://mhealth.jmir.org), 27.05.2020. This is an open-access article distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work, first published in JMIR mHealth and uHealth, is properly cited. The complete bibliographic

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e18092 | p.41http://mhealth.jmir.org/2020/5/e18092/
(page number not for citation purposes)

Khundaqji et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://dx.doi.org/10.1519/JSC.0000000000002005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28759538&dopt=Abstract
http://dx.doi.org/10.3233/978-1-61499-975-1-128
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31156103&dopt=Abstract
http://dx.doi.org/10.1097/JOM.0000000000001537
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30946696&dopt=Abstract
http://dx.doi.org/10.1016/j.snb.2009.04.040
http://dx.doi.org/10.1089/tmj.2008.0071
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19292626&dopt=Abstract
http://dx.doi.org/10.1109/IEMBS.2009.5332737
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19963886&dopt=Abstract
http://www.mdpi.com/resolver?pii=ma11020256
http://dx.doi.org/10.3390/ma11020256
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29414849&dopt=Abstract
http://mhealth.jmir.org/2020/5/e18092/
http://dx.doi.org/10.2196/18092
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32348279&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


information, a link to the original publication on http://mhealth.jmir.org/, as well as this copyright and license information must
be included.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e18092 | p.42http://mhealth.jmir.org/2020/5/e18092/
(page number not for citation purposes)

Khundaqji et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

A Mobile Technology for Collecting Patient-Reported Physical
Activity and Distress Outcomes: Cross-Sectional Cohort Study

Miyeon Jung1*, BS; SaeByul Lee2*, MD, PhD; Jisun Kim2, MD, PhD; HeeJeong Kim2, MD, PhD; BeomSeok Ko2,

MD, PhD; Byung Ho Son2, MD, PhD; Sei-Hyun Ahn2, MD, PhD; Yu Rang Park3, PhD; Daegon Cho1, PhD; Haekwon

Chung4, BSc; Hye Jin Park2, RN; Minsun Lee2, RN; Jong Won Lee2, MD, PhD; Seockhoon Chung5, MD, PhD; Il

Yong Chung2, MD
1Korea Advanced Institute of Science and Technology, Seoul, Republic of Korea
2Division of Breast Surgery, Department of Surgery, University of Ulsan College of Medicine, Asan Medical Center, Seoul, Republic of Korea
3Department of Biomedical Systems Informatics, Yonsei University College of Medicine, Seoul, Republic of Korea
4Swallaby, Seoul, Republic of Korea
5Department of Psychiatry, University of Ulsan College of Medicine, Asan Medical Center, Seoul, Republic of Korea
*these authors contributed equally

Corresponding Author:
Il Yong Chung, MD
Division of Breast Surgery
Department of Surgery
University of Ulsan College of Medicine, Asan Medical Center
88 Olympic-ro 43-gil, Songpa-gu
Seoul,
Republic of Korea
Phone: 82 2 3010 3998
Email: doorkeeper1@gmail.com

Abstract

Background: Electronic patient-reported outcome (PROs) provides a fast and reliable assessment of a patient’s health-related
quality of life. Nevertheless, using PRO in the traditional paper format is not practical for clinical practice due to the limitations
associated with data analysis and management. A questionnaire app was developed to address the need for a practical way to
group and use distress and physical activity assessment tools.

Objective: The purpose of this study was to assess the level of agreement between electronic (mobile) and paper-and-pencil
questionnaire responses.

Methods: We validated the app version of the distress thermometer (DT), International Physical Activity Questionnaire (IPAQ),
and Patient Health Questionnaire–9 (PHQ-9). A total of 102 participants answered the paper and app versions of the DT and
IPAQ, and 96 people completed the PHQ-9. The study outcomes were the correlation of the data between the paper-and-pencil
and app versions.

Results: A total of 106 consecutive breast cancer patients were enrolled and analyzed for validation of paper and electronic
(app) versions. The Spearman correlation values of paper and app surveys for patients who responded to the DT questionnaire
within 7 days, within 3 days, and on the same day were .415 (P<.001), .437 (P<.001), and .603 (P<.001), respectively. Similarly,
the paper and app survey correlation values of the IPAQ total physical activity metabolic equivalent of task (MET; Q2-6) were
.291 (P=.003), .324 (P=.005), and .427 (P=.01), respectively. The correlation of the sum of the Patient Health Questionnaire–9
(Q1-9) according to the time interval between the paper-based questionnaire and the app-based questionnaire was .469 for 14
days (P<.001), .574 for 7 days (P<.001), .593 for 3 days (P<.001), and .512 for the same day (P=.03). These were all statistically
significant. Similarly, the correlation of the PHQ (Q10) value according to the time interval between the paper-based questionnaire
and the app-based questionnaire was .283 for 14 days (P=.005), .409 for 7 days (P=.001), .415 for 3 days (P=.009), and .736 for
the same day (P=.001). These were all statistically significant. In the overall trend, the shorter the interval between the
paper-and-pencil questionnaire and the app-based questionnaire, the higher the correlation value.

Conclusions: The app version of the distress and physical activity questionnaires has shown validity and a high level of association
with the paper-based DT, IPAQ (Q2-6), and PHQ-9. The app-based questionnaires were not inferior to their respective paper
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versions and confirm the feasibility for their use in clinical practice. The high correlation between paper and mobile app data
allows the use of new mobile apps to benefit the overall health care system.

Trial Registration: ClinicalTrials.gov NCT03072966; https://clinicaltrials.gov/ct2/show/NCT03072966

(JMIR Mhealth Uhealth 2020;8(5):e17320)   doi:10.2196/17320

KEYWORDS

telemedicine; breast neoplasms; mobile apps; quality of life; validation; patient-reported outcome measures (PROMs); questionnaire

Introduction

The National Comprehensive Cancer Network recommends
that whenever a cancer patient visits a doctor, the doctor should
screen for distress, which can be managed by clinical practice
guidelines. Similarly, the American Society of Clinical
Oncology guidelines suggest all that cancer patients should be
screened for depressive symptoms at appropriate intervals at
the beginning of and after the visit [1]. Several papers reported
that the prevalence of depression and anxiety among cancer
survivors was 11.6% and 17.9%, respectively [2].

Patient-reported outcome (PRO) measures, defined by the US
Food and Drug Administration as “reporting on the health of
patients directly from patients,” is becoming common in the
medical field [3]. However, conventional distress screening
tools are paper-and-pencil questionnaires, which can cause recall
bias and do not reflect real-time episodes of distress. In addition,
the use of PRO in traditional paper format is not practical for
clinical practice due to limitations associated with data analysis
and management [4,5]. Therefore, entering PRO data by
electronic means (ePRO) was developed as an alternative [6].
Initially, ePRO was developed based on a web platform, thus
offering the portability and viability of tools used for health
care assessment via mobile phones [7,8].

Current long-term health care monitoring of patients requires
the most promising remote monitoring techniques to provide
cost-effective quality control [9]. Therefore, models for remote
monitoring of patients combined with the selection of ePRO
are recommended. This enables self-management of patient
care at all treatment stages while improving the quality of life
of the patient [10]. The benefit of the clinical use of the mobile
phone app is the possibility to accumulate high-quality and
reliable data and archive backups to prevent data loss [11].

Although some discrepancies were reported between the
paper-and-pencil and electronic versions of the same
questionnaires, there is evidence that electronic and paper PROs
reflect equivalent outcomes, whereas some reports suggest that
the electronic PRO is more accurate [8,12]. Despite the active
use of mobile health (mHealth) apps for measuring distress and
physical activity, no validated health care apps have been
developed. The questionnaire app was developed to address the
need for a practical way to group and use distress and physical
activity assessment tools. According to the study guidelines
proposed by the International Society for Pharmacoeconomics
and Outcomes Research, the data obtained from ePRO
questionnaires should be comparable or superior to the data
from paper-based questionnaires [13].

Therefore, this study aims to validate the app using correlation
analysis between the paper-based gold standard and
mobile-based new formats using distress and physical activity
questionnaires. Our study examined the association between
responses collected through a mobile app and the paper-based
face-to-face survey. Even though the same questionnaires were
used, responses collected through the new format of mobile
technology can be different than responses on paper-based
questionnaires. This may be because of screen size or not having
the constraint of a face-to-face survey.

As a result, if the mobile app survey was completed on the same
day, even though the collection method was different, the
responses were almost the same. But responses weren’t similar
for questions like asking about time spent sitting on the
International Physical Activity Questionnaire (IPAQ). In this
aspect, we could conclude that estimates of time spent sitting
are not easy to answer correctly and not easy to remember, so
it varies depending on the format of collection and time zone,
even in the same day. Therefore, IPAQ (Q7; sitting time) is
difficult to replace through mobile app collection systems.

Beyond validating the mobile responses that were answered on
the same day, we also compared them with the average of
mobile responses in the days before and after a few days. The
reason we should compare them is that the distress thermometer
(DT), IPAQ, and Patient Health Questionnaire–9 (PHQ-9) are
asking the status of patients for last 7 days, not on the one single
day when the survey was placed.

Therefore, we analyzed how the average values of survey inputs
from the mobile-based PRO collection system, answered on the
3 or 7 days before and after the paper-based face-to-face survey,
were related to the input value from the paper survey. When we
want to replace a face-to-face questionnaire with a mobile app
in the real world, it may be more effective to use the average
value at specific intervals due to the nature of PROs asking
about the status of the recent week, not one day. In our analysis,
the correlation became weaker as the intervals became longer,
but it still showed a significant correlation.

Methods

Study Design and Subjects
This cross-sectional study recruited patients who underwent
surgery for breast cancer at the Asan Medical Center. Patients
were eligible for study participation if they were women between
the ages of 20 and 65 years and had Android smartphones
compatible with the WalkON app [14], a free activity tracking
app modified for this study. Patients who had distant metastasis,
recurrent breast cancer, severe medical conditions such as
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cardiovascular disease, did not know how to use a smartphone,
used iOS smartphones, or were on chemotherapy were excluded.

Written informed consent was obtained from all patient subjects
at enrollment. The study protocol was approved by the
institutional review board of Asan Medical Center (2016-0819).
This study was registered at ClinicalTrials.gov [NCT03072966].

Ethical Approval
All procedures performed in studies involving human
participants were in accordance with the ethical standards of
the institutional and/or national research committee and the
1964 Helsinki declaration and its later amendments or
comparable ethical standards.

Recruitment and Follow-Up
During the hospital stay after breast cancer surgery, subjects
were contacted by a clinical research assistant. After consenting
to participate, participants completed the DT, IPAQ, and PHQ-9
paper-based questionnaires (baseline). The assistant helped
patients download the Android-based app (WalkON) to the
participants’ smartphones. The main purpose of this study was
to calculate the Spearman correlation of baseline values of DT,
IPAQ, and PHQ-9 between paper-based questionnaire and
app-based questionnaire.

At the 3- and 6-month follow-ups, participants were asked to
complete the same version of the paper surveys voluntarily.
Since there were few voluntary answers, we only used the first
survey to validate the correlation between app and paper
surveys.

Smartphone App and App-Based Questionnaire
Swallaby Inc is a mobile health care app company that has
developed a health-related smartphone app (WalkON). This
app provides users with a platform for tracking their daily steps
and creates mobile communities where users can communicate
with each other and view each other’s daily step count to get
motivated and promote health-related activities.

App-based self-reporting questionnaires were programmed into
this app, wherein study participants could answer the app-based
questionnaires. We used this app to conduct weekly and
biweekly questionnaires for a future study on the development
of a distress screening tool. Daily questionnaires were developed
and previously reported by the authors and consisted of
self-reporting modules for daily anxiety, sleep, and emotion
statuses [9,12]. Responses were collected every week for DT
and IPAQ and biweekly for PHQ-9 through the app, and push
notifications were sent every week from Sunday to Tuesday to
subjects’ smartphones. The responses to these three
questionnaires (DT, IPAQ, and PHQ-9) were analyzed in this
validation study.

Statistical Analysis
The walking app-based physical activity and stress collecting
systems were validated by calculating the Spearman and
concordance correlation between the responses to app-based
and paper-based questionnaires. The baseline paper survey was
administered once at the recruitment stage. Thereafter,
participants voluntarily reported their physical activity and stress

through the app. For DT and IPAQ, the survey required
participants to record their average stress level and physical
activity level scores, respectively, during the last 7 days. For
PHQ-9, the survey required participants to record their
subjective perception of average life quality level during the
last 14 days.

We expected the values collected via paper and mobile app to
be almost the same if they were reported on the same day. To
infer that the new channel for patient-reported outcome
collection, a mobile app, works well, the correlation between
two values reported on the same day should be high.

However, since the patients responded to DT and IPAQ at least
once per week and PHQ-9 biweekly on any day, the subsample
of patients who responded to the questionnaires on the same
day (recruitment date) was small.

Thus, to investigate the validity of the mobile app survey, we
also calculated the correlation between two values: the values
at the baseline date and values reported on a few days around
the baseline date. More specifically, we picked the values
recorded on the baseline date ±3 days and calculated the
correlation between the values reported on and those reported
around the baseline date. Similarly, we calculated the correlation
between the values recorded within and after 7 days from the
baseline date. For the PHQ-9 only, we also calculated the
correlation between the values recorded within and after 14
days from the baseline date. Here, few participants (less than
10%) reported each value more than two times within the weekly
and biweekly periods. In such cases, we calculated the average
value of the reported numbers within the defined period.

Taken together, for DT and IPAQ, we first calculated the
average of the values reported on the same day, within 3 days,
and within 7 days. Then, we calculated the Spearman correlation
between the average value in the mobile app and the paper
survey answer. For PHQ-9, we calculated the average of the
values reported on the same day, within 3 days, within 7 days,
and within 14 days.

In addition to the Spearman correlation, we also calculated the
required sample size and actual statistical power using G*Power
software, given the value of α as .05, the power (1-β) as .95,
and the Spearman correlation value.

We also conducted a robustness check on our correlation
analysis by calculating the bias correction factor of the
concordance correlation coefficient (CCC) [15] and by positing
an ordered logistic regression model. For the CCC, previous
studies suggest the following descriptive scale for values (for
continuous variables): <.90 poor, .90 to .95 moderate, .95 to .99
substantial, and >.99 almost perfect correlation [15]. For the
ordered logistic regression model, dependent variables were the
discrete variables of DT, IPAQ and PHQ in the paper survey,
and independent variables were the continuous variables of
average DT, IPAQ, and PHQ in the mobile app survey. We
calculated the coefficients on the values of mobile app survey
and their odds ratios.
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Results

Patient Characteristics
From June 2017 to January 2018, we consecutively assessed
1247 patients who underwent breast cancer surgery for study
eligibility (Figure 1). After screening, 591 patients were
excluded, 176 patients could not be contacted during the hospital

stay, and 320 patients refused to join the study. A total of 160
patients were enrolled in this study. Among them, 54 patients
did not complete the mobile app survey within 14 days after
the baseline date. Thus, we included 106 patients who responded
to the app survey at least once within the defined time period.
The example of app screenshots of the survey is shown in Figure
2.

Figure 1. Participant enrollment.
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Figure 2. App screenshots of the (A) Distress Thermometer, (B) International Physical Activity Questionnaire, and (C) Patient Health Questionnaire–9.

Table 1 summarizes the demographic and clinical characteristics
of the subjects as absolute and relative frequencies. The subjects
were aged 44.9 (SD 7.1) years. Among the patients, 77.4%
(82/106) were aged less than 50 years, 64.2% (68/106) had an
educational attainment of college level or higher, and 46.2%
(49/106) were currently employed. Among breast cancer stages,

10.4% (11/106) of patients had stage 0, 45.3% (48/106) had
stage I, 26.4% (28/106) had stage II, and 17.9% (19/106) had
stage III disease (Table 1). Fifty patients completed adjuvant
or neoadjuvant chemotherapy before beginning the data
collection.
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Table 1. Subject demographics (n=106).

ValueCharacteristic

44.9 (7.1)Age in years, mean (SD)

82 (77.4)<50, n (%)

24 (22.6)≥50, n (%)

Marital status, n (%)

90 (84.9)Married

14 (13.2)Single

2 (1.9)Others

Education, n (%)

38 (35.8)≤High school

68 (64.2)>High school

Employed, n (%)

49 (46.2)Yes

57 (53.8)No

Comorbidity, n (%)

72 (67.9)Yes

34 (32.1)No

Past episode of depression, n (%)

1 (0.9)Yes

101 (95.3)No

4 (3.8)No response

Surgery, n (%)

7 (6.6)Mastectomy

74 (69.8)Breast-conserving surgery

25 (23.6)Mastectomy with reconstruction

Chemotherapy, n (%)

50 (47.2)Yes

56 (52.8)No

Antihormonal therapy, n (%)

86 (81.1)Yes

20 (18.9)No

Radiation therapy, n (%)

86 (81.1)Yes

20 (18.9)No

Targeted therapy, n (%)

98 (92.5)Yes

8 (7.5)No

Stage, n (%)

11 (10.4)0

48 (45.3)I

28 (26.4)II

19 (17.9)III

Distress thermometer, n (%)
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ValueCharacteristic

35 (33.0)Score of 5 or higher

71 (67.0)Score of less than 5

PHQ-9a total score, n (%)

23 (21.7)Score of 11 or higher

83 (78.3)Score of less than 11

aPHQ-9: Patient Health Questionnaire–9.

Validating the Mobile App Survey
Among 106 patients, 102 patients completed the weekly app
survey (DT and IPAQ) within 7 days after the paper survey
visit. Among them, 73 patients completed the weekly app survey
within 3 days after the paper survey visit. In addition, 34 patients
responded to the app-based questionnaire on the same day that
they answered the paper-based questionnaire (Table 2). Of the
106 patients, 96 responded to the app-based questionnaire within
14 days of completing the paper-based questionnaire (PHQ-9);
63 patients answered within 7 days, 39 within 3 days, and 18
patients answered the app-based questionnaire on the same day
that they answered the paper-based questionnaire.

The screening tool for measuring distress gives a numerical
representation of the degree of distress (Figure 3A), IPAQ
(Q2-6) asks about activity levels, and IPAQ (Q7) asks about
time spent sitting (Figure 3B). IPAQ (Q2-6) and IPAQ (Q7)
were analyzed separately in Table 2 because the contents of
each question are different.

Spearman correlation values between the average values in
app-based questionnaire being responded to within 7 days,
within 3 days and on the same day and the values in the baseline
paper survey were .415 (P<.001), .437 (P<.001), and .603
(P<.001), respectively, and the correlation values for IPAQ
(Q2-6) were .291 (P=.003), .324 (P=.005), and .427 (P=.01),
respectively. These were all statistically significant.

However, the correlation values of IPAQ (Q7) were .061 (P=.54)
and .090 (P=.45) within 7 days and 3 days, respectively, and
were not statistically significant. The correlation value,
responded on the same day as the paper survey, was .155
(P=.38), which was also statistically insignificant (Table 2).

In terms of required sample size (Table 3), all required sample
sizes to validate the correlation between the weekly app survey
and corresponding paper survey were smaller than our sample
sizes (102, 73, and 34) for DT. For IPAQ total physical activity
metabolic equivalent of task (MET; Q2-6), the required sample
sizes were slightly larger than our sample size. Even though
our sample sizes were slightly smaller than the required sample
sizes, the correlation coefficients were statistically significant.

Table 2. Spearman correlation coefficients between the value on the paper survey and the average value on the weekly app survey.

Days before and after the paper survey, number of patients reporting through the app, and scoresSurvey

7 days (n=102)3 days (n=73)Same day (n=34)

P valueS-statisticCorrelationP valueS-statisticCorrelationP valueS-statisticCorrelation

<.001103,473.415<.00136,511.437<.0012601.603Distress thermometer

.003125,385.291.00543,790.324.013753.1.427IPAQa total physical activity METb

(Q2-6)

.54166,062.061.4558,977.090.385530.3.155IPAQ sitting MET (Q7)

aIPAQ: International Physical Activity Questionnaire.
bMET: metabolic equivalent of task.
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Figure 3. Paper-based versions of the (A) Distress Thermometer, (B) International Physical Activity Questionnaire, and (C) Patient Health Questionnaire–9.

Table 3. Sample size and actual statistical power in the correlation analysis of weekly app survey.

Days before and after the paper survey and scoresSurvey

7 days3 daysSame day

Actual powerSample sizeActual powerSample sizeActual powerSample size

.95258.95252.95521Distress Thermometer

.951123.95098.96250IPAQa total physical activity METb (Q2-6)

.9502904.9501331.950446IPAQ sitting MET (Q7)

aIPAQ: International Physical Activity Questionnaire.
bMET: metabolic equivalent of task.

For IPAQ sitting MET (Q7), the required sample sizes are
relatively large since the correlation values are small. Thus, we
can say that if we collect more data from a larger sample, the
correlation between the paper survey and app survey of IPAQ
Q7 can be significant. Even though the insignificance of
correlation is due to the small sample size, the correlation values
are also small (.061, .090, and .155), and thus we can say that
the IPAQ Q7 shows different patterns in the paper-based survey

and app survey. Figure 4 shows a graph of patient survey results
with the largest difference in the values among those who
surveyed more than once in 15 days, considering a week before
and after the paper survey. There were increased or decreased
trends in the app values, and there could be a gap between the
values in the paper survey (single point) and the values in the
app survey (the average of multiple points).
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Figure 4. Examples of app data for (A) Distress Thermometer, (B) International Physical Activity Questionnaire Q2-6, and (C) International Physical
Activity Questionnaire Q7.

Concordance correlation analysis, represented by the value C_b,
in Table 4 also shows similar patterns with the previous
correlation analysis. For DT and IPAQ (Q2-6), the C_b is larger
than .90, which means that the values from the app-based survey
are at least moderately matched with the paper-based survey if
the values of app survey are recorded within 3 days before and
after the paper survey. By contrast, for IPAQ (Q7), the C_b is
smaller than .90, which means a poor association with the

paper-based survey regardless of the time range of app inputs.
Thus, we found that the app-based survey can substitute for the
paper-based survey for DT and IPAQ (Q2-6), while the
association between app-based inputs and paper survey of sitting
time (IPAQ Q7) shows a poor association.

In Table 5, we show the coefficients on the value in the app
survey and the odds ratio using ordered logistic regression. Like
the results in the previous correlation analysis, for DT and IPAQ
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total physical activity MET (Q2-6), the coefficients on the value
in the app survey are all significant (P<.001), while the

coefficients on app values for IPAQ sitting MET (Q7) are not
significant for 3-day and 7-day intervals.

Table 4. Concordance correlation coefficients C_b between the value in the paper survey and the average value in the weekly app survey.

Days before and after the paper survey and number of patients reporting through the appSurvey

7 days (n=102)3 days (n=73)Same day (n=34)

.870.901.962Distress thermometer

.776.936.988IPAQa total physical activity METb (Q2-6)

.799.823.688IPAQ sitting MET (Q7)

aIPAQ: International Physical Activity Questionnaire.
bMET: metabolic equivalent of task.

Table 5. Association between the value in the paper survey and the average value in the weekly app survey.

ObservationsAICaAverage value in the app survey

P valueZ valueORbBeta

Distress thermometer

34154.95<.0014.1212.2520.812Same day

73366.73<.0014.2301.6030.4723 days

102498.66<.0014.7751.6700.5137 days

IPAQc total physical activity METd

34239.47<.0013.3841.5790.457Same day

73533.03<.0014.7531.3830.3243 days

102783.43<.0015.0861.3550.3047 days

IPAQ sitting MET

34182.56.0092.6311.0030.003Same day

73412.78.201.2961.0010.0013 days

102577.75.171.3631.0010.0017 days

aAIC: Akaike information criterion.
bOR: odds ratio.
cIPAQ: International Physical Activity Questionnaire.
dMET: metabolic equivalent of task.

Table 6 shows the relationship between the answers of PHQ-9
(Q1-9) and PHQ (Q10) paper-based questionnaires and the
answers of the corresponding app-based questionnaires. We
analyzed the association between the paper-based questionnaires
and the cases wherein the app-based questionnaires, answered
on the same day when the paper-based questionnaire was
answered or within 3, 7, or 14 days from the day. The PHQ-9
(Q1-9) questionnaires are standard format as shown in Figure
3C. In addition to PHQ-9 (Q1-9), PHQ (Q10) asks “if you
checked off any problems among PHQ-9 (Q1-9), how difficult
have these problems made it for you to do your work, take care
of things at home, or get along with other people?”

According to the time interval between the paper-based
questionnaire and the app-based questionnaire, the Spearman
correlation values of the PHQ-9 sum value were .469 for 14
days, .574 for 7 days, .593 for 3 days, and .512 for the same
day. Similarly, the correlation values for the answer to question
10 were .283 within 14 days, .409 within 7 days, .415 within 3
days, and .736 on the same day. Roughly speaking, the shorter
the interval between the paper-based questionnaire and the
app-based questionnaire, the higher the correlation value. All
P values were statistically significant (Table 6).
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Table 6. Spearman correlations between the values on the paper survey and the average values on the biweekly app survey.

Days before and after the paper survey, number of patients reporting through the app, and scoresSurvey

14 days (n=96)7 days (n=63)3 days (n=39)Same day (n=18)

P valueS-statisticCorrela-
tion

P valueS-statisticCorrela-
tion

P valueS-statisticCorrela-
tion

P valueS-statisticCorrela-
tion

<.00178,362.469<.00117,767.574<.0013720.6.593.03472.93.512PHQ-9a sum

.005105,715.283.00124,640.409.0095345.6.415.001256.09.736PHQ-10b

aPHQ-9: Patient Health Questionnaire–9.
bPHQ-10: Patient Health Questionnaire Q10.

In Table 7, the required sample sizes are close to our sample
size or slightly larger than our sample size. Even though some
of our sample sizes were slightly smaller than the required
sample sizes, the correlation coefficients were statistically
significant. In addition, the actual powers are also sufficient as
larger than .95.

In Table 8, we found that the app-based survey highly associated
with the paper-based survey for the PHQ-9 sum value and PHQ
(Q10), as the values of CCC are either close to .90 or larger
than .90.

In Table 9, we show the coefficients on the value in the biweekly
app survey and the odds ratio using ordered logistic regression.
Like the results in the previous correlation analysis, for PHQ-9
sum and PHQ (Q10), the coefficients on the value in the app
survey are all significant (P<.05). For PHQ-9 sum, the
coefficients are smaller than 1, which means that the values in
the app survey tend to be larger than the values in the paper
survey. By contrast, for PHQ (Q10), the coefficients are larger
than 1, which means that the values in the app survey tend to
be smaller than the values in the paper survey.

Table 7. Sample size and actual statistical power in the correlation analysis of biweekly app survey.

Days before and after the paper survey and scoresSurvey

14 days7 days3 daysSame day

Actual powerSample sizeActual powerSample sizeActual powerSample sizeActual powerSample size

.95144.95428.95526.95136PHQ-9a sum

.950130.95260.95258.96015PHQ-10b

aPHQ-9: Patient Health Questionnaire–9.
bPHQ-10: Patient Health Questionnaire Q10.

Table 8. Concordance correlation coefficients C_b between the value in the paper survey and the average value in the biweekly app survey.

Days before and after the paper survey, number of patients reporting through the app, and scoresSurvey

14 days (n=96)7 days (n=63)3 days (n=39)Same day (n=18)

.894.901.967.941PHQ-9a sum

.936.879.938.940PHQ-10b

aPHQ-9: Patient Health Questionnaire–9.
bPHQ-10: Patient Health Questionnaire Q10.
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Table 9. Association between the value in the paper survey and the average value in the biweekly app survey.

ObservationsAICaAverage value in the app surveySurvey

P valueZ valueORbBeta

PHQ-9c sum

1825.12.012.5041.5480.437Same day

39192.35<.0013.6551.3440.2963 days

63360.71<.0014.4021.3260.2827 days

96544.75<.0015.2531.2800.24714 days

PHQ-10 d

1820.02.012.5567.9172.069Same day

3956.65.0042.8858.7412.1683 days

63103.13.0013.4338.6282.1557 days

96169.69<.0013.6793.8311.34314 days

aAIC: Akaike information criterion.
bOR: odds ratio.
cPHQ-9: Patient Health Questionnaire–9.
dPHQ-10: Patient Health Questionnaire Q10.

Discussion

Principal Findings
As we are now able to diagnose and treat cancer early, the
number of cancer survivors has increased worldwide. As the
number of cancer survivors is increasing, we should pay more
attention to them. Distress screening is a particularly important
screening test for cancer survivors. According to the statistics
of breast cancer patients, the prevalence of depression and
anxiety among breast cancer survivors is 22% and 10%,
respectively [16]. However, it is not easy for a clinician to
diagnose a patient’s stress early. Most cancer specialists do not
have enough time to see their patients as they lack resources
such as manpower, finances, and time to screen for pain, anxiety,
or depression. In recent psychiatric research, a digital footprint
created passively through mobile technology has been used as
a tool for remote monitoring of patients. The feasibility of using
data collected from mobile devices for developing a new
measure of mental health has been established in several studies
[17].

The most important aspect in collecting clinical data is the speed
and reliability of data collection. Mobile technologies, which
are widely used around the world, are also widely used in
medical field and health care because they add a significant
positive aspect of cost-effectiveness in managing data and
improving the quality of clinical results [18]. Mobile health is
a “medical and public health practice supported by mobile
devices, such as mobile phones, patient monitoring devices,
personal digital assistants, and other wireless devices” as
reported by the World Health Organization. If an electronic
questionnaire is used instead of a paper-based questionnaire,
the robustness of the electronic questionnaire must be
established according to international guidelines first. This

means that an equivalent measurement robustness should be
demonstrated between both questionnaires [19].

The purpose of this study was to develop an electronic version
of an original paper-based questionnaire and validate it. The
electronic questionnaire retains the questions of the original
paper-based questionnaire; however, the layout has been adapted
for use on smartphones. The app was developed keeping in
mind the ease of use not only for patients who have experience
with smartphones but also for those who are new to
smartphones. In the process of making a paper-based
questionnaire into an electronic questionnaire, it is unclear which
correction is being referred to. Because of this correction
process, equivalence analysis between the electronic
questionnaire and paper-based questionnaire needs to be
conducted. To create the app used in this study, we needed to
adjust the ePRO appropriately. We adjusted the size of the text
and added a ScrollView feature that enables scrolling down to
see all the sentences. This calibration process is why equivalence
analysis is necessary. No significant difference was found
between the two approaches for all the items investigated. This
result corroborates previous studies stating that there were few
or no differences between the electronic and paper-based
questionnaires [20,21]. In a previous study, Bierbrier et al [22]
did not focus on measuring instruments related to the
musculoskeletal system but experimented with various mHealth
apps from the Google Play Store and App Store to assess the
accuracy of the electronic physiotherapy questionnaire using a
smartphone.

It is important that the data obtained from the app is accurate.
Therefore, the possibility of errors due to human involvement
should be eliminated. There is some evidence to support the
promising role of a mobile app to remotely collect PRO, as the
mobile app-based PRO questionnaires could be free from
generating a bias driven by Hawthorne effect. Bush et al [23]
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evaluated active military personnel in the United States and
administered a 7-question questionnaire via an app and on paper,
and the responses were similar. Garcia-Palacios et al [24] have
also conducted a study on the use of questionnaires in patients
with fibromyalgia. In this study, the mean pain and fatigue
scores reported in paper and smartphone questionnaires were
not statistically significantly different. ePRO for patients has
been found to be in good agreement with the results of the paper
version [18]. In a study on the validity and reliability of
International Prostate Symptom Score, Kim et al [25] reported
a strong correlation between results of smartphone and
paper-based questionnaires.

It is important to be able to receive useful information data
through ePRO. It is possible to collect data several times a day
whenever the patient wants. In this way, we can collect
continuous data over time and use this database to create a more
strategic and systematic treatment plan for doctors to treat cancer
survivors. In addition, it not only benefits patients but also
significantly changes and advances the overall health and health
care system [18].

When using questionnaires to assess health outcomes by
electronic methods can provide more accurate and efficient
information than paper-based methods, and since the information
is communicated through mobile phones, the answers can be
safely achieved. This suggests that patients may be better served
electronically than with paper [18]. It has also been reported
that responding to a questionnaire using a mobile phone is faster
and safer than it is using a paper-based questionnaire [25,26].

These results suggest that mobile devices have a significant
potential as tools for distress screening in patients with unmet
needs. In agreement with previous reports, during the 6-month
study of 106 patients who participated in this study, breast
cancer patients collaborated very well with data collection using
smartphone apps and maintained a high level of compliance.
Data for the DT questionnaire, which is answered every week,
and the PHQ-9, which is answered every 2 weeks, were
collected through the same app, and overall collection rates
were 42.42% (3597/8480) and 41.86% (1775/4240),
respectively. This suggests that ePRO has a greater effect on
improving patient lifestyle than paper or web-based methods
[27].

In our study, the Spearman correlation between the paper-based
questionnaire and app-based questionnaire is distributed between
.30 and .80 depending on the answer interval, except the IPAQ
(Q7; sitting MET). The shorter the time interval was, the larger
the value.

Even in the same patient, since emotional factors such as distress
change frequently, DT (Figure 4A) also changed depending on
the answer time. Overall, although the paper-based questionnaire

is admittedly a standard test, a smartphone app-based
questionnaire can be a better way to identify patient conditions
that change from time to time and incorporate the findings into
a treatment plan.

Limitations
Our research has some limitations. First, we did not evaluate
the experience and familiarity with smartphone use of patients
in the study. A previous study has reported that patients found
completing the ePRO questionnaire more comfortable and better
than completing the paper-based questionnaire [19]. We also
did not consider the time it takes to complete the survey. A
previous study has reported that answering a paper-based
questionnaire takes less time than answering an app-based
questionnaire [19].

In addition, all subjects in this study were Android users. Thus,
one may have a concern on the sample selection bias driven by
the focus on an Android app. However, iPhone penetration in
the elderly in Korea is not very great, thus the selection bias is
not serious in this study. Finally, the subjects in this study are
younger than the total breast cancer patient population as we
recruited a sample that could use a smartphone. Thus, the
effectiveness of a mobile app to collect patient-reported
information for older patients should be validated in a future
study.

Despite these limitations, our study is the first empirical effort
to demonstrate the effectiveness of a smartphone app-based
version of a questionnaire associated with distress and physical
activity using a proper statistical analysis. Using electronic
methods to measure the PROs of distress and physical activity
can help doctors and patients to more effectively collect the
information. Doctors can evaluate distress and physical activity,
improve their clinical observation, and make better decisions
related to treatment at the time of patient consultation. In
addition, there is a growing interest in patient-centered care,
which shows that patients participate in their health care and
improve their health. Therefore, having the opportunity to
manage distress and physical activity at home, and evaluate the
results with doctors has the advantage of strengthening the
relationship between patients and doctors.

Conclusions
The app-based questionnaire related to stress and physical
activity is a useful assessment tool for health care professionals.
Using the app, clinicians can easily collect answers to
questionnaires from their patients and effectively manage, store,
and organize them. The app shows a high level of validity and
compliance for DT, IPAQ (Q2-6), and PHQ-9. In conclusion,
the app version of the questionnaire was not inferior to the paper
version, and there was sufficient potential for equal use in
clinical practice.
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Abstract

Background: Monitoring the functional status of poststroke patients after they transition home is significant for rehabilitation.
Mobile health (mHealth) technologies may provide an opportunity to reach and follow patients post discharge. However, the
feasibility and validity of functional assessments administered by mHealth technologies are unknown.

Objective: This study aimed to evaluate the feasibility, validity, and reliability of functional assessments administered through
the videoconference function of a mobile phone–based app compared with administration through the telephone function in
poststroke patients after rehabilitation hospitalization.

Methods: A randomized controlled trial was conducted in a rehabilitation hospital in Southeast China. Participants were randomly
assigned to either a videoconference follow-up (n=60) or a telephone follow-up (n=60) group. We measured the functional status
of participants in each group at 2-week and 3-month follow-up periods. Half the participants in each group were followed by
face-to-face home visit assessments as the gold standard. Validity was assessed by comparing any score differences between
videoconference follow-up and home visit assessments, as well as telephone follow-up and home visit assessments. Reliability
was assessed by computing agreements between videoconference follow-up and home visit assessments, as well as telephone
follow-up and home visit assessments. Feasibility was evaluated by the levels of completion, satisfaction, comfort, and confidence
in the 2 groups.

Results: Scores obtained from the videoconference follow-up were similar to those of the home visit assessment. However,
most scores collected from telephone administration were higher than those of the home visit assessment. The agreement between
videoconference follow-up and home visit assessments was higher than that between telephone follow-up and home visit
assessments at all follow-up periods. In the telephone follow-up group, completion rates were 95% and 82% at 2-week and
3-month follow-up points, respectively. In the videoconference follow-up group, completion rates were 95% and 80% at 2-week
and 3-month follow-up points, respectively. There were no differences in the completion rates between the 2 groups at all follow-up

periods (X2
1=1.6, P=.21 for 2-week follow-up; X2

1=1.9, P=.17 for 3-month follow-up). Patients in the videoconference follow-up
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group perceived higher confidence than those in the telephone follow-up group at both 2-week and 3-month follow-up periods

(X2
3=6.7, P=.04 for 2-week follow-up; X2

3=8.0, P=.04 for 3-month follow-up). The videoconference follow-up group demonstrated

higher satisfaction than the telephone follow-up group at 3-month follow-up (X2
3=13.9; P=.03).

Conclusions: The videoconference follow-up assessment of functional status demonstrates higher validity and reliability, as
well as higher confidence and satisfaction perceived by patients, than the telephone assessment. The videoconference assessment
provides an efficient means of assessing functional outcomes of patients after hospital discharge. This method provides a novel
solution for clinical trials requiring longitudinal assessments.

Trial Registration: chictr.org.cn: ChiCTR1900027626; http://www.chictr.org.cn/edit.aspx?pid=44831&htm=4.

(JMIR Mhealth Uhealth 2020;8(5):e17219)   doi:10.2196/17219
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Introduction

Stroke is one of the leading causes of death and disability
worldwide [1]. As in other developing countries, the incidence
and prevalence of stroke in China are gradually increasing. Each
year, China has 2.5 million new stroke cases and more than 11
million stroke survivors; stroke has become the leading cause
of death in China [2]. Stroke can have a long-term impact on
an individual’s physical, mental, and social function, as well as
on survivors’ caregivers and families [3-6]. The majority of
patients receive inpatient stroke rehabilitation to regain function
for only the first few weeks after stroke, but functional recovery
often occurs 3 months or even longer following a stroke [7].
Additionally, about 30% of poststroke individuals receive
outpatient rehabilitation [8]. Even if available, access to
rehabilitation for patients in China is limited because of
transportation, geographical barriers, and monetary factors [9].
As most patients have recovery potential but do not receive
recommended rehabilitation, it is important to develop new
strategies to continuously monitor functional recovery and other
health outcomes of patients following discharge to better
understand the long-term consequences for patients poststroke
[10].

Poststroke home-based therapies seem to be a viable option for
the delivery of stroke care. Follow-up assessments and
interventions not only provide a means of monitoring the
functional status of patients after transitioning to home and
community [11], but also provide instructions to prevent
readmission, which is especially important for those who receive
a longer stay in inpatient rehabilitation [12]. Moreover,
follow-up assessments enable clinicians to adjust the treatment
plan for home-based therapies [13,14]. One common method
for follow-up assessment is a face-to-face, at-home assessment
in which the home health therapist visits the patient at home to
perform an evaluation. However, this method demands intensive
resources, including the time of trained personnel and financial
expenditures [15]. Recent studies have tested alternative
methods of follow-up data collection for patients following a
stroke [16-18].

Telephone administration is a common alternative. This method
allows participants to be recruited from diverse geographical
areas, is typically less expensive than the face-to-face home
assessment, and has a quick turnaround time [19]. Prior studies

have found that telephone administration of outcome measures
demonstrates equivalent reliability to face-to-face assessment,
supporting telephone interview as a feasible solution [20,21].
However, there are some shortcomings to telephone
administration. First, many functional measures require a trained
therapist to observe and provide ratings of how the patient
performs specific daily tasks. Inability to perform observations
via telephone administration may be a hindrance to accurately
evaluating task performance. Furthermore, telephone
administration often assesses survey-based questions, which
require patients to have higher education, health literacy, and
communication abilities to understand the verbal instructions
[22]. An earlier study found a large amount of missing data
from assessments administered through the telephone interview
method for stroke patients and caregivers, limiting the use of
this method in clinical trials requiring longitudinal assessments
[23].

With advances in computing power and mobile connectivity,
many mobile health (mHealth) technologies, such as mobile
devices, sensors, apps, and social media, are becoming available
to obtain data pertinent to wellness and disease diagnosis,
prevention, and management [24]. WeChat (Chinese version:
Weixin), developed in 2011 by Tencent, has become the most
common social software app in China [25]. Similar to other
social media apps, such as Facebook, Twitter, and WhatsApp,
WeChat is a free platform that provides seamless opportunities
for communication and other mobile apps. People can
communicate with one another through the free voice call or
video call feature, as well as instantly share information [26].
According to the Statista Research Department [27], WeChat
had over 1.15 billion monthly active users from a wide range
of age groups. Harnessing the use of mHealth technologies to
improve health and wellness is not uncommon in modern health
care [28]. A recent mHealth intervention study utilizing the
WeChat app for weight loss behaviors in a group of male
workers found promising results: participants who spent more
time using the health education program embedded in the
WeChat app for engaging in healthy behaviors demonstrated
more weight loss [29]. Another mHealth study used the WeChat
app to educate parents of pediatric patients undergoing surgery
and found that this mobile app–assisted intervention was
effective in enhancing parents’ knowledge of perioperative
procedures [30]. Another study used the WeChat app in a group
of discharged patients with head and neck tumors for 6 months
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and demonstrated the app to be a cost-effective method of
follow-up assessment [31].

Although the utility of the WeChat app has been demonstrated
in other populations, little is known about whether the WeChat
app could be feasible to assess the postdischarge functional
status of patients following a stroke, because most poststroke
patients experience cognitive and communication difficulties
that may make it difficult to operate the app and understand its
instructions. To address this question, we conducted a pilot
randomized controlled trial in a group of discharged stroke
patients by randomly assigning them into 2 different modes of
administration during 2-week and 3-month follow-up periods:
WeChat video conference or WeChat telephone administration.
This study had 2 specific aims. The first aim was to compare
the validity and reliability of functional assessment between
these 2 modes of administration in stroke patients. We
hypothesized that videoconference administration would
demonstrate higher validity and reliability than telephone
administration, because examiners using videoconference
administration can observe how the respondent performs specific
tasks to provide appropriate ratings, whereas examiners in the
telephone administration group demand more subjective
appraisals of task performance based on the respondent’s verbal
descriptions. Our second aim was to examine the feasibility of
the functional assessment administered via the videoconference
function compared with the telephone call function in stroke
patients after rehabilitation hospitalization. We hypothesized
that both modes of administration would demonstrate high levels
of completion, comfort, satisfaction, and confidence.

Methods

Study Design
This study was a parallel, 2-group, and pragmatic randomized
controlled trial of an mHealth app of functional outcome data
collection after inpatient stroke rehabilitation. The trial was
registered with the Chinese Clinical Trial Registry:
ChiCTR1900027626. A total of 120 eligible stroke patients
from the affiliated rehabilitation hospital of Fujian University
of Traditional Chinese Medicine were recruited for this study.
Participants were approached by a research assistant, who
provided the study information. After participants provided
informed consent and were screened for eligibility, participants
were randomized into 1 of the 2 WeChat app administration
groups: videoconference follow-up or telephone follow-up, with
a ratio of 1:1. Eligible participants were randomized using a
random number table generated by a study coordinator who was
not involved in the recruitment and assessment of participants
for the study.

Ethics Approval
This trial was implemented in compliance with the declaration
of Helsinki and approved by the Ethics Board of the affiliated
rehabilitation hospital of Fujian University of Traditional
Chinese Medicine (number: 2016KY-032-01). All participants
provided informed, written consent before participation.
Participants received an honorarium to acknowledge their
research contribution.

Participants
Patients were eligible to participate in the study if they met the
following criteria: (1) aged at least 18 years, (2) diagnosis of
first stroke, (3) normal speech function according to the
Mandarin Language Screening Test with cutoff scores of >13
for those with primary school education or >14 for those with
junior high school or higher education, (4) normal cognitive
function according to the Montreal Cognitive Assessment with
a cutoff score of >26, and (5) home discharge. Participants were
excluded if they (1) did not own a mobile phone, (2) were
unwilling to install and use the WeChat software on their mobile
phone, (3) had emotional dysfunction according to the Beck
Depression Inventory with a cutoff score of >13, or (4) had
other medical illnesses limiting study participation. As we
included only participants who served as their own informant
rather than including participants on a nonselected basis, it is
likely that individuals who were too cognitively impaired or
were unable to understand the study materials were excluded.

Recruitment and Screening
Participants were recruited from the inpatient rehabilitation
hospital. Recruitment was initiated while the stroke patient was
still in the hospital. The research assistant screened the medical
records of all patients undergoing inpatient rehabilitation for a
stroke. Once potential participants were identified, the research
assistant approached the individual and provided information
about the study. Participants provided informed consent once
they agreed to participate. The research assistant reviewed the
inclusion and exclusion criteria and completed the screening
tests to confirm eligibility. Participants were then enrolled, and
randomization occurred only after recruitment by a study
coordinator.

Data Collection Procedures
All research assistants received training in assessing the
eligibility of potential participants, obtaining informed consent
from participants, the study protocol, and obtaining outcome
measures for both groups. They also received training in how
to coach and assist participants using the WeChat app, including
the videoconference and telephone call functions. After
randomization, all participants received the baseline assessment
at the week of discharge, followed by the completion of 2
mHealth app follow-up sessions (either videoconference or
telephone), and half of the participants from each group received
2 home visits. The first follow-up session occurred 2 weeks
after home discharge. Within 1 week of the first follow-up
session, half of the study participants were selected to conduct
the first home visit based on stratified sampling in each group.
The stratified sampling criteria were grounded on participants’
functional abilities. As home visits are costly, this study was
limited by randomly selecting half of the study participants for
the home visit assessment. The second follow-up session
occurred 3 months after home discharge. Within 1 week of the
second follow-up session, we completed the second home visit
in this subgroup of participants. The time interval between
videoconference or telephone follow-up and home visit of 1
week was considered long enough to ensure that the previous
responses were forgotten and short enough to ensure that the
patient’s clinical condition would not substantially change. All
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assessments were conducted by our trained research assistants
with training in physical therapy, occupational therapy, or
rehabilitation medicine. To reduce assessor bias in the trial,
research assistants who completed the videoconference or
telephone follow-up sessions also conducted home visits with
patients in the same group. We treated the face-to-face, home
visit assessment as the gold standard in this study.

Participants in the videoconference follow-up group received
training on the usage of the videoconference function of the
WeChat app before discharge. During the follow-up sessions,
research assistants asked participants to complete individual
functional tasks and rate their actual performance through the
videoconference, with the exception of bladder and bowel
management tasks, which were assessed by the participant’s
verbal descriptions. Participants also described difficulties
pertaining to their individual task performance. During the home
visit, research assistants completed the face-to-face observations
by rating participants as they completed the same functional
tasks. We used the same scoring criteria to evaluate the
performance of our study participants in both videoconference
and face-to-face, home visit assessments. Participants in the
telephone follow-up group received training on the usage of the
telephone function of the WeChat app before discharge. During
the follow-up sessions, research assistants made telephone calls,
asked participants how they performed in each functional item,
and appraised their performance based on the participant’s
verbal descriptions. During the home visit, research assistants
completed the same protocol as in the videoconference
follow-up group. We used the same scoring criteria to evaluate
the performance of our study participants in both telephone and
home visit assessments.

Outcome Measures
As recommended in a systematic review of optimal outcome
measures for stroke therapy trials [32], the primary outcome
selected for this study was improvement in activities and
participation rather than the reduction of impairments. Thus,
we chose the functional status (ie, the performance of activities
of daily living, ADLs) of stroke participants as our primary
outcome variable. We used the Modified Barthel Index (MBI)
to assess the performance of ADLs in the 2 groups [33,34]. The
MBI can be administered using clinician-rated or
patient-reported methods. It includes 10 items measuring
grooming, bathing, feeding, toileting, stair climbing, dressing,
bowel control, bladder control, mobility, and chair/bed transfer.
Items have different response options, with anchored scores
provided for different options. The total score ranges from 0 to
100. A higher score means that the participant has greater
independence. Adequate validity and reliability were found for
the Chinese version of the MBI used in this study [35].

We also defined 2 outcome variables to examine the feasibility
of using an mHealth app to measure functional status of stroke
participants in this study. The first variable was the completion
of the MBI among our study participants in both groups at both
follow-up periods. The second variable was the acceptability
among our study participants (ie, levels of satisfaction, comfort,
and confidence) of using the videoconference or telephone
functions to complete the functional assessment at follow-up

periods. We developed 3 questions: (1) “Are you satisfied with
this follow-up assessment?” (2) “Are you comfortable with this
follow-up assessment?” and (3) “Are you confident using this
follow-up assessment?” All items were rated on a 4-point scale
ranging from “very satisfied/comfortable/confident” to
“unsatisfied/uncomfortable/unconfident.”

Statistical Analysis
Data were analyzed using the Statistical Package for Social
Sciences, version 20 (IBM, Chicago, IL, United States). Baseline
characteristics between groups were compared using t tests or
Mann-Whitney tests for continuous variables, and Pearson
chi-square tests for categorical variables. We applied Wilcoxon
signed-rank tests to compare MBI score differences between
videoconference and telephone assessments, as well as between
videoconference/telephone and home visit assessments for the
validity evaluation. We set the P value to .05 for statistical
significance. We used intraclass correlation coefficients (ICCs)
to evaluate the agreement of all item scores between these
assessments for the reliability evaluation. According to Landis
and Koch [36], the ICC can theoretically vary between 0 and
1.0, where an ICC of 0 indicates no reliability, and an ICC of
1.0 indicates perfect reliability; ICCs above 0.80 indicate
acceptable reliability. We used chi-square tests or Fisher exact
tests to compare rates of completion, satisfaction, comfort, and
confidence between the videoconference and telephone modes
of administration.

Results

Baseline Characteristics
Figure 1 illustrates the flow of participant enrollment. Among
519 potential stroke inpatients, 353 did not meet the inclusion
criteria. A total of 21 patients refused to participate in the study
because family members were uncertain about the use of
mHealth for collecting data. Some patients reported that they
could easily access medical services and did not require
additional follow-up services. In total, 25 patients were
discharged from the hospital before research assistants
approached them. A total of 120 participants were successfully
recruited and randomized to 1 of the 2 groups. Table 1 describes
the demographic characteristics of study participants. Study
participants were middle-aged (mean age 59.7 years, SD 12.1),
59.1% (71/120) of participants were women, and 93.3%
(112/120) of participants were married. In total, 45.8% (55/120)
of participants completed 9 or fewer years of formal education,
and 28.3% (34/120) of participants were currently employed.
A total of 45.0% (54/120) of participants had a history of
cerebral infarction (ie, ischemic stroke). We found no significant
differences between the 2 groups on gender, marital status,
education, occupation, type of stroke, or duration of disease.
We also found no significant differences between the 2 groups
in any functional task measured by the MBI at the time of
discharge. Eight participants in the videoconference follow-up
group dropped out at 2 weeks: 3 participants did not answer the
video calls and 5 participants refused to complete the
assessment. Three participants in the telephone follow-up group
dropped out at 2 weeks; they did not answer the telephone calls.
At the 3-month follow-up point, we lost more participants: 3
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participants in the videoconference follow-up group and 9 in
the telephone follow-up group. Of the initial 60 participants in
each group, 82% (49/60) of participants in the videoconference

follow-up group and 80% (48/60) of participants in the telephone
follow-up group completed the entire study protocol.

Figure 1. A flow diagram of patient enrollment.
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Table 1. Baseline characteristics of participants.

P valueZ test or Χ2 (df)
test

Videoconference follow-up
(n=60)

Telephone follow-up
(n=60)

All participants (N=120)Variables

.251.5658.3 (12.4)60.8 (11.6)59.7 (12.1)Age (years), mean (SD)

.850.14 (1)Gender, n (%)

25（36.7）24 (41.7)49 (40.8)Male

35（63.3）36（58.3）71 (59.1)Female

.720.53 (1)Marital status, n (%)

55（91.7）57（95.0）112 (93.3)Married

5（8.3）3（5.0）8 (6.7)Other

.711.38 (3)Education (years), n (%)

11（18.3）14（23.3）25 (20.8)≤6

19（31.7）22（36.7）41 (34.2)7-9

16（26.7）14（23.3）30 (25.0)9-12

14（23.3）10（16.7）24 (20.0)≥12

.671.57 (3)Occupation, n (%)

15（25.0）19（31.7）34 (28.3)Employed

24（40）26（43.3）50 (41.7)Retired

6（10）4（6.7）10 (8.3)Unemployed

15（25）11（18.3）26 (21.7)Other

.142.15 (1)Type of stroke, n (%)

31（51.7）23（38.3）54 (45.0)Infarction

29（48.3）37（61.7）66 (55.0)Hemorrhage

.240.5393.7 (12.9)87.6 (14.6)90.7 (13.8)Duration of stroke (days),
mean (SD)

Discharge functional status (Modified Barthel Index), mean (SD)

.55–0.597.12 (2.08)7.35 (1.92)7.27 (2.09)Feeding

.10–1.643.15 (0.90)3.02 (0.68)3.06 (0.83)Grooming

.18–1.355.62 (2.27)5.08 (2.09)5.32 (2.10)Dressing

.06–2.021.85 (1.15)2.23 (1.09)2.02 (1.46)Bathing

.62–0.495.32 (2.14)5.13 (1.82)5.21 (2.24)Toilet use

.19–1.309.08 (1.33)8.65 (1.63)8.87 (1.64)Bowels

.22–1.249.18 (1.11)9.00 (1.24)9.06 (1.17)Bladder

.49–0.688.70 (3.03)8.40 (2.68)8.57 (2.89)Transfer

.18–1.347.42 (3.31)8.15 (2.92)7.73 (2.89)Mobility

.44–0.774.83 (2.27)4.48 (1.87)4.66 (2.17)Stairs

Comparison of Videoconference and Telephone
Follow-Up Assessments
Table 2 shows the MBI scores for videoconference follow-up
and telephone follow-up at 2-week and 3-month periods. We
found no significant differences between the 2 groups in the
majority of functional tasks measured by the MBI at 2 weeks

and 3 months, except that significant differences were found in
the bladder management task at 2 weeks, and the grooming and
bathing tasks at 3 months. ICC values for all but the grooming
task at 2 weeks and the grooming, toilet use, and mobility tasks
at 3 months exceeded 0.8, indicating acceptable reliability
between videoconference and telephone assessments at both
follow-up periods.
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Table 2. Comparison of Modified Barthel Index scores evaluated by videoconference and telephone follow-up assessments at 2-week follow-up and
3-month follow-up.

Intraclass correlation coefficientP valueZ testVideoconference follow-up, mean (SD)Telephone follow-up, mean (SD)Variables

2-week follow-up

0.82.10–1.648.44 (1.72)8.64 (1.59)Feeding

0.74.08–1.793.45 (0.76)3.65 (0.69)Grooming

0.83.06–1.906.44 (2.03)6.74 (2.00)Dressing

0.86.15–1.382.72 (1.22)3.07 (1.14)Bathing

0.81.07–1.726.28 (1.84)7.13 (2.13)Toilet use

0.88.12–1.539.03 (0.99)8.63 (1.50)Bowels

0.83.04–2.069.45 (0.89)9.04 (1.66)Bladder

0.82.13–1.469.85 (2.78)9.50 (2.63)Transfer

0.85.42–0.798.25 (2.99)8.75 (2.90)Mobility

0.81.56–0.586.28 (1.83)6.67 (2.05)Stairs

3-month follow-up

0.85.08–1.778.63 (1.38)8.93 (1.59)Feeding

0.65.04–2.853.93 (0.58)4.28 (0.80)Grooming

0.81.06–1.866.68 (1.81)7.33 (2.28)Dressing

0.82.05–1.932.80 (1.09)3.30 (0.99)Bathing

0.76.21–1.256.78 (1.87)7.25 (1.94)Toilet use

0.81.48–0.709.43 (0.91)9.23 (1.21)Bowels

0.83.20–1.299.50 (0.87)9.03 (1.59)Bladder

0.82.75–0.3210.47 (2.70)10.38 (2.74)Transfer

0.66.14–1.499.45 (2.99)10.32 (3.13)Mobility

0.80.18–1.336.48 (2.33)7.05 (2.05)Stairs

Comparison of Two Mobile Health Follow-Up
Assessments With Home Visit Assessments

Selecting Candidates for Home Visit Assessments in Two
Groups
We adopted stratified sampling in each group to select subgroups
of participants for home visit assessments. We used the

discharge MBI scores of 52 participants in the videoconference
follow-up group and 57 participants in the telephone follow-up
group to classify their functional independence levels into 4
videoconference follow-up subgroups and 4 telephone follow-up
subgroups, respectively. The number of participants in the
videoconference follow-up and telephone follow-up subgroups
is shown in Table 3. We selected half of the participants in each
of the 8 subgroups for home visit assessments.

Table 3. Distribution of discharge Modified Barthel Index scores in the videoconference follow-up and telephone follow-up subgroups.

Telephone follow-up, n (%)Video follow-up, n (%)MBIa scores

4 (7)3 (5.8)Complete dependence (MBI<40)

16 (28)17 (32.7)Dependence (MBI 40-59)

36 (63.1)30 (57.7)Mild dependence (MBI 60-99)

1 (1.9)2 (3.8)Independence (MBI 100)

aMBI: Modified Barthel Index.

Comparison of Modified Barthel Index Scores Between
Videoconference Follow-Up and Home Visit
Table 4 shows the MBI scores for videoconference follow-up
and face-to-face, home visit assessments at 2-week follow-up.
MBI scores collected by videoconference were similar to those

collected by the face-to-face, home visit assessment, except that
a significant difference was found in the feeding task. We also
found that ICC values for all 10 tasks were above 0.8, indicating
acceptable reliability between the 2 assessments at 2-week
follow-up. Table 4 also shows the MBI scores for
videoconference follow-up and home visit assessments at
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3-month follow-up. Similar comparison results were found
between the 2 assessments at 3 months, except that a significant
difference was found in the transfer task. ICC values for all but

the transfer and stair-climbing tasks exceeded 0.8, indicating
acceptable reliability between videoconference and home visit
assessments at 3 months.

Table 4. A comparison of MBI scores evaluated in videoconference and home visit assessments at 2-week follow-up (n=26) and 3-month follow-up
(n=25).

Intraclass correlation coefficientP valueZ testHome visit, mean (SD)Videoconference, mean (SD)Variables

2-week follow-up

0.87<.001−2.607.23 (1.95)8.04 (1.75)Feeding

0.90.06−1.893.50 (0.76)3.30 (0.88)Grooming

0.92.32−1.006.58 (2.21)6.35 (2.21)Dressing

0.87.620.492.54 (1.24)2.46 (1.27)Bathing

0.87.10−1.635.77 (2.08)6.23 (2.02)Toilet use

0.86.56−0.589.23 (0.99)9.30 (0.97)Bowels

0.89.87−0.099.36 (0.96)9.46 (0.90)Bladder

0.84.47−0.729.15 (3.51)9.27 (2.84)Transfer

0.87.321.09.30 (2.99)8.96 (3.18)Mobility

0.82.07−1.835.81 (1.83)6.42 (1.96)Stairs

3-month follow-up

0.83.08–1.738.12 (1.80)8.54 (1.42)Feeding

0.88.32–1.004.12 (0.65)4.04 (0.53)Grooming

0.92.13–1.517.04 (1.56)6.77 (1.75)Dressing

0.82.18–1.353.00 (1.13)2.77 (1.10)Bathing

0.80.420.817.00 (1.90)6.77 (1.95)Toilet use

0.89.56–0.589.38 (0.94)9.31 (0.97)Bowels

0.95.32–1.009.54 (0.86)9.46 (0.90)Bladder

0.75.02–2.419.50 (3.31)10.77 (2.80)Transfer

0.85.890.149.88 (2.76)9.81 (2.23)Mobility

0.76.14–1.486.35 (1.65)6.88 (2.10)Stairs

Comparison of Modified Barthel Index Scores Between
Telephone Follow-Up and Home Visit
Table 5 shows the MBI scores for telephone follow-up and
face-to-face, home visit assessments at 2-week follow-up. A
comparison of these assessments found that almost all MBI
scores collected by telephone administration were statistically
higher than those collected by the home visit assessment, with
the exception of bowel and bladder management tasks,
indicating that the telephone administration method may have
overestimated the functional status of study participants for
most tasks. ICC values indicate that inadequate reliability was

found between the 2 assessment methods at 2 weeks; 8 out of
10 tasks had ICC values less than 0.8.

Table 5 also shows the MBI scores for telephone follow-up and
home visit assessments at 3-month follow-up. In general, MBI
scores for telephone follow-up were slightly higher than those
for home visit assessment, but the only significant differences
were found for 4 tasks: feeding, grooming, bathing, and stair
climbing. Eight tasks had ICC values less than 0.8, indicating
that inadequate reliability was found between the 2 assessment
methods at 3 months. Compared with the results of the 2-week
follow-up, ICC values showed a general downward trend at the
3-month follow-up.
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Table 5. Comparison of Modified Barthel Index scores evaluated in telephone and home visit assessments at 2-week follow-up (n=28) and 3-month
follow-up (n=24).

Intraclass correlation coefficientP valueZ testHome visit, mean (SD)Telephone, mean (SD)Variables

2-week follow-up

0.66<.001−3.226.79 (1.99)8.39 (1.85)Feeding

0.58.05−1.973.36 (0.78)3.68 (0.72)Grooming

0.64.01−2.525.71 (2.02)6.82 (2.00)Dressing

0.65<.001-3.152.17 (1.19)3.07 (1.15)Bathing

0.62<.001−3.635.25 (2.19)7.53 (2.11)Toilet use

0.82.31−1.038.32 (1.83)8.54 (1.57)Bowels

0.80.76−0.308.82 (1.80)8.86 (1.80)Bladder

0.68<.001−3.078.64 (3.23)10.60 (2.47)Transfer

0.63<.001−3.218.36 (3.23)10.93 (2.97)Mobility

0.61<.001−3.315.61 (1.79)7.29 (1.88)Stairs

3-month follow-up

0.62<.001−3.047.37 (2.10)9.00 (1.53)Feeding

0.52.05−2.204.12 (0.61)4.46 (0.72)Grooming

0.63.13−1.506.83 (2.18)7.58 (2.22)Dressing

0.49.04−2.082.92 (1.02)3.50 (0.98)Bathing

0.58.25−1.156.58 (1.89)7.17 (2.01)Toilet use

0.82.41−0.829.04 (1.30)9.20 (1.28)Bowels

0.81.74−0.339.13 (1.53)9.08 (1.53)Bladder

0.66.19−1.329.79 (3.44)10.54 (2.57)Transfer

0.62.16−1.419.42 (3.09)10.37 (2.93)Mobility

0.49.08−1.736.54 (1.79)7.29 (1.83)Stairs

Feasibility of Using the Videoconference and Telephone
Function for Collecting Follow-Up Data
As shown in Figure 1 and Table 6, 8 out of 60 (13%) participants
in the videoconference follow-up group dropped out, and 3 out
of 60 (5%) participants in the telephone follow-up group
dropped out at 2-week follow-up. There was no significant

difference in completion rates between the 2 groups (Χ2
1=1.6;

P=.21) at 2 weeks. At 3-month follow-up, 3 out of 52 (6%)
participants in the videoconference follow-up group dropped
out, and 9 out of 57 (16%) participants in the telephone
follow-up group dropped out. There was no significant
difference in the completion rates between the 2 groups

(Χ2
1=1.86; P=.17) at 3 months.

Table 6. Completion rates at 2-week and 3-month follow-up assessments.

P valueΧ2 (df)Telephone follow-upVideoconference follow-upCompletion rates

.211.60 (1)5752Completion (2-week follow-up)

N/AN/Aa38Dropout (2-week follow-up)

.171.86 (1)4849Completion (3-month follow-up)

N/AN/A93Dropout (3-month follow-up)

aN/A: not applicable.

Table 7 shows participant ratings of satisfaction, comfort, and
confidence with using either the videoconference or telephone
call function for follow-up assessments. At 2-week follow-up,
the majority of participants were either very satisfied (22/52,
42%) or satisfied (29/52, 56%) with the videoconference
function, and either very satisfied (19/57, 33%) or satisfied

(34/57, 60%) with the telephone call function. There was no
significant difference in the satisfaction levels between the 2

groups (Χ2
3=2.5; P=.28) at 2 weeks. At 3-month follow-up,

participants in the videoconference follow-up group reported
higher satisfaction than those in the telephone follow-up group

(Χ2
3=13.9; P=.03). Additionally, most participants were either
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very comfortable (24/52, 46% at 2 weeks; 26/48, 54% at 3
months) or comfortable (28/52, 54% at 2 weeks; 20/48, 42% at
3 months) with the videoconference function, and most
participants were either very comfortable (33/57, 58% at 2
weeks; 21/49, 43% at 3 months) or comfortable (24/57, 42% at
2 weeks; 26/49, 53% at 3 months) with the telephone call
function. There were no differences in comfort levels between

the 2 groups at 2 weeks (Χ2
3=1.5; P=.22) or 3 months (Χ2

3=1.3;
P=.52). Regarding participant confidence using the
videoconference or telephone function for collecting functional
data, participants in the videoconference follow-up group rated
higher confidence than those in the telephone follow-up group

at 2 weeks (Χ2
3=6.6; P=.04) and 3 months (Χ2

3=7.9; P=.04).

Table 7. Ratings of satisfaction, comfort, and confidence at 2-week and 3-month follow-up assessments.

P valueΧ2 (df)Telephone follow-up, n (%)Videoconference follow-up, n (%)Ratings

.282.54 (3)Satisfaction (2-week follow-up)

19 (33)22 (42)Very satisfied

34 (60)29 (56)Satisfied

4 (7)1 (2)Not very satisfied

0 (0)0 (0)Unsatisfied

.0313.9 (3)Satisfaction (3-month follow-up)

12 (25)30 (61)Very satisfied

30 (63)17 (35)Satisfied

4 (8)2 (4)Not very satisfied

2 (4)0 (0)Unsatisfied

.221.50 (3)Comfort (2-week follow-up)

33 (58)24 (46)Very comfortable

24 (42)28 (54)Comfortable

0 (0)0 (0)Not very comfortable

0 (0)0 (0)Uncomfortable

.521.30 (3)Comfort (3-month follow-up)

21 (43)26 (54)Very comfortable

26 (53)20 (42)Comfortable

2 (4)2 (4)Not very comfortable

0 (0)0 (0)Uncomfortable

.046.68 (3)Confidence (2-week follow-up)

24 (42)33 (63)Very confident

30 (53)19 (37)Confident

3 (5)0 (0)Not very confident

0 (0)0 (0)Unconfident

.047.97 (3)Confidence (3-month follow-up)

20 (42)31 (63)Very confident

23 (48)18 (37)Confident

2 (4)0 (0)Not very confident

3 (6)0 (0)Unconfident

Discussion

This is one of the first studies to compare the validity and
reliability of the videoconference and telephone functions of an
mHealth app for collecting functional status data in stroke
patients after rehabilitation hospitalization and to examine the
feasibility and acceptability of using these modes of

administration for data collection. We examined these questions
prospectively in a cohort of patients who were discharged from
inpatient stroke rehabilitation by comparing videoconference
and telephone follow-up assessments, as well as comparing
these 2 modes of administration to the home visit assessment
as the gold standard.
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Validity and Reliability of the Mobile Health App for
Collecting Functional Status Data
We found that most MBI scores obtained by videoconference
administration were slightly lower than those obtained by
telephone administration, although these score differences did
not achieve statistical significance at either 2-week or 3-month
periods. Our findings further revealed that videoconference, but
not telephone, administration was as valid and reliable as
face-to-face, home visit assessment at both 2-week and 3-month
follow-up periods. Home visit assessment is conventionally
regarded as one of the best methods for collecting
posthospitalization outcome measurement data [37]. Home visit
(or home rehabilitation) is recognized as providing greater
convenience to patients and families while encouraging therapy
to continue to occur within the patient’s home; however, it is
less cost-effective [38]. One of the reasons for this is that home
therapists can often only visit one patient at a time. A previous
rehabilitation study indicated that the mean amount of time
allotted to perform assessments in home visits is 1 hour and 57
minutes (SD 19 minutes) [39]. Additional time is needed to
travel to the patient’s home, which can be even more time
consuming for patients who live at a greater distance.
Furthermore, inadequate manpower and financial concerns
restrict the implementation of home visit assessments for all
patients after hospitalization. Instead, other studies [40] have
recommended home-based telemedicine as a viable option in
the delivery of poststroke recovery programs, because
telemedicine has shown promising results in improving the
overall health of stroke patients and in supporting caregivers
while being delivered by therapists from a distance. The use of
technologies appears to be a novel potential approach for the
therapist’s assessment of patient performance in home settings.
Our findings concur with this notion that an app-based
videoconference can be used to assess the functional
performance of stroke patients in home settings. The
videoconference function may augment other
technology-enabled solutions to provide a means of conducting
future clinical trials aimed to evaluate the outcomes of any
rehabilitation program implemented in the patient’s home
[41,42].

Our findings revealed that almost all MBI scores obtained by
telephone administration were higher than those obtained via
home visit. This overestimation of functional scores is
particularly obvious at 2-week follow-up; telephone assessment
of functional status using the MBI was less reliable compared
with the home visit at 2-week follow-up, but reliability did
improve at 3-month follow-up. Previous studies have attained
strong agreement between telephone and face-to-face
assessments [43,44]. Psychometric differences may be partially
attributed to the use of diverse scales in different studies. Our
study used the MBI, whereas 2 other studies used either the
Functional Independence Measure or Modified Rankin Scales
to measure poststroke disability. Interestingly, Pietra et al [45]
conducted a similar study to compare the validity and reliability
of the Barthel Index (BI) administered by telephone compared
with face-to-face assessment in patients after stroke. They
indicated that telephone assessment with the BI is reliable in
comparison with face-to-face assessment. Several possible

reasons could explain these differences. First, the measurement
tool used in our study was the MBI, which is more rigorous and
provides more detailed ratings compared with the BI. Second,
the stroke sample in our study consisted of individuals who
were discharged from the rehabilitation hospital, whereas the
stroke sample in their study consisted of inpatients in the
hospital. The use of telephone interview is greatly contingent
upon whether patients are cognizant of their self-function. In
our study, discharged patients who were living in their home
and community settings were more likely to experience their
actual function, as they have more opportunities to interact with
real-world contextual barriers. This view is further supported
by our study findings, wherein we found greater agreement
between 3-month telephone and home visit assessments than
2-week telephone and home visit assessments; individuals at
the 3-month follow-up point have had more exposure to their
real-world environmental barriers and are better able to estimate
their functional status.

Feasibility of the Mobile Health App for Collecting
Functional Status Data
It is noteworthy that our findings indicate that completion rates
of both videoconference and telephone assessments were greater
than 80% at all follow-up periods. These completion rates are
within the acceptable range in clinical studies [46]. Moreover,
compared with the telephone assessment, patients reported
higher satisfaction with and confidence using the
videoconference assessment to measure their functional status.
A similar study with the WeChat app for health education also
revealed high satisfaction perceived by their participants [47].
All of these results confirm that videoconference assessment of
the MBI administered via the WeChat app can serve as an
alternative tool to the face-to-face, home visit assessment.
Videoconference follow-up provides a surveillance platform
for clinicians to objectively assess the task performance of
patients in their homes. Patients may also perceive a strong
sense of participation, which can improve their psychological
condition [48]. Prior research [31] and our results have
demonstrated the beneficial effects of the WeChat app as a
time-effective, cost-effective, and acceptable communication
tool for follow-up data collection. However, implementing
routine follow-up measurement via technology involves a
number of considerations, including the selection of appropriate
patients, settings, timing of assessment, and the optimal mode
of administration [49]. Offering different modes of
administration, such as video consultation, voice
communication, text messaging, or image sharing, may help
minimize biased sampling and increase patient participation.
Future research may consider adopting a mixed method
approach that could help to identify facilitators and barriers to
the adoption of mHealth apps for collecting posthospitalization
data. In addition, the choice of modalities for monitoring patients
depends on the size and structure of the organization. An earlier
study [50] found that larger organizations report fewer barriers
to using technology-based therapeutic tools, likely due to greater
resources. Thus, from a researcher or service provider
standpoint, this system-level factor is equally important in
determining the best mode of administration for follow-up data
collection after discharge from inpatient rehabilitation.
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Study Strengths and Limitations
Our study has a number of strengths. Prior research testing the
feasibility and psychometrics of mHealth assessments has
primarily adopted the observational design, but ours is one of
the first few studies to employ the randomized controlled design
to compare these characteristics for 2 different mHealth methods
to collect outcome data after discharge from inpatient stroke
rehabilitation. Additionally, this study conducted 2 follow-up
sessions for both assessment methods to better understand any
issues related to long-term compliance. Yet, our study has
several limitations. First, patients were recruited from one
rehabilitation hospital in a coastal province in eastern China;
therefore, results may not generalize to persons living in other
regions. Second, this study only included participants who
owned a mobile phone and served as their own informant to
complete the assessment; patients without a mobile phone and
those with severe cognitive or communication impairments may
have been excluded from this study. Third, the MBI was the
only outcome assessment used in the study. Future research
should explore mHealth assessments for measuring other health
outcomes in poststroke individuals after discharge from the
hospital. Another limitation includes measuring acceptability
through 3 self-constructed items (ie, satisfaction, comfort, and
confidence), which are limited in their measurement of this

construct and do not provide actionable data with which to
inform future research. Even though these self-constructed items
allow for efficient quantification of acceptability, future research
should add a qualitative or mixed method approach to provide
additional interpretation and meaning to the quantitative results
[51]. Furthermore, this study did not record the amount of time
required for performing videoconference and telephone
follow-up assessments. Future research should measure the
duration of these 2 follow-up assessments and compare them
with the time needed for the home visit assessment to provide
additional validation evidence. Future research is also needed
to conduct a randomized controlled trial comparing these 2
modes of mobile administration to traditional telephone
interview method (eg, landline phone service) for stroke patients
as a control condition.

Conclusions
This study found satisfactory feasibility and validity of an
app-based videoconference method for collecting functional
data after inpatient stroke rehabilitation. High completion and
acceptability, as well as adequate validity and reliability of the
videoconference follow-up method, may support its clinical
application in poststroke home rehabilitation programs and
long-term health monitoring after hospitalization.
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Abstract

Background: Despite the increasing use of remote measurement technologies (RMT) such as wearables or biosensors in health
care programs, challenges associated with selecting and implementing these technologies persist. Many health care programs
that use RMT rely on commercially available, “off-the-shelf” devices to collect patient data. However, validation of these devices
is sparse, the technology landscape is constantly changing, relative benefits between device options are often unclear, and research
on patient and health care provider preferences is often lacking.

Objective: To address these common challenges, we propose a novel device selection framework extrapolated from
human-centered design principles, which are commonly used in de novo digital health product design. We then present a case
study in which we used the framework to identify, test, select, and implement off-the-shelf devices for the Remote Assessment
of Disease and Relapse-Central Nervous System (RADAR-CNS) consortium, a research program using RMT to study central
nervous system disease progression.
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Methods: The RADAR-CNS device selection framework describes a human-centered approach to device selection for mobile
health programs. The framework guides study designers through stakeholder engagement, technology landscaping, rapid proof
of concept testing, and creative problem solving to develop device selection criteria and a robust implementation strategy. It also
describes a method for considering compromises when tensions between stakeholder needs occur.

Results: The framework successfully guided device selection for the RADAR-CNS study on relapse in multiple sclerosis. In
the initial stage, we engaged a multidisciplinary team of patients, health care professionals, researchers, and technologists to
identify our primary device-related goals. We desired regular home-based measurements of gait, balance, fatigue, heart rate, and
sleep over the course of the study. However, devices and measurement methods had to be user friendly, secure, and able to produce
high quality data. In the second stage, we iteratively refined our strategy and selected devices based on technological and regulatory
constraints, user feedback, and research goals. At several points, we used this method to devise compromises that addressed
conflicting stakeholder needs. We then implemented a feedback mechanism into the study to gather lessons about devices to
improve future versions of the RADAR-CNS program.

Conclusions: The RADAR device selection framework provides a structured yet flexible approach to device selection for health
care programs and can be used to systematically approach complex decisions that require teams to consider patient experiences
alongside scientific priorities and logistical, technical, or regulatory constraints.

(JMIR Mhealth Uhealth 2020;8(5):e16043)   doi:10.2196/16043

KEYWORDS

human-centric design; design thinking; patient centricity; device selection; technology selection; remote patient monitoring;
remote measurement technologies

Introduction

When used as part of health care programs, remote measurement
technologies (RMT) such as wearables or biosensors have the
potential to affect clinical decision making, provide novel health
insights, and improve the standard of care in a variety of disease
areas [1-4]. RMT is a subset of mobile health (mHealth)
technologies, which includes “any technology that enables
monitoring of a person’s health status through a remote
interface, which can then be transmitted to a healthcare
provider” for review or as a means of education for the user
themselves [5]. Though use of RMT in health care programs
has grown in recent years [1,2,6,7], its impact on health
outcomes does not always live up to its supposed potential
[1,7,8].

Successful utilization of RMT depends on careful consideration
of the program’s scientific, technical, and usability requirements.
However, many programs employ commercially available,
“off-the-shelf” devices that cannot be customized according to
these requirements. In such cases, program designers are
challenged to select devices from hundreds of options [9] in a
marketplace where validation is sparse [1,7,8], product turnover
is high [10], and relative benefits between device options are
often unclear. Comparative studies show either limited accuracy
or low to moderate agreement between similar, widely-used
devices for common measurements such as activity levels
[11-14], sleep [14-16], heart rate [12,17,18], and energy
expenditure [14,16,19]. Few industry-wide data standards have
been established [6,9,20], and different devices may define and
report measurements in ways that are not directly comparable
[13]. Additionally, the experiences of potential users—including
patients, caregivers, and health care professionals—affect the
use of RMT heavily [21-23], but these insights are often not
collected or transformed into technology requirements [24].
Unfortunately, RMT that do not cater to user needs can increase
patient, caregiver, and health care provider burden in otherwise

promising health care programs [6,25] and may negatively
impact enrollment and retention [26].

Those designing health care programs often struggle to navigate
device selection due to the technology landscape’s complexity
and potential tensions between device selection criteria
[4,20,27]. To date, few best practices exist to guide the selection
of off-the-shelf devices. The Framework of Specifications to
Consider During Mobile Technology Selection developed by
the Clinical Trial Transformation Initiative lists factors to
consider when selecting RMT, including technical performance,
data management, safety, and human factors [28]. However, it
does not provide a method to apply or prioritize these factors.
The Digital Health Selection Framework by the Institute for
Healthcare Improvement [29] describes a computational method
for assessing the technology landscape based on high-level
selection criteria. However, this framework aims to support the
development of health care policy, and the method does not
support the identification and ranking of sufficiently detailed
requirements for use in individual program designs. Scientific
publications provide only high-level commentary on device
selection, suggesting that designers consider technical
requirements, user experiences, data quality, safety, privacy,
regulations, costs, and other factors when choosing technologies
[27-30]. Such publications also discuss the need to set detailed
objectives [27,31] and gather requirements from a diverse set
of stakeholders [24,28,31]. However, to our knowledge, no
publication describes systematic methods for gathering,
prioritizing, and weighing device selection criteria within the
context of the program’s users, environments, and goals.

This is problematic, as device-related factors have the potential
to limit the success, reproducibility, or scalability of otherwise
promising health care programs. In this study we propose a
framework to guide device selection based on human-centered
design (HCD) principles. We then demonstrate the use of this
framework in a research program using RMT to identify and
predict relapses in multiple sclerosis (MS).
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Methods

Human-Centered Design in Mobile Health
HCD is increasingly used to design novel health care programs
and products [4,10,32-37]. HCD is a series of methods through
which designers study a product user’s needs and environment
and then design accordingly [38,39]. Designers engage or
“empathize” with potential users then generate ideas, develop
prototypes, and test those prototypes with the people for whom
they are designing [38,39]. Designers alternate between
divergent and convergent thinking, looking broadly to
understand context and possible solutions, and then converging
onto a final problem statement, approach, or solution [38,40].
Many methods also employ agile or lean principles, which use
rapid prototyping, feedback loops, and learning cycles to drive
an iterative design and implementation process [38,41]. These

methods allow designers to develop a deep understanding of
the contextual factors that affect design, making them
well-suited to support product design in complex, ambiguous,
and rapidly-changing environments. The merits of HCD in
health care program design have been discussed at length
elsewhere [24,33], though such methods are largely applied to
de novo designs, rather than technology selection.

HCD frameworks exist for a variety of mHealth applications,
including behavioral intervention design [32], implementation
of patient-facing technology in interventional clinical trials [31],
mHealth solution development and validation [10,33,42],
stakeholder engagement [36], and requirement development
[43]. Though these frameworks are inconsistent in their
language, they employ a set of common methods to inform the
design of digital solutions within the context of the health care
system (Textbox 1).

Textbox 1. Common human-centered design principles recommended in mobile health solution design.

• Assemble a multidisciplinary team [31,43]

• Iterate throughout the design process [10,31-34,36,42,43]

• Begin by conducting stakeholder engagement activities to understand users’ needs and environments [31-34,36,42,43]

• Conduct ideation sessions in which a variety of approaches and potential solutions are explored [10,31,32,34,42]

• Enable a variety of stakeholders, including patients, health care professionals, technical experts, and others to participate in the design process
[31-34,36,42]

• Prioritize identified requirements and resolve conflicting requirements through further engagement with team members and stakeholders [43]

• Prototype and test with end users prior to scaled implementation [10,31-34,42,43]

• Consider the implementation strategy early and refine it during the design process [31-33]

• Measure the solution’s impact and efficacy [10,31,43]

• Share both positive and negative lessons learned with relevant stakeholders to improve current and future designs [31,32]

To our knowledge, no HCD framework addresses the challenges
associated with selecting off-the-shelf devices for digital health
care interventions. We hypothesized that HCD methods may
also be useful for that purpose, because HCD methods address
similar design challenges to those posed by device selection.
Such challenges include understanding and navigating
complicated contextual factors [31,32,34,42,43], engaging with
multifunctional stakeholders [36], and prioritizing requirements
while addressing diverse stakeholder needs [43].

RADAR Device Selection Framework
A novel device selection method was developed for the Remote
Assessment of Disease and Relapse-Central Nervous System

(RADAR-CNS) project, a collaborative research program using
RMT to study central nervous system disease progression. This
framework was developed empirically based on the authors’
previous experience with HCD in medical technology design.
We hypothesized that HCD methods could help design teams
manage the complexity inherent to device selection. Therefore,
the three-stage RADAR-CNS device selection framework
(Figure 1) was proposed and optimized for the RADAR-CNS
program. The framework uses HCD techniques to explore the
technology landscape, refine device requirements, develop an
implementation strategy, and make informed decisions in
parallel with program design and implementation.
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Figure 1. RADAR device selection framework.

Stage 1: Prepare
In this stage, the team studies contextual and user-related factors
that may affect device use and implementation. The goals of
the program, motivations and experiences of patients,
involvement of caregivers, and symptoms or sensitivities related
to the target disease area will define how user-friendly, discreet,
configurable, or multifunctional a device must be. These
activities are analogous to the empathize, define, and ideate
steps of the design thinking process [44], and similar steps have
been proposed in other frameworks [32,33]. In stage 1 we
highlight relevant device-related insights that can be collected
through HCD methods early in the program planning process.

Engage With Patients and Other Stakeholders
Simblett et al (2018) [22] described five categories of facilitators
and barriers that influence patient engagement with RMT: health
status, usability, convenience and accessibility, perceived utility,
and motivation. During the preparation stage, the device
selection team engages with patients and other stakeholders to
explore these factors, identify user needs, and draft technology
requirements. These activities can be conducted alongside other
engagement activities designed to inform program goals or
design. Methods for engaging with these and other relevant
stakeholders have been proposed, including co-design sessions,
focus groups, interviews, workshops, and surveys [44-48].
Integrated patient advisory boards can also guide discussions
and decisions throughout the device selection process.

Though published literature on research priorities and usability
requirements may provide general insights into patient
perspectives in a variety of disease areas [22,24,49], primary
research with the program’s target population is critical [4,24].
RMT can increase the burden associated with giving and
receiving care [4,9,25], which must be minimized to enable
sustained program adoption. Direct engagement with potential
users provides the nuanced insights that are necessary to
minimize burden and increase the chances of program success.
Patients may be the primary users of the technology; however,
caregivers, health care professionals, and others should also be

engaged, as they affect patients’ willingness and motivation to
engage with RMT [22].

Explore Potential Approaches
The team then explores different approaches for measuring
health status. Options should reflect scientific and clinical goals
as well as patients’priorities. The team should propose potential
measurement schemes that list relevant variables or outcomes,
surrogate measurements, data streams, required sensors, and
desired frequency of measurements. In this stage, it is helpful
to use good brainstorming techniques such as those described
in IDEO’s Design Thinking Bootleg [44] to generate a variety
of options and encourage creativity by limiting discussion of
potential constraints. The team should define potential program
goals, endpoints, and measurement schemes before exploring
technology options and implementation strategies [20,27,31].
Delaying discussion of specific technology options forces the
team to frame device selection around program and user needs,
thereby preventing the design of a program around a familiar
but ill-suited technology.

Define Measurement and Technology Goals
Based on the outcomes of the engagement and brainstorming
activities, the team should converge on one or more promising
measurement schemes and clearly define goals for the RMT.
Only once these are defined should the team draft selection
criteria. The team should clearly state what compromises they
are and are not willing to make, as these choices will drive final
device selection. Examples of relevant device selection criteria
have been published elsewhere [27-29].

Milestone 1: Propose a Monitoring Plan
By the end of this stage, the team should have developed a
robust understanding of stakeholder needs and priorities, a
well-defined program goal, one or more potential measurement
schemes, and a preliminary understanding of the technology
landscape and technology selection criteria. The activities that
led to this preliminary plan will provide necessary context to
support device selection decisions, especially when no device
meets all criteria and concessions must be made. To achieve
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this level of clarity, the team may need to conduct multiple
iterations of the “Prepare” stage. For example, the team may
need to re-engage stakeholders to confirm the acceptability of
a measurement scheme and then adjust the scheme in subsequent
brainstorming activities.

Stage 2: Select
In this stage, the team progresses iteratively through a series of
activities to identify a suitable device and refine an
implementation strategy. With each iteration, the team should
identify and answer outstanding questions, refine their thinking,
and add detail to their proposed implementation plan. The team
should first think broadly before refining the measurement
scheme and implementation plan to reflect the program’s
constraints. This approach allows the team to explore multiple
approaches efficiently and to pursue creative options for getting
as close to an ideal solution as possible.

Explore Technology Landscape
First, the team performs an initial technology landscape
assessment and compiles a list of potentially suitable
technologies. Devices should then be systematically excluded
from this list based on user feedback and updates to the selection
criteria or measurement scheme. When appropriate, additional
options should be added to reflect updates to the selection
criteria and implementation strategy. A short list of candidates
should be defined based on the team’s selection criteria.

Refine Selection Criteria and Implementation Strategy
Based on identified technology options and insights from user
engagement, the team should begin to define how the technology
will be implemented. Factors such as the necessary connections
to information technology (IT) systems, device provisioning,
training, frequency of device use, compliance monitoring, and
data syncing methods should be considered. This strategy may
change over time; however, considering these factors early in
the selection process will help the team understand potential
infrastructure or logistical constraints that could impact device
selection. Lack of such strategic planning has been shown to
hinder successful implementation of RMT [30].

Off-the-shelf devices may not fit the initial measurement scheme
and selection criteria perfectly. Iterative refinement of the
selection criteria, measurement scheme, implementation
strategy, and technology landscape will help the team explore
creative alternatives, make minor concessions, and identify a
small group of candidate technologies that meet most criteria.

Conduct Proof of Concept
Throughout this process, additional questions about candidate
devices’ characteristics and relative advantages are likely to
emerge. In the proof of concept (PoC) phase, the team should
conduct targeted tests to answer these questions. PoCs are
targeted device assessments that can be conducted quickly prior
to implementation in a clinical study that enable rapid learning
and decision making during the technology selection process
[4,31]. PoCs can test technical characteristics (eg, bench testing
for data quality, connectivity, durability), assess user experience
in the target population (eg, usability studies), compare
candidate devices, or test aspects of a technology’s

implementation strategy (eg, “dry runs” to test training protocols
and technology support systems) [31]. The results of any PoC
should be actionable, either in a technology selection decision
or to influence refinement of the implementation strategy.

Milestone 2: Select Technology and Implementation
Strategy
By the end of this stage, the team should have narrowed the
landscape to a few well-defined technology options, though
each is likely to require compromise. To weigh these options,
the team should use a systematic method to compare candidate
devices and their required compromises. The team should
facilitate multifunctional conversations to develop understanding
of the required compromises and consensus on a final decision.
The team should also finalize an implementation strategy,
validating it through PoC testing and additional user feedback
as necessary.

Stage 3: Learn

Monitor Outcomes and Collect Feedback
The team should also devise mechanisms to collect feedback,
experiential data, opportunities for improvement, and
opportunities for learning from active programs, and these
mechanisms should be included in research protocols if
appropriate. Validated questionnaires such as the Post-Study
System Usability Questionnaire [50] or the Technology
Assessment Model [51] are widely used, and additional
quantitative metrics such as device use or help desk engagement
rates may also provide insights. Qualitative interviews with
patients and health care professionals can identify specific
opportunities to improve the implementation strategies, training
materials and methods, technologies, or technology support
systems.

Share and Implement Lessons Learned
The design and learning processes should not stop when the
program is launched [30]. Quantitative, qualitative, and
experiential data collected during all three stages of the
framework should be used to continually refine the
implementation strategy to ensure efficacy, efficiency, user
engagement, ease of use, and clinical utility. In the case of a
clinical study where continuous adjustments to the
implementation strategy may jeopardize a program’s scientific
goals, feasibility studies or clinical process evaluations may be
used to test and refine the implementation strategy [4,20,52].
Sometimes, devices or technologies selected for an
investigational system may not be practical for use in a scaled
clinical practice. In this case, appropriate technologies should
be selected or designed to fit the system requirements that were
collected during investigational implementation. Both positive
and negative findings should be shared to inform technology
selection decisions in future programs.

Results

RADAR-CNS Case Study
RADAR-CNS is a public-private research program leveraging
RMT to develop new ways of assessing disease progression in
depression, epilepsy, and MS [53]. The RADAR Device
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Selection framework was used to select devices for several
RADAR-CNS studies; however, only its use in a study on MS
disease progression is explored here. In this 2-year study,
wearable devices and a custom application collect longitudinal
health-related data from people with relapsing-remitting MS.
The aim is to develop algorithms that can predict relapse and
improve patient care. Details of the study’s full protocol are
outside the scope of this publication, and only device selection
procedures are described here.

RADAR-CNS: Prepare
A cross-functional team of clinicians, researchers, and technical
experts was established, and RADAR-CNS’ patient advisory
board [54] was also regularly consulted. We worked with people
living with MS to understand their perspectives on research
priorities, usability requirements, desired device features, and
factors influencing sustained engagement with RMT. We
conducted a systematic literature review to identify relevant
discussion topics [22] and initiated a series of surveys and
semistructured focus groups for people living with MS to
identify factors affecting engagement with RMT [55].
Participants provided feedback on preferred device features and
engagement schemes as well as perspectives on value and
privacy. Much of this work has been published previously
[55-57]. Participants emphasized the importance in
accommodating MS symptoms, making the system easily usable,
and enabling users to exert control within the RMT system [55].

We then explored areas of scientific research priority, including
cognition, mood, physical activity, sleep, social interactions,

speech, and stress. We identified variables that aligned with
patient and scientific research priorities, discussed potential
measurement schemes, and began to research technological
options (eg, data streams, sensors, active tasks, analytical
methods). We also began to discuss a variety of technical, user
experience, regulatory, and other considerations relevant to the
research program. These are described in Multimedia Appendix
1.

Milestone 1: Propose a Monitoring Plan
We prioritized the identified variables based on clinical utility,
technological feasibility, alignment with patient priorities, and
ethical considerations to select a final measurement scheme for
the biosensors (Table 1). Additional clinical, traditional, and
mobile data collection methods were also selected, but are
outside the scope of this case study. Based on this scheme and
patient insights, we defined a preliminary list of required and
desired device selection criteria, their relative priorities, and
opportunities for compromise. Briefly, the criteria described
desired technical capabilities, data quality, user experience,
regulatory status, privacy, required investment, and vendor
characteristics. Opportunities for compromise included
conditions under which multiple devices could be used,
acceptable concessions described by patients, and acceptable
trade-offs to meet the study budget (eg, willingness to develop
bespoke software if device costs are reduced). A summary of
these criteria and compromises is available in Multimedia
Appendix 1.

Table 1. Device-based remote measurement scheme for the RADAR-CNS multiple sclerosis study.

Measurement FrequencyMeasurementFactor

Clinical testsa, home testsb, free

livingc

Measured via accelerometer and gyroscope during a 2-Minute Walk Test,
tandem walk test, and normal daily activities

Gait

Clinical tests, home tests, free
living

Measured via accelerometer placed on the chest during Romberg’s Test
and normal daily activities

Balance

Clinical tests, home tests, free
living

Measured via heart rate variability and accelerometer during a 2-Minute
Walk Test and normal daily activities

Fatigue

Clinical tests, home tests, free
living

Measured via one-lead electrocardiogram placed on chest during tests and
normal daily activities

Heart rate and heart rate variability

DailydMeasured via photoplethysmographyHeart rate and heart rate variability

DailyTotal sleep time and sleep patterns monitored via actigraphy or other
mechanism

Sleep

DailyMeasured via actigraphyDaily Activity

aClinical tests: once every 3 months.
bHome tests: once every 3 months.
cFree living: one week every 3 months.
dDaily: daily over the course of the study.

RADAR-CNS: Select
We then identified relevant commercially-available consumer
and research-grade devices. As no published database contained
up-to-date information on available RMT, we conducted an
online search and a literature search to identify devices that
contained some or all of the sensors in the desired measurement

scheme. This search yielded over 100 devices of various
embodiments. Devices were systematically excluded through
an iterative review process with clinical, analytical, and technical
experts, during which potential technologies, priorities, and
protocol adjustments were discussed. No single technology
fulfilled all selection criteria; however, several devices that
fulfilled most criteria were selected for further consideration
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either as stand-alone devices or for use in conjunction with other
devices. These included the Fitbit Charge 2 (Fitbit, Inc., San
Francisco, CA), the Withings Steel HR (Withings,
Issy-les-Moulineaux, France), the Actigraph Link (ActiGraph
LLC, Pensacola, FL), the Suunto Movesense sensor (Suunto
Oy, Vantaa, Finland), the eMotion Faros 180 (Biomation,
Ottawa, ON, Canada), and the MetaMotion R (MBIENTLAB
Inc, San Francisco, CA).

Proof of Concept Testing
Questions regarding usability, data quality, and technical
characteristics of the devices arose, prompting appropriate PoC
testing of usability, technical features, and training procedures.
This section describes two examples of these PoC tests and their
impacts on technology selection.

Example: User Experience Proof of Concept

Sustained patient engagement with the devices was critical to
the study’s success, because participants could be enrolled for
up to 2 years. The patient advisory board participated in a
workshop to provide feedback on candidate devices. Board
members, including two members living with MS (authors JW
and PB), interacted with each device and provided feedback on
user-friendliness, technology preferences, potential impacts of
MS symptoms on use, and suggestions for the implementation
strategy. This feedback provided us with important context for
prioritizing desired device characteristics. The board preferred
adhesive patches over chest straps to affix chest-based devices
and wrist-based wearables with a subtle or mainstream
appearance. They also noted that any goals or feedback shown
by the devices, such as daily activity counts, should be
customizable. They voiced concern that displaying unrealistic
goals could negatively impact participants’motivation to engage
with RMT or participate in the study, as people living with MS
will almost certainly observe a decline in function over time.

Example: Technical Proof of Concept

Following a brainstorming session, the team decided to explore
the option of sourcing sensors from an original equipment
manufacturer. These devices would be less expensive and more
customizable but required additional validation and
configuration compared to other options. For commercial
reasons, the identities of these devices are not shared. Data were
collected from two devices to understand data structure, battery
life, reliability of the Bluetooth connection, potential for data
loss, data transfer requirements (eg, time, file size, memory
availability), and device durability. The devices’ published
specifications met the requirements; however, the testing
demonstrated that neither device met study requirements. The
first device’s data files were too large to sync more than a few
hours of data over a Bluetooth connection, but the study required
devices to sync data over Bluetooth outside the clinic. The
second device did not meet battery life or data quality
requirements in the desired configuration. We tested other
candidate devices similarly to address the risks identified by
the advisory board and the study teams.

In response to this PoC, we adjusted our technology landscape
to include more expensive devices since the tested devices were
the only two to meet original budget requirements. To

accommodate this change, we also adjusted the implementation
strategy to include logistics associated with device returns and
reprovisions, thereby reducing the number of required devices
and reducing the device cost per patient. This PoC did not yield
positive results, but it allowed the team to make data-informed
decisions on device candidates without compromising timelines
or posing risks to the study.

Milestone 2: Select Technology and Implementation
Strategy
Ultimately, we selected 2 devices to conduct all desired
measurements. The eMotion Faros 180 was selected to monitor
cardiac activity, gait, and balance during home-based active
tasks and normal daily activities. The Fitbit Charge 2 was
selected to monitor daily activity and sleep based on its superior
user experience and battery life, as well as the precedence of
Fitbit devices in MS programs [58-60], despite its inability to
provide raw accelerometer data. Since no device containing an
electrocardiogram, accelerometer, and gyroscope met the
necessary criteria, data from the gyroscope sensor in
participants’ cell phones were collected to identify turns during
the 2-Minute Walk Test. A discussion guide used by the team
to facilitate the final selection of the wrist-based device is
included in Multimedia Appendix 2.

RADAR-CNS: Learn
The RADAR-CNS study is ongoing at the time of publication.
Surveys and interviews with participants are being conducted
periodically throughout the study and device use rates will be
monitored as the study progresses. Feedback will also be
collected from investigators who conducted the studies. Insights
gained through these interactions will be published at the end
of the study and will be used to identify improvements to the
measurement scheme, device selection, and implementation
strategy before the system is available for use in clinical practice.

Discussion

The RADAR-CNS Device Selection Framework provides
methods to assess, prioritize, and adapt device selection criteria
for health care programs according to stakeholder needs. The
framework is presented linearly, but it is intended to be flexible
so teams can move forward, backward, or repeat steps as needed
to support device selection. In the RADAR-CNS study, we
conducted several iterations of the Prepare and Select stages as
our thinking evolved during the study design. These iterations
enabled dialogue between the technical and clinical experts on
the project, allowing us to establish common ground between
stakeholders and ensure consensus on the final decision. We
found that our success depended on the engagement of a
multifunctional team during each stage of the framework,
including investigators, IT specialists, data analysts, patients,
health care professionals, and others. Each brought unique
perspectives and needs to the process, and each ultimately made
compromises to agree on a single technology and
implementation strategy. To ensure alignment and mutual
understanding between these stakeholders, it was important that
members of the device selection team were skilled in
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“translating” clinical and technical requirements and their
contexts for team members of diverse backgrounds.

Navigating complex stakeholder needs is one of the strengths
of HCD, especially when program success is dependent on the
willingness of people to continually engage with a technology.
As its name suggests, HCD starts by asking designers to
understand the people who will be using the technology
[38,40,44]. It then enables designers to simultaneously explore
program contexts and constraints, identifying connections and
priorities between human and nonhuman factors [38,44]. In a
systematic review of systematic reviews, Ross et al (2016) [30]
found that early engagement with relevant stakeholders such as
patients, clinicians, and others was important for successful
mHealth implementation, and most frameworks for digital health
care solution design echo that sentiment [33]. However, Altman
et al (2018) [24] found that user engagement activities were
frequently not conducted in such programs. Limited stakeholder
centricity during program design and technology selection may
ultimately threaten the program’s success. Poor user experiences
caused by increased burdens [4,26], technical issues [22], lack
of accommodations for health status [22], impersonal
experiences [26], slowness [22,26], and poor or unclear interface
designs [22] may cause patients to stop using the technology,
or worse, drop out of the program. Altman et al [24] suggested
that, by addressing user needs, HCD methods such as design
thinking could increase uptake, adherence, and impact of health
care programs that use RMT.

Here, we use HCD methods not to create new designs, but to
identify which existing designs are best suited to a particular

program. In the RADAR-CNS program, we used HCD methods
to identify and prioritize a vast number of often conflicting
needs and constraints, not only from patients but also from other
“users” of the program: the clinicians caring for patients, the
researchers studying diseases, and the technologists developing
new monitoring tools. Many common HCD strategies such as
empathizing with users, brainstorming, and iterative designing
are present in this framework, making it compatible with other
HCD approaches to program design or validation.

Though the RADAR Device Selection framework was
implemented successfully in an observational research program,
its validity in other settings, such as clinical trials of
investigational therapies or interventional mHealth program
design, must be established in future work. Examples of
successful implementation of human-centered methods in health
care and academic environments exist; however, their use is not
yet routine. Such methods require a mindset shift, new skills,
and adoption of additional study planning activities, with more
time spent initially on stakeholder engagement [24].

Though selecting off-the-shelf devices for health care programs
is often difficult, few best practices exist to guide program
designers. To address this gap, we developed and successfully
implemented the RADAR device selection framework, which
incorporates HCD strategies into a three-stage approach for
systematically identifying selection criteria, testing and selecting
devices, and monitoring device-related outcomes. To improve
RMT implementation in future programs, the methods used and
lessons learned during device selection should be more routinely
shared.
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Abstract

Background: Violence against women is considered a global health problem, and intimate partner violence (IPV) around the
time of childbirth can have severe consequences for mother and child. Prenatal care is considered a window of opportunity to
address IPV and ask women about exposure to violence since women are in regular contact with health care providers. Mobile
health (mHealth) interventions might overcome the barriers to talking about IPV face-to-face.

Objective: Our objective was to explore midwives’ attitudes toward a tablet intervention consisting of information about IPV
and safety behaviors as well as their experiences with recruiting pregnant women of different ethnic backgrounds in a randomized
controlled trial (RCT).

Methods: Individual interviews were conducted with 9 midwives who recruited participants for an RCT to test a video to
promote safety behaviors delivered on a tablet during prenatal care. Analysis was guided by thematic analysis.

Results: Midwives perceived the tablet intervention as an appropriate supplement during prenatal care to provide information
about IPV and promote safety behaviors. They participated in the RCT primarily to obtain more knowledge regarding how to
communicate about IPV. The intervention was perceived as an anonymous door-opener to talk about IPV and a good solution to
ensure that every woman gets the same information. However, the content of the intervention had to be trustworthy and align
with the information the midwives provide to women. Given the sensitivity of IPV, midwives outlined the importance of following
the intervention with face-to-face communication. Midwives reported technical problems and a high demand on their time as the
main challenges to recruiting women. They experienced challenges recruiting women of different ethnic backgrounds due to
linguistic barriers and the women’s skepticism about scientific research.

Conclusions: The tablet intervention might help midwives communicate about IPV. Although the video was considered as an
anonymous door-opener to talk about IPV, midwives outlined the importance of following the intervention with face-to-face
communication. The scarcity of midwives’ time during consultations has to be considered when implementing the intervention.
Further research is needed to overcome barriers that limit inclusion of women from different ethnic backgrounds.

Trial Registration: ClinicalTrials.gov NCT03397277; https://clinicaltrials.gov/ct2/show/NCT03397277

(JMIR Mhealth Uhealth 2020;8(5):e16828)   doi:10.2196/16828
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Introduction

Intimate partner violence (IPV) is recognized as a global health
problem [1]. According to the definition of the World Health
Organization, IPV may include physical aggression, sexual
coercion, psychological abuse, or controlling behaviors by
current or former partners [1]. Approximately 30% of women
worldwide have experienced IPV sometime during their lives
[1]. Pregnancy does not protect women from violence. A
meta-analysis of IPV during pregnancy that consisted of 92
studies from 23 countries reported an average prevalence of
emotional abuse of 28.4%. The prevalences of physical abuse
and sexual abuse were 13.8 and 8.0%, respectively [2]. In
Norway, studies show the prevalence varies from 1% to 5%
[3-5]. Although IPV occurs in all social strata, women with low
education levels and women with limited economic resources
are at higher risk [6]. Immigrant women are likely to be
overrepresented in these groups; hence, they are more prone to
be exposed to IPV [6]. The potential impact of IPV on a
woman’s health prior to pregnancy, during pregnancy, and
during the newborn period is well documented and includes
depression, miscarriage, perinatal death, preterm birth, and low
birth weight [7-9].

Interventions to reduce IPV during pregnancy are urgently
needed. Prenatal care is recognized as an ideal window of
opportunity to address IPV because this is a time when women
are in regular contact with heath care providers [10]. As in many
other countries, the Norwegian guidelines for prenatal care
strongly recommend that health professionals routinely ask all
pregnant women about their experiences with violence [11].
There is some evidence that screening for IPV in prenatal care
might increase the identification of violence [12]. However, the
evidence regarding how to assess and intervene amid violence
during pregnancy and the postpartum period is inconclusive
[13-16]. Qualitative studies can be useful in the evaluation of
interventions to prevent IPV [17].

Studies among health professionals and women experiencing
IPV report several barriers to communicating about IPV
face-to-face in clinical settings [18-21]. Mobile health (mHealth)
technology such as mobile phones, tablets, and other wireless
computing devices may have the potential to overcome some
of the barriers regarding face-to-face interventions [22,23].
Health professionals’ acceptance of mHealth interventions and
willingness to recruit are crucial factors for successful mHealth
interventions. Two systematic reviews on health professionals’
acceptance found divergent results [24,25]. White et al [24]
concluded that health care professionals’ acceptance of using
mHealth was generally very high. However, health care
professionals’ acceptance of mHealth interventions during
inpatient treatment was low [25]. The authors identified social
norms, performance expectancy, and internet integration in the
treatment course as the significant predictors for health
professionals’ acceptance [25]. There is some evidence for the
efficacy of Web-based safety decision aids for women
experiencing IPV [26]; however, we have not found any
published studies about health professionals’ acceptance of and
experiences with mHealth interventions to prevent IPV during
prenatal care.

This study was part of the Safe Pregnancy study, where a tablet
intervention to prevent IPV was tested during a randomized
controlled trial (RCT) during routine prenatal care at 19 maternal
and child health centers (MCHCs) in southeastern Norway. The
intervention in the Safe Pregnancy consisted of questions about
IPV and a video with information about IPV and safety
behaviors [27]. The intervention video lasted for 7 minutes.
Only those women who had screened positive for IPV and were
randomized to the intervention group saw the video about
violence. Women in the control group saw a 7-minute video
about a healthy and safe pregnancy in general. All women
received a card that included information about referrals for
violence. The midwives were blinded to which video the women
watched, and although they received information about the
content of the videos, the midwives did not watch the videos.
The questionnaire and videos were linguistically translated by
professional translators into Norwegian, English, Urdu, and
Somali and culturally adapted during the development process
by women with Norwegian, Pakistani, and Somali backgrounds
(as described in the user-involvement study, which has been
submitted for publication).

The aim of this qualitative study was to explore midwives’
attitudes towards a tablet intervention to prevent IPV and their
experiences with recruiting participants with differing ethnic
backgrounds to a study that used the tablet intervention.

Methods

Interviews
Semistructured individual interviews with 9 midwives who
recruited participants for the Safe Pregnancy study were
conducted by LG (qualitative researcher) or TK (master’s
student in midwifery). LG and TK had not met the participating
midwives prior to the interviews. Interviews were conducted
between June 2019 and September 2019, approximately at the
same time when recruitment for the Safe Pregnancy study was
finalized at the MCHCs. Interviews were conducted in
Norwegian. Of the 9 interviews, 7 interviews took place at the
midwives’ worksites and 2 at the researchers’ worksites. The
interviews lasted from 14.00 minutes to 53.38 minutes. The
interviews followed a semistructured interview guide
(Multimedia Appendix 1) that was developed by the
interdisciplinary research group of the Safe Pregnancy study.
The interview guide was pilot tested with a midwife who
recruited participants for the Safe Pregnancy study. TH
conducted the pilot interview in the presence of LG. The pilot
test did not lead to any substantial amendments in the final
interview guide. The pilot interview was included in the final
analysis. The main themes in the interview guide were
midwives’motivation to participate in the Safe Pregnancy study,
midwives’ attitudes toward a tablet intervention to promote
safety behaviors, and midwives’ experiences with including
pregnant women of different ethnic backgrounds.

Recruitment
Midwives were purposely recruited by LG and TK from the 19
participating MCHCs in the Safe Pregnancy study [27]. The
recruitment strategy was to recruit midwives from MCHCs that
varied in the cultural backgrounds of their users and number of
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recruited women. Recruitment was carried out until a rich set
of individual cases was reached.

In total, 9 midwives were asked to participate, and none of the
midwives refused to participate. Midwives who helped to recruit
women in the Safe Pregnancy study participated in individual
teaching sessions on the use of the tablet, how to assess
eligibility, and how to recruit women. In addition, midwives
had several opportunities for professional development related
to IPV, such as attending an international conference about IPV
during pregnancy and project workshops with a mix of
presentations from various resources from the field of violence
against women. The Regional Committee for Medical and
Health Research Ethics approved the study (ref.nr: 2017/358),
and participants gave their written consent to participate.

Analysis
Interviews were audiotaped and transcribed by LGH and TK.
LGH, LH, TK, and ML read the transcripts. LGH randomly
compared some of the transcripts with the audiotapes to ensure
the accuracy of the transcription process. The analysis was
guided by thematic analysis, according to Braun and Clarke
[28], and included the following steps: (1) familiarizing
themselves with the data by repeated reading of each informant’s
transcripts, (2) generating initial codes (words or short phrases
in the transcripts) that were relevant for the research questions,
(3) organizing the codes into subthemes, (4) arranging the
subthemes into overarching themes, and (5) defining and naming
the themes. LGH and TK conducted the analysis and discussed
potential codes and themes with the other authors. A qualitative

software program, HyperRESEARCH 4.0.2 (ResearchWare
Inc, Randolph, MA), was used to identify codes and systematize
subthemes. In the presentation of the results, midwives are given
fictitious names to secure their anonymity.

Results

Characteristics of the Midwives
All the midwives worked at the MCHCs, and they routinely
asked women about their experiences with violence. Midwives
were 42-57 years old. Their length of experience working in
prenatal care at MCHCs was 4-18 years. One midwife recruited
at 2 MCHCs.

The analysis resulted in 3 themes representing the midwives’
attitudes toward a tablet intervention and their experience with
recruiting for the Safe Pregnancy study (Textbox 1). The first
theme, motivation to participate in the Safe Pregnancy study,
represents both the midwives’ motivation to participate as well
as their general experiences when they asked women about IPV
in prenatal care. The second theme, attitudes toward a tablet
intervention, describes the midwives’perceived advantages and
disadvantages of the use of a tablet during prenatal care to
present information about IPV and a safety-promoting video.
The third theme, experiences with the recruitment, presents the
midwives’ general experiences with including women, their
suggestions to improve the recruitment process, and their
experiences with including women of different ethnic
backgrounds.

Textbox 1. Themes and subthemes for the midwives’ attitudes toward a tablet intervention and experience with recruiting for the Safe Pregnancy study.

Theme 1: Motivation to Participate in the Safe Pregnancy Study

• Need for more training and advice for communication about intimate partner violence (IPV) in pregnancy

• Need for more knowledge about IPV in general

• Implementation of a routine enquiry for IPV in pregnancy

• Being part of a network

• Contributing to research

Theme 2: Attitudes toward a tablet intervention

• Intervention could act as an anonymous “door-opener” to talk about IPV

• Intervention could make women aware that they experience IPV

• Trust in the content of the tablet intervention

• Importance of face-to-face communication

Theme 3: Experiences with Recruitment

• Engaged to recruit

• Time-consuming and disturbing

• Facilitators to recruit

• Experiences including women with different ethnic backgrounds

• Linguistic barriers and skepticism toward scientific research
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Midwives’ Motivation to Participate in the Safe
Pregnancy Study

For many of the midwives, their motivation to participate in the
Safe Pregnancy study was their perceived need for more advice
and training about how to ask pregnant women about IPV in
order to help them. For example, Anna, who had worked at an
MCHC for about 4 years, described her motivation to participate
as the following: “It’s to get more knowledge and to be more
confident to ask.”

This subtheme emerged especially when midwives perceived
it challenging to communicate about IPV. These midwives felt
that they needed better skills to communicate about IPV to help
women and hoped that they could improve their skills through
the information in the Safe Pregnancy study’s workshops.

Others considered themselves experienced with talking about
IPV with pregnant women and did not perceive it as challenging
(Textbox 2).

Textbox 2. Example of an exchange between a midwife and moderator.

You have to find the key for each woman. Every woman has her own key. [Sara (Midwife)]

And do you feel that you succeed in finding these keys? [Moderator]

Yes. [Sara]

Midwives who did not perceive it challenging to communicate
about IPV were motivated to participate in the study because
they were interested in the general knowledge about IPV
provided in the workshops, such as the different kinds of
violence, adverse health outcomes, and how they could help
women.

Midwives often stated that their motivation to participate was
the implementation of the national guidelines that strongly
recommend midwives ask their clients about IPV, as described
by Sandra who had worked long-term in prenatal care: “All of
these guidelines came about that we had to ask everybody about
violence…and I felt a little bit like ‘how do we do that?’”

They were also motivated to become part of a network where
they could discuss their experiences and get support from peers.
Another motivator to participate was that they wanted to
contribute to new scientific knowledge about how to ask about
IPV and how to promote safety behaviors during pregnancy.

Midwives’ Attitudes Toward a Tablet Intervention to
Inform About Intimate Partner Violence and Promote
Safety Behaviors
The majority of the midwives had positive attitudes toward the
use of a tablet during prenatal care to provide information about
IPV as well as a video to promote safety behaviors, as described
by Sandra who worked at an MCHC where many participants
were recruited:

No, I think that, to answer anonymously on a tablet,
that’s a nice way to answer nowadays. Because I think
that it is difficult to answer this question face-to-face.
[Sandra]

They perceived prenatal care as a good opportunity to use the
tablet intervention to promote safety behavior, because as
Alexandra stated, “it may help that women are in a safe
environment.”

Midwives considered a video promoting safety behaviors on a
tablet as an appropriate tool for both ethnic Norwegian women
and women of different ethnic backgrounds, given that the video
is available in various languages. The opportunity for women
to answer questions about IPV anonymously and look at safety
behaviors on their own was the most frequently mentioned

advantage of the tablet intervention. In addition, midwives
perceived that the tablet intervention could serve as a
door-opener to talk with the women about IPV, as explained
by Monica, who had been working for a long time in an urban
MCHC with a multiethnic user population:

If the video says something like ‘your midwife will
talk about this and that it is important that she knows,
because she has a duty to confidentiality and she can
find out how to help you,’ (…) That can get people to
open up easier. Maybe not the first time one asks, but
maybe at a later consultation. [Monica]

Even though the midwives had not seen the video, they thought
that visual information about the different forms of IPV could
more easily make women aware that they are victims of
violence, compared with face-to-face consultations. Several
midwives found it challenging that they had not seen the video
and stated that it would be important that they could trust the
video content and that the information in the video is in line
with the information they provide to women. In this context,
midwives said that a potential advantage of the video on a tablet
was the possibility to ensure that every woman gets the same
information, as stated by Alexandra: “Then you are sure that
everyone gets the same [information], maybe.”

Many midwives thought that the video could serve as an
appropriate supplement to their care and outlined that it would
be important that women were followed up face-to-face:

I really believe in the face-to-face conversation, with
a safe midwife, talking individually…), but one can
make people aware about things, in such a video, but
it demands a follow-up. [Ida]

Even though midwives mentioned several advantages of the
tablet intervention, some were skeptical since IPV was perceived
as a sensitive issue. Alexandra, who had worked at an MCHC
for several years, said:

But I think that there is no easy solution for this. It’s
not like that we just can show them a video about it
and everything is solved. I don’t think so. [Alexandra]

They said that it would be important to build trust prior to asking
women about their experiences with IPV.
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Midwives’ Experiences With Recruiting Women for
the Safe Pregnancy Study
In general, midwives appeared to have been very engaged in
the recruitment of pregnant women and could even imagine
asking women to participate in the Safe Pregnancy study as a
door-opener to ask them about IPV. Midwives thought the name
of the project, “Safe Pregnancy,” might have helped to include
women, as it was a general term and not too specific about
violence, as described by Sara who also had recruitment
experiences from other research projects: “No, I didn’t think
that it was especially challenging to recruit for a research project
about violence, because we should not say that the project was
specifically about violence, but that it is about safe pregnancy.”

Even though midwives were engaged to recruit, the following
statement illustrates that they sometimes felt that they had not
succeeded including women who they thought had experienced
IPV:

Yes, some women are like, you don’t really come close
to them. I don’t know how to explain. But there are
women where you think that they should have been
included. It’s not sure that they have experienced
some kind of violence, that’s what I don’t know, but,
yes… [Alexandra]

Some midwives perceived the recruitment process as disturbing
and time-consuming. Midwives explained that they had to deal
with many health-related issues in a very short consultation
time and having to include women in the Safe pregnancy study
disturbed the work. The required time for the intervention was
often related to technical problems, usually problems with the
internet connection and gaining access to the intervention.
Assistance from health secretaries to keep watch for the tablets
as well as the availability of separate rooms where participants
could be alone with the tablet helped to overcome time-related
problems with the recruitment. Some midwives also wanted to
have more support and regular follow-up visits by the
researchers.

Some midwives experienced challenges including women of
different ethnic backgrounds. As expressed by Monica, who
recruited at an MCHC with a multicultural population, some
midwives found that it was easier to include ethnic Norwegian
women: “There have been more nonethnic Norwegian women
saying no to participating…”

Midwives reported that well-integrated immigrant women were
more willing to participate and mentioned limited language and
reading skills as the main barriers to their inclusion. One
midwife said that women from Pakistan and Somalia preferred
the Norwegian version of the intervention, as they could not
read their mother tongue. Midwives thought that the availability
of more languages would have made it easier to recruit more
women of different ethnic backgrounds.

Another barrier to including women of different ethnic
backgrounds was that the midwives often experienced that
women of other ethnic backgrounds were skeptical toward
research, as described by Anna who has worked at an MCHC
with a multicultural user population: “Regarding the

questionnaires, for example, women had commented that ‘that’s
not how we talk about these issues in our culture.’”

Discussion

Principal Findings
Midwives in this study perceived a tablet intervention as an
appropriate supplement to provide information about IPV and
to promote safety behaviors during prenatal care. Given the
sensitivity of IPV, midwives outlined the importance of
following up the intervention with face-to-face communication.
Midwives reported technical problems and high time demands
as the main challenges to recruiting women. They experienced
some challenges including immigrant women due to linguistic
barriers and the women’s skepticism about scientific research.

Comparison With Previous Work
The midwives’ main motivation to participate in the Safe
Pregnancy study was to get more information about IPV and to
improve their skills for communicating about IPV to help
women. In other studies, health professionals also reported
barriers to face-to-face communication about IPV in clinical
settings [20,21,29-31]. Discomfort with questioning women
about IPV, a fear of offending women, and uncertainty about
management after disclosure are the main barriers in face-to-face
communication [18,32]. Ongoing mHealth interventions to
assess IPV and promote safety behaviors show promising results
for overcoming some of the barriers regarding face-to-face
communication [22,23,26]. The tablet intervention in the Safe
Pregnancy study was perceived as an anonymous door-opener
to talk about IPV and provided a good opportunity to increase
the women’s awareness of violence. A computer tablet
intervention was also perceived as a safe and confidential way
for abused women to disclose IPV without fear of being judged
in a US-based RCT during perinatal home visits [22]. In
addition, Glass et al [26] developed and tested a computerized
aid to improve the safety decision process in an ethnically
diverse sample of abused women in the United States. The aid
improved the decision process as demonstrated by reduced
decisional conflict after only one use.

As already mentioned, little is known about health professionals’
and women’s attitudes toward mHealth interventions to promote
safety behaviors in order to reduce IPV. Even though the
midwives in our study had positive attitudes toward a tablet
intervention, they perceived it as an important supplement to
face-to-face communication. In line with previous studies, the
midwives said that they first had to build trust with the women
prior to asking them about IPV [22,31,32]. Women who
experienced violence reported a good relationship with the
midwife and the trustworthiness of the midwife as a facilitator
to talk about IPV [19]. In addition to a trustworthy
patient-provider relationship, Bacchus et al [22], who tested an
mHealth intervention during perinatal home visits with women
experiencing IPV, outlined the importance of considering the
clinical context in which interventions for IPV are embedded.
The midwives in our study sometimes considered the
intervention to be time-consuming and disturbing. Thus, more
research is needed about the feasibility of mHealth interventions
in prenatal care to promote safety behaviors.
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Interventions addressing IPV must consider the cultural and
social context where the intervention is implemented [33].
However, communication about IPV seems to be especially
challenging between health professionals and women of
culturally diverse backgrounds [19]. mHealth offers the
opportunity to provide tailored information for different ethnic
groups [34]. The Safe Pregnancy study was available in
Norwegian, Somali, and Urdu and was culturally adapted during
the development process by women with Norwegian, Pakistani,
and Somali backgrounds. However, the midwives in our study
experienced challenges including immigrant women due to
limited language skills and their skepticism toward research
projects. This agrees with other studies reporting challenges
including women of different ethnic backgrounds [35,36].
Lopez-Class et al [35] identified strategies to recruit immigrant
participants. Customizing incentives to specific ethnicities and
involvement of local community organizations relevant to
immigrants were identified as the most relevant. More research
is needed to overcome the barriers related to including
immigrant women who have experienced IPV.

Strengths and Limitations
To our knowledge, this is the first study to investigate health
professionals’ attitudes toward a tablet intervention during
prenatal care to educate women about IPV and promote safety

behaviors. The participating midwives represented 10 of the 19
recruitment sites of a large RCT among a multicultural study
population; one of the midwives worked at 2 MCHCs. The study
included a small sample size, which is typical for qualitative
studies [28]. This method was chosen since qualitative studies
can contribute to the complex evaluation of mHealth
interventions [17]. Only one interview was conducted by LG
and TK together, which might have influenced the interviews
because of their different educational background and interview
style. However, the transcripts and potential themes in the
analysis were discussed among all the authors to improve the
credibility of the findings [37].

Conclusions
This study shows that the midwives perceived a video tablet
intervention during prenatal care as an appropriate supplement
to educate women about IPV and promote safety behaviors.
Although the video was considered as an anonymous
door-opener to talk about IPV, midwives perceived it important
to follow the intervention with face-to-face communication with
the women. The scarcity of midwives’ time during consultations
and technical problems have to be considered when
implementing the intervention during prenatal care. Further
research is needed to overcome the barriers to including women
of different ethnic backgrounds.
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Abstract

Background: Gait disorders are common among older adults. With an increase in the use of technology among older adults, a
mobile phone app provides a solution for older adults to self-monitor their gait quality in daily life.

Objective: This study aimed to develop a gait-monitoring mobile phone app (Pocket Gait) and evaluate its acceptability and
usability among potential older users.

Methods: The app was developed to allow older adults to track their gait quality, including step frequency, acceleration root
mean square (RMS), step regularity, step symmetry, and step variability. We recruited a total of 148 community-dwelling older
adults aged 60 years and older from two cities in China: Beijing and Chongqing. They walked in three ways (single task, dual
task, and fast walking) using a smartphone with the gait-monitoring app installed and completed an acceptability and usability
survey after the walk test. User acceptability was measured by a questionnaire including four quantitative measures: perceived
ease of use, perceived usefulness, ease of learning, and intention to use. Usability was measured using the System Usability Scale
(SUS). Interviews were conducted with participants to collect open-ended feedback questions.

Results: Task type had a significant effect on all gait parameters, namely, step frequency, RMS, step variability, step regularity,
and step symmetry (all P values <.001). Age had a significant effect on step frequency (P=.01), and region had a significant effect
on step regularity (P=.04). The acceptability of the gait-monitoring app was positive among older adults. Participants identified
the usability of the system with an overall score of 59.7 (SD 10.7) out of 100. Older adults from Beijing scored significantly
higher SUS compared with older adults from Chongqing (P<.001). The age of older adults was significantly associated with their
SUS score (P=.048). Older adults identified improvements such as a larger font size, inclusion of reference values for gait
parameters, and inclusion of heart rate and blood pressure monitoring.

Conclusions: This mobile phone app is a health management tool for older adults to self-manage their gait quality and prevent
adverse outcomes. In the future, it will be important to take factors such as age and region into consideration while designing a
mobile phone–based gait assessment app. The feedback of the participants would help to design more elderly-friendly products.

(JMIR Mhealth Uhealth 2020;8(5):e14453)   doi:10.2196/14453

KEYWORDS

aged; gait; mHealth; telemedicine; falls prevention

Introduction

Background
With an increasing aging population, 11.9% of the Chinese
population was 65 years and older in 2018 [1]. Approximately

28% to 35% of older adults aged 65 years and older fall each
year [2]. Gait assessment is useful for older adults because they
are vulnerable to frailty or fall risk. For example, gait speed is
a well-known indicator of functional ability [3]; stride-to-stride
variability might be a predictor of a future fall [4] or frailty
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[5,6]. Moreover, gait characteristics have been found to be
associated with cognitive impairment [7]. Early detection of
the decline of gait parameters may help older adults adopt timely
interventions, such as gait training, to maintain health and
improve their quality of life.

Regarding the influence of age on gait parameters, studies seem
to reveal conflicting results. According to Menz et al [8], older
adults exhibited a more conservative gait pattern compared with
younger adults, characterized by reduced velocity, shorter step
length, reduced acceleration root mean square (RMS), and
increased step timing variability. Koss et al [9] derived multiple
gait parameters from an iPod to predict age-related gait changes
and found that younger adults had a more variable, less
predictable, and more symmetric gait pattern compared with
older adults.

Dual tasks (DTs, walking while conducting a secondary task)
are usually applied in gait studies to amplify the effects as they
require additional cognitive resources and are common for older
adults in daily life [10,11]. A demanding task (eg, fast walking
[FW] and the addition of a cognitive distraction) might enhance
the sensitivity and specificity of frailty prediction and is
recommended for frailty assessment using gait analysis [12].
Smith et al [11] found that a cognitive task was more challenging
for older adults than a motor task when they were performing
the timed up and go (TUG) test. DT gait may result in decreased
walking speed [13] and step frequency [13], increased step time
variability [10] and stride time variability [10], and double
support time variability [10].

Older adults are increasingly using smartphones and mobile
apps. Providing health-related apps for gait assessment would
help older adults improve their health outcomes and reduce the
burden of care. Several studies have tested validity and
reliability of gait analysis using a smartphone [14-17].
Nishiguchi et al [18] found that the reliability and validity of a
smartphone in measuring step variability, autocorrelation, and
acceleration RMS was comparable with an external
accelerometer. Manor et al [15] created an iPhone app for
assessment of normal and DT walking and found that the app
was valid and reliable in measuring stride timing, compared
with the gold standard—instrumented GAITRite mat (CIR
Systems, PA) [15]. In a previous study, we established reference
gait parameters (walking speed, step frequency, RMS, amplitude
variability, step variability, step regularity, and step symmetry)
of nonfrail and prefrail older adults under single tasks (STs)
and DTs [13]. The study found that prefrail older adults showed
significantly decreased speed, mediolateral RMS, vertical RMS,
anteroposterior RMS, vertical amplitude variability, and vertical
step regularity compared with nonfrail older adults [13].
However, there may be a bias about whether older adults will
accept using such technologies in their daily life. To overcome
such challenges, it is necessary to involve older adults in the
evaluation of such apps to improve design and acceptability.

Existing studies examined older adults’ acceptance of a
health-related app. A study by Liu et al [19] reveals the
possibility to predict users’ technology acceptance with
socioeconomic variables [19]. According to a survey conducted
in Hong Kong, 24.10% (995/4129) smartphone or tablet owners

had a health app. Tracking physical activity (67.0%, 667/995)
and logging health records (43.0%, 428/995) were the most
common functions of the health apps. Overall, a younger age,
higher education, and higher household income were associated
with having health apps. Engaging in moderate physical activity
(≥1 day/week, compared with physical inactivity) and having
a history of chronic diseases were also associated with having
health apps. The study showed a lower prevalence of use of
information and communication technologies (ICTs) in
respondents with lower education and income in the most
developed Chinese city. This could be seen as a confirmation
of the inverse information law, which suggests that those most
in need have less use of services, and hence, receive less benefits
from advancements in health-related ICTs [20]. Inspired by this
phenomenon, it is necessary to investigate the acceptability
among older adults from different socioeconomic positions to
contextually inform specific policies to promote the app. In this
study, we used two cities Beijing and Chongqing with different
socioeconomic levels in China as examples. Beijing is in North
China, with an average gross domestic product (GDP) of
128,994 Chinese Yuan (CNY), whereas Chongqing is in West
China, with an average GDP of 63,442 CNY [21].

Objectives
The study had two aims: (1) develop a gait-monitoring mobile
phone app (Pocket Gait) and evaluate its acceptability and
usability among potential older users, and (2) conduct gait
assessment using the app and examine the influence of age
group, task type, and region. The main contribution of this study
was that we developed low-cost mobile phone apps using an
Android smartphone (vivo Z1, Android operating system version
8.1, VIVO Technology Co, China) compared with the gold
standard—instrumented GAITRite mat. The app discussed in
this paper could assist with daily gait assessment. In addition,
the acceptability and usability results could provide design
recommendations to promote use of the app among Chinese
older adults.

Methods

Gait Assessment App Development

Key Design Considerations
Pocket Gait was designed to achieve the goal of monitoring
gait quality in daily life. As an accelerometer is commonly
embedded in smartphones, it could be used to collect gait data.
A previous study illustrated the importance of tracking and
giving feedback [22]. Older adults suggested that the data
display should enable users to understand the results better. For
example, a gait analysis report is required to explain the results
with graphs, conclusions, and medical advice [22]. The design
of the gait assessment app was based on this idea. The key
design requirements are listed as follows:

• Gait test: Users wore a smartphone on the third lumbar
spine vertebra (L3) region of the back [23], as shown in
Figure 1. When the user was walking, the smartphone would
start collecting acceleration data of the three axes.

• Viewing graph: The interface displayed the vertical
acceleration pattern to reveal the periodicity of walking. A
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researcher could also check if the data were being collected
properly.

• Viewing report: The interface displayed the critical gait
parameters of straight walking (step frequency, step
intensity [RMS], step regularity, step symmetry, and step
variability).

• Send: Users sent the gait data to researchers via email.
Meanwhile, the raw data were stored locally in the
smartphone.

System Architecture
The gait assessment app was developed on an Android
smartphone to allow gait data collection and presentation of the
results. The system architecture was set up as follows:

• The Android smartphone served as a client, detecting
motion (acceleration) when the user was walking and
sending these data to the server.

• The server was installed on a computer with Python (Python
Software Foundation) and MATLAB (Mathworks, Natick,
MA) preinstalled, receiving and processing gait data from
the smartphone.

• The smartphone received the gait assessment results and
displayed them on the screen.

• Figure 2 illustrates the system architecture of Pocket Gait.

Figure 1. The smartphone was placed in a pocket near the third lumbar spine vertebra (L3) of the lower back. The screen of the smartphone faced
outward.
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Figure 2. System architecture of the Pocket Gait app.

System Development
The gait-monitoring app was initially developed with the overall
goal to monitor gait quality, including step frequency,
acceleration RMS, step regularity, step symmetry, and step
variability. The algorithm for the gait parameters was based on
a previous study and developed using a self-designed MATLAB
program [13]. A detailed description of the algorithm can be
found in Multimedia Appendix 1.

The mobile phone app was developed using Android Studio,
as Android is also the most popular operating system among
Chinese smartphone users, with almost 80% of the share as of
July 2017 [24]. The sampling rate of acceleration measurement
for the smartphone was set at the highest mode listed in the
specifications for an Android smartphone, which is
SENSOR_DELAY_FASTEST [25]. The actual sampling rate
was around 40 Hz. The initial 5 seconds were not included in
data collection to avoid the influence of the acceleration process.
When the user pressed the Start button, the app would collect
the data from the 5th second to 35th second. In other words, the

app would collect 30 seconds of the walking data. There were
voice instructions about how to walk when the user pressed the
Start button. In addition, there were voice instructions reminding
the user to stop walking at the end of the gait assessment. The
app had three walking types: ST, cognitive DT, and FW. For
ST, the participant should walk at normal speed. For DT, the
participant should walk while serially subtracting 3 from a
3-digit number randomly given by the experimenter, stating the
answers out loud. For FW, the participant should walk as fast
as possible.

When pressing the Graph button in the navigation bar, the
interface would display the vertical acceleration pattern to reveal
the periodicity of walking.

When pressing the Report button in the navigation bar, the
collected acceleration data were automatically uploaded to a
remote server via Wi-Fi. The gait indicators step frequency,
acceleration RMS, step variability, step regularity, and step
symmetry were then calculated by the MATLAB engine on the
remote server and displayed on a smartphone screen, as shown
in Figure 3.
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Figure 3. Screenshots of the Pocket Gait app: the gait test page, the choosing walking type page, the viewing graph page, the report page, and the
explanation page.

Empirical Data Collection and User Evaluation
To evaluate the proposed prototype, we conducted user
evaluations in a corridor over a distance of about 40 meters,
collecting evaluations from participants after using the app.

Participant Recruitment
In October 2018, a total of 148 older adults were recruited from
universities and nearby communities in Beijing (n=70) and

Chongqing (n=78). The older adults were recruited through
recruitment flyers, word of mouth, and social media. The
inclusion criteria were (1) age ≥60 years, (2) living
independently in the community, and (3) being able to walk
independently without an assistive device for at least 40 meters.
Participants were excluded if they had any musculoskeletal or
neurological disease, or painful conditions, that could affect
gait. Tsinghua University gave ethical approval for the study.
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Each participant was asked to provide written informed consent
before participation. Each participant was given 80 CNY after
he or she completed the experiment.

Study Design
The experiment used a 2×3×3 mixed design. The 3 independent
variables were the region (Beijing or Chongqing), task type
(ST, DT, or FW) and age group (60–69, 70–79, or 80–89 years).
The between-subject variables were region and age group of
the participants. The within-subject variable was task type.

Procedure
First, using structured questionnaires, the researchers recorded
the participants’ background information, including age, sex,
height, weight, fall history in the past 6 months, education,
smartphone experience, and internet experience. Fall history
was determined by asking the question “Have you ever fallen
unintentionally in the past six months?” Smartphone experience
was determined by asking the question “Are you using a
smartphone?” Internet experience was determined by asking
the question “Do you use the internet?” For each participant,
the Activity-Specific Balance Confidence Scale (ABC) [26]
was used for measuring the fear of falling, the TUG test [27]
was performed for measuring mobility, and the one leg stance
(OLS) test [28] was performed for measuring balance.

Second, the participants were asked to take gait tests under the
following three task types using the app: ST, DT, and FW
conditions. The participants were initially asked to walk at a
comfortable speed. Then, the participants were asked to walk
at a comfortable speed while serially subtracting 3 from a 3-digit
number randomly given by the experimenter, stating the answers
out loud. Finally, the participants were asked to walk as fast as
possible. All the participants wore comfortable footwear. The
smartphone was placed in a waist-worn pocket, located close
to the L3 region.

Third, participants completed the acceptability and usability
survey with the researchers’ help. The survey comprised 3
sections. The first section included 10 items measured on a
5-point Likert scale, with responses ranging from strongly agree
to strongly disagree. The questionnaire used to measure
acceptance was adopted from a study by Zhou et al [29]. There
were four quantitative measures of acceptance (Multimedia
Appendix 2): perceived ease of use, perceived usefulness, ease
of learning, and intention to use. The second section included
usability testing with the System Usability Scale (SUS). The
SUS measures the usability of a product and consists of 10 items
which are evaluated on a 5-point Likert scale ranging from 1
for strongly disagree to 5 for strongly agree. The results were

distributed on a specific scale ranging from 0 for worst
imaginable to 100 for best imaginable [30].

Finally, the participants were asked the following questions
during the interviews: (1) What features of this app do you like?
(2) What features of this app do you dislike? and (3) What do
you think are the potential improvements for this app?

Statistical Analysis
All statistical analyses were performed using IBM SPSS for
Windows (version 22.0). Regarding the demographics and
functional performance of the participants, normality was
assessed using the Kolmogorov-Smirnov test. Independent t
tests were used for the measures that were distributed normally.
The Mann-Whitney U tests were used for the measures that
were not distributed normally. Pearson chi-square tests were
used to analyze the difference in categorical variables (sex, fall
history, education, smartphone owner, and internet user)
between participants from Beijing and Chongqing.

The gait parameters collected by the smartphone were analyzed
using repeated measures analysis of variance (ANOVA). The
gait data were assessed using the Mauchly test of sphericity. If
sphericity was violated, the Greenhouse-Geisser correction was
made. If the task type or the interaction effects were significant,
post hoc tests were performed using the least significant
difference (LSD). The level of significance was set at P<.05.

The user evaluation of acceptability and usability of the app
was analyzed using descriptive statistics and ANOVA. We
examined the differences in responses by participant
characteristics (age and region). The interview data about
participants’ recommendations were analyzed using content
analysis. The open-ended responses were analyzed using
magnitude coding, a process that quantifies participants’
answers, highlighting the most frequent comments.

Results

Participants’ Characteristics
The participants’ characteristics are presented in Table 1. Most
of the participants were female (108/148, 73.0%). The mean
age of the participants was 69.8 (SD 7.0) years, ranging from
60 to 87 years. We compared demographics and functional
performance of participants from Beijing and Chongqing. The
participants from Beijing had greater values for height, weight,
education, being a smartphone owner, and for being an internet
user than participants from Chongqing (P<.05). Participants
from Beijing also performed better in ABC, TUG, and OLS
(P<.001).
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Table 1. Demographics and functional performance of participants in this study (N=148).

P valueChongqing (n=78)Beijing (n=70)All (N=148)Variables

.2769.2 (6.2)70.5 (7.7)69.8 (7.0)Age (years), mean (SD)

.06Sex, n

162440Male

6246108Female

<.001156.7 (8.1)162.2 (7.4)159.4 (8.2)Height (cm), mean (SD)

.0260.5 (9.2)65.1 (15.5)62.5 (12.8)Weight (kg), mean (SD)

.85Fall history in the past 6 monthsa, n

191837Yes

5952111No

<.001Education, n

37138Primary

342054Middle school

62228High school or technical secondary school

12728College or junior college

<.001Smartphone ownerb, n

4564109Yes

33639No

<.001Internet userc, n

355489Yes

431659No

.00187.0 (10.8)92.4 (8.8)89.7 (10.2)Activity-Specific Balance Confidence scale (%), mean (SD)

<.00110.3 (2.2)8.5 (1.4)9.5 (2.1)Timed up and go (seconds), mean (SD)

<.00117.9 (10.3)25.7 (7.2)21.2 (9.8)One leg stance (seconds), mean (SD)

aFall history was determined by asking the question “Have you ever fallen unintentionally in the past six months?”
bSmartphone experience was determined by asking the question “Are you using a smartphone?”
cInternet experience was determined by asking the question “Do you use the internet?”

Gait Assessment
After checking the data collected by the smartphone, the data
of 8 participants were excluded because of abnormal collection
(missing data). Therefore, the number of participants included
for gait analysis was 140. Of the 8 excluded participants, 6 were
from Beijing, and 2 were from Chongqing; 5 were in the age
group 60 to 69 years, 1 was in the age group 70 to 79 years, and
2 were in the age group 80 to 89 years. In all, 3 of the excluded
participants were male, and 5 were female.

Step Frequency
Table 2 presents statistics for step frequency. ANOVA indicated
that age group (F2,134=0.45, P=.50) and task type

(F1.72,230.43=204.16, P<.001) had significant effects on step
frequency. The step frequency was 2.07, 2.01, and 1.95 Hz for
the age groups 60 to 69 years, 70 to 79 years, and 80 to 89 years,
respectively. The post hoc analysis showed the step frequency
of participants in the age group 60 to 69 years was significantly
higher than that of participants in the other age groups.

Step frequency was 1.85, 2.18, and 1.99 Hz for task types DT,
FW, and ST, respectively. The post hoc analysis showed that
step frequencies in DT, FW, and ST were significantly different
from each other (P values<.001). The lowest step frequency
was observed in DT, whereas the highest step frequency was
observed in ST.
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Table 2. Statistics for step frequency.

Analysis of varianceDescriptive analysis, mean (95% CI)Variables

P valueF (df)

.500.45 (1)Region

2.00 (1.95-2.04)Beijing (n=64)

2.02 (1.97-2.07)Chongqing (n=76)

.01a4.61 (2)Age group (years)

2.07 (2.03-2.10)60-69 (n=79)

2.01 (1.96-2.05)70-79 (n=43)

1.95 (1.88-2.03)80-89 (n=18)

<.001a204.16 (1.72)Task type

1.85 (1.81-1.89)Dual task

2.18 (2.15-2.22)Fast walking

1.99 (1.96-2.02)Single task

aSignificant at .05 level.

Acceleration Root Mean Square
Table 3 presents statistics for RMS. Task type
(F1.78,237.84=302.94, P<.001) and region×task type
(F1.78,237.84=6.15, P=.004) were demonstrated to have significant
effects on RMS.

For participants from Beijing, RMS in DT, FW, and ST was

1.97, 3.14, and 2.26 m/s2, respectively. The post hoc analysis

showed that RMS in DT, FW, and ST were significantly
different from each other (P values <.001). RMS was highest
in FW and lowest in DT.

For participants from Chongqing, RMS in DT, FW, and ST was

2.05, 3.06, and 2.36 m/s2, respectively. The post hoc analysis
showed RMS in DT, FW, and ST were significantly different
from each other (P values <.001). RMS was highest in FW and
lowest in DT.
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Table 3. Statistics for root mean square.

Analysis of varianceDescriptive analysis, mean (95% CI)Variables

P valueF (df)

.750.11 (1)Region

2.46 (2.31-2.60)Beijing

2.49 (2.33-2.65)Chongqing

.132.10 (2)Age group (years)

2.53 (2.41-2.64)60-69

2.60 (2.44-2.76)70-79

2.29 (2.04-2.55)80-89

<.001a302.94 (1.78)Task type

1.97 (1.85-2.09)DTb

3.14 (3.01-3.27)FWc

2.31 (2.20-2.42)STd

.004a6.15 (1.78)Region×task type

1.89 (1.73-2.05)DT (Beijing)

3.22 (3.05-3.40)FW (Beijing)

2.26 (2.11-2.41)ST (Beijing)

2.05 (1.87-2.23)DT (Chongqing)

3.06 (2.87-3.26)FW (Chongqing)

2.36 (2.20-2.52)ST (Chongqing)

aSignificant at .05 level.
bDT: dual task.
cFW: fast walking.
dST: single task.

Step Variability
Table 4 presents statistics for step variability. Task type
(F1.59,212.89=16.77, P<.001) and age×task type (F3.18,212.89=3.57,
P=.01) were demonstrated to have significant effects on RMS.

For participants in the age group 60 to 69 years, step variability
in DT, FW, and ST was 0.093, 0.13, and 0.093, respectively.
Step variability in DT was significantly lower than that in FW
(P<.001). Step time variability in FW was significantly higher
than that in ST (P<.001).

For participants in the age group 70 to 79 years, step variability
in DT, FW, and ST was 0.105, 0.121, and 0.092, respectively.
Step variability in FW was significantly higher than that in ST
(P<.001).

For participants in the age group 80 to 89 years, step variability
in DT, FW, and ST was 0.098, 0.091, and 0.077, respectively.
Step variability in DT was significantly higher than that in ST
(P=.003).
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Table 4. Statistics for step variability.

Analysis of varianceDescriptive analysis, mean (95% CI)Variables

P valueF (df)

.053.83 (1)Region

0.091 (0.080-0.10)Beijing

0.11 (0.095-0.12)Chongqing

.301.20 (2)Age group (years)

0.10 (0.095-0.11)60-69

0.11 (0.094-0.12)70-79

0.089 (0.069-0.11)80-89

<.001a16.77 (1.59)Task type

0.099 (0.090-0.11)DTb

0.11 (0.10-0.12)FWc

0.087 (0.079-0.09)6STd

.01a3.57 (3.18)Age group×task type

0.093 (0.083-0.10)60-69 (DT)

0.11 (0.091-0.12)70-79 (DT)

0.098 (0.077-0.12)80-89 (DT)

0.13 (0.11-0.14)60-69 (FW)

0.12 (0.11-0.14)70-79 (FW)

0.091 (0.065-0.12)80-89 (FW)

0.093 (0.084-0.10)60-69 (ST)

0.092 (0.079-0.11)70-79 (ST)

0.077 (0.056-0.097)80-89 (ST)

aSignificant at .05 level.
bDT: dual task.
cFW: fast walking.
dST: single task.

Step Regularity
Table 5 presents statistics for step regularity. Region
(F1,134=4.51, P=.04), task type (F1.45,194.66=57.30, P<.001), and
age group×task type (F2.91,194.66=7.02, P<.001) had significant
effects on step regularity. Step regularity for participants from
Beijing and Chongqing was 0.75 and 0.79, respectively.
Participants from Beijing had significantly lower step regularity
than participants from Chongqing (P=.04).

For participants in the age group 60 to 69 years, step regularity
in DT, FW, and ST was 0.76, 0.79, and 0.81, respectively. The

post hoc analysis showed that step regularity values in DT, FW,
and ST were significantly different from each other (P values
<.05). Step regularity was highest in ST and lowest in DT.

For participants in the age group 70 to 79 years, step regularity
in DT, FW, and ST was 0.71, 0.80, and 0.80, respectively. Step
regularity in DT was significantly lower than that in FW
(P<.001) and in ST (P<.001).

For participants in the age group 80 to 89 years, step regularity
in DT, FW, and ST was 0.67, 0.83, and 0.79, respectively. Step
regularity values in DT, FW, and ST were significantly different
from each other (P values <.05).
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Table 5. Statistics for step regularity.

Analysis of varianceDescriptive analysis, mean (95% CI)Variables

P valueF (df)

.04a4.51 (1)Region

0.75 (0.73-0.78)Beijing

0.79 (0.77-0.82)Chongqing

.500.69 (2)Age group (years)

0.79 (0.77-0.81)60-69

0.77 (0.74-0.80)70-79

0.76 (0.72-0.81)80-89

<.001a57.30 (1.45)Task type

0.72 (0.69-0.74)DTb

0.81 (0.79-0.83)FWc

0.80 (0.78-0.82)STd

<.001a7.02 (2.91)Age group×task type

0.76 (0.73-0.79)60-69 (DT)

0.71 (0.68-0.75)70-79 (DT)

0.67 (0.61-0.73)80-89 (DT)

0.79 (0.77-0.82)60-69 (FW)

0.80 (0.77-0.83)70-79 (FW)

0.83 (0.78-0.88)80-89 (FW)

0.81 (0.78-0.83)60-69 (ST)

0.80 (0.77-0.83)70-79 (ST)

0.79 (0.74-0.84)80-89 (ST)

aSignificant at .05 level.
bDT: dual task.
cFW: fast walking.
dST: single task.

Step Symmetry
Table 6 presents the statistics for step symmetry. Task type
(F1.60,214.51=13.52, P<.001) had significant effects on step

symmetry. Step symmetry in DT, FW, and ST was 0.89, 0.93,
and 0.93, respectively. Step symmetry in DT was significantly
lower than that in FW (P<.001) and in ST (P<.001).
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Table 6. Statistics for step symmetry.

Analysis of varianceDescriptive analysis, mean (95% CI)Variables

P valueF (df)

.152.09 (1)Region

0.91 (0.88-0.93)Beijing

0.93 (0.91-0.96)Chongqing

.510.67 (2)Age group (years)

0.92 (0.90-0.94)60-69

0.91 (0.88-0.93)70-79

0.93 (0.89-0.97)80-89

<.001a13.52 (1.60)Task type

0.89 (0.87-0.92)Dual task

0.93 (0.91-0.95)Fast walking

0.93 (0.91-0.95)Single task

aSignificant at .05 level.

Acceptability
Overall, the acceptability feedback from users was positive for
the four quantitative measures of acceptance (Table 7),

indicating that participants acknowledged the perceived ease
of use, perceived usefulness, ease of learning, and intention to
use.

Table 7. Descriptive statistics for the acceptability of the app.

Intention to use, mean (SD)Ease of learning, mean (SD)Perceived usefulness, mean (SD)Perceived ease of use, mean (SD)Function

3.5 (0.8)3.7 (0.6)3.9 (0.4)3.7 (0.6)Gait test

3.6 (0.7)3.6 (0.7)3.8 (0.5)3.6 (0.8)Viewing graph

3.5 (0.8)3.6 (0.7)3.8 (0.5)3.5 (0.7)Viewing report

Usability
The data of 2 participants were excluded because of missing
data. Therefore, the number of participants included for usability
analysis was 146. Participants identified the usability of the
system with an overall SUS score of 59.7 (SD 10.7) out of 100.
In terms of sex, there was no noticeable difference for the
perception of usability. Male participants evaluated the usability
of the system with a score of 62.1 (SD 11.6), whereas female
participants evaluated the usability with a score of 58.8 (SD
10.3).

Regarding region, there was a significant difference in the SUS
score between participants in Beijing and Chongqing (t144=4.17,
P<.001), indicating that participants in Beijing (mean 63.4, SD
9.8) had a higher level of satisfaction with the gait assessment
app compared with participants in Chongqing (mean 56.3, SD
10.5). A possible reason for this difference is that participants
in Beijing have higher education than participants in Chongqing.

Moreover, there was a significant difference in the SUS score
between age groups (F2,145=3.09, P=.048). The LSD post hoc
revealed that participants between 60 and 69 years of age had
a higher level of satisfaction (mean 61.4, SD 10.1) than
participants over 80 years of age (mean 55.3, SD 11.7; P=.02).

Attitude Toward Key Features of the App

Question 1: What Features of This App Do You Like?
During the interviews, participants reported the app features
they liked. Of the 140 participants, 48 (34.3%) thought that the
app could help them familiarize themselves with their health
conditions, and older adults could benefit from the app both
physically and mentally:

You can know the condition of how you walk in your
daily life and see the results at a glance. You can plan
how to walk in your own life and walking would
become a daily fun.

It is good to see the speed and balance during
walking. If the result is good, the mood is good.

It is good for health, helping the elderly to train their
brain.

In all, 21 of 140 (15.0%) participants considered the app to be
convenient to use:

I think the application is convenient.

It is easy to use the application. I will know about the
situation at a glance.

It is flexible. You can use it anytime and anywhere as
long as you have a mobile phone.
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Of the 140 participants, 6 (4.3%) thought that the app gave
objective indicators that could not be observed by eye:

I like the authenticity of the app. Slow is slow.

The app reflects the physical condition objectively.

Of the 140 participants, 5 (3.5%) expressed the intention to use
the app as an incentive for walking or exercise:

Walking is good. I like walking.

It urges me to take exercise.

The application reflected the whole process of
walking, which could help you exercise in a way that
suits you.

The application could offer scientific quantitative
analysis, which is good for walking.

Question 2: What Features of This App Do You Dislike?
Next, participants also reported the app features that they
disliked, expressing difficulties of using the app. Of 140
participants, 37 (26.4%) said that there was nothing they did
not like about the app. Of 140 participants, 25 (17.9%)
complained about the small font size on the display, as one of
them mentioned:

The font size of the application is too small to see
clearly.

Of 140 participants, 14 (10.0%) older adults thought that using
the app was too complicated for them to learn and mentioned
that “The system is a little bit too complicated,” but 3 of them
showed that they could learn to use the app with the help of
others (eg, a teacher or daughter).

In all, 5.7% (8/140) participants complained about the graph,
as one of them pointed out:

I don’t understand this graph. It is better to explain
which range is right/good and which range is
wrong/bad. It is better to have a normal range.

Of 140 participants, 5 (3.6%) thought that the gait indicators in
the report were difficult to understand. Some participants
thought that the result should be saved and recalled:

It’s very difficult to learn. I remembered it at that time
and then I would forget it. I walk if I have to, and I
don’t have to look at it. I use mobile phone for the
elderly, so I do not know about this.

In all, 3.5% (5/140) participants thought that the functions of
the app should be supplemented. One participant mentioned:

It would be better to include blood pressure and heart
rate. When exercising, elderly people are required to
reach a state of slight sweating. The app could be a
reminder of excessive exercise and be used to detect
the warning signs of sudden death during sports.

Another participant said:

The function is relatively simple if it simply measures
walking. Walking may be good, but the balance system
may not be good. It is better to give some guidelines
on how to improve the balance system.

Of 140 participants, 3 (2.1%) regarded the device restrictions
as disadvantages:

The application has equipment restrictions. It will be better if
it could be used in a mobile phone for the elderly.

Overall, 2 of 140 (1.4%) participants thought it was unnecessary
to use the app by giving the following reasons:

I rarely go out.

There is no big change in the pace when walking on
the ground. If it is serious, the doctor can diagnose
it. If it is not serious, the app will not reflect.

One participant complained that the pocket was too large, while
another participant said the following:

The size of the smartphone was too large. It would
be better to be as small as a smart bracelet.

These responses from the participants explained the usability
problems and reflected future directions for improvement.

Question 3: What Are the Potential Improvements for
This App?
Finally, participants identified various potential improvements
for the app. Of 140 participants, 35 (25.0%) suggested that the
font size of the app should be larger, and 37 (26.4%) suggested
that the functions of the app should be supplemented. Among
them, 11 participants suggested that the app should provide
more information on the purpose of gait test:

What is the purpose of each test? Does it inform what
problem the body has? What does the value of each
gait parameter inform? How to improve if the value
is higher or lower?

In all, 13 of 140 (9.3%) participants suggested that the app
should provide reference values for gait parameters so that the
user knows which position they are in:

Adding the reference range of gait parameters. Tell
users which range is preferred.

The results must be accurate. Not only must there be
results, but there must also be explanations for the
reasons of the results, and some medical help.

Regarding the graph, of 140 participants, 1 (0.7%) indicated:

It would be better for the chart to display a curve and
for long-term users to be able to provide the data to
the doctor to assess the condition, which would allow
to doctor to make informed judgements.

Overall, 2 of 140 (1.4%) participants suggested using distinct
colors:

It is better to use differentiated colors. It is clearer
at a glance.

Some participants suggested that the app should include other
body indicators during walking, such as heart rate (11
participants), blood pressure (5), step count (4), vital capacity
(1), and distance (1). Some suggested that the app could add
other functions, such as the option for background music (2),
road condition prompts (2), other exercise activities (1), bone
density test (1), and viewing the results of friends (1).
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Of 140 participants, 11 (7.9%) thought that the functions of the
app should be simplified:

I hope there is a summary of the result and the app
informs me whether the result is good or bad. There
could be fewer gait indicators.

In all, 4 of 140 (2.9%) participants preferred other wearing
positions than the lower back:

I hope the smart phone could be placed on any part of the body,
such as on the chest. Placing the smartphone in the pocket of
the suit is more convenient than on the back.

Of 140 participants, 2 (1.4%) suggested changing the
environment when conducting the test:

The test could be conducted in an open environment.
It is not as enjoyable to walk in a closed environment
as it is outdoors.

One (1/140, 0.7%) participant hoped that the app could be used
in a mobile phone for the elderly.

Discussion

Principal Findings
We developed a gait-monitoring mobile phone app (Pocket
Gait) and assessed the acceptability of the app with older adults.

We examined the influence of age group, task type, and region
on gait parameters. Gait assessment results revealed that task
type had a significant effect on all gait parameters, namely, step
frequency, RMS, step variability, step regularity, and step
symmetry (all P values <.001). Age had a significant effect on
step frequency (P=.01), and region had a significant effect on
step regularity (P=.04). The step frequency of participants in
the age group 60 to 69 years was significantly higher than that
of participants in the other age groups. Participants from Beijing
had significantly lower step regularity than participants from
Chongqing.

We performed acceptability and usability testing among
participants. The acceptability of the gait-monitoring app was
positive among older adults for the four quantitative measures
of acceptance, namely, the perceived ease of use, perceived
usefulness, ease of learning, and intention to use. The usability
score was 59.7 out of 100. Further interviews indicated some
usability problems. Suggestions to improve the usability of the
app are presented in Textbox 1. Basic improvements suggested
are that the font size should be larger, and more detailed
instructions should be provided. To reduce difficulties of using
the app, users should be provided with instructions and training,
and informed about the meaning of gait parameters and the use
of each test when promoting the mobile phone app.

Textbox 1. Suggestions for improvement.

Gait test

1. The app should inform users about the purpose of each gait test.

2. Inclusion of heart rate and blood pressure monitoring in the app.

3. Use higher volume for the voice instructions.

4. The gait test could be conducted in an open environment.

5. It is more comfortable to walk if background music is added.

6. The smartphone could be placed on any part of the body, such as on the chest.

7. Tell the user what range of the gait parameters is acceptable.

8. Change test to activity (or other words) to relax the users.

Viewing graph

9. For the long term, users can provide the data to a doctor to assess the condition.

10. Save the chart and recall it at any time.

Viewing report

11. Use larger font size.

12. Add the reference range for gait parameters and tell users which range is preferred.

13. Present results, as well as explanation for the results, and some medical advice.

14. Tell the user how to improve if the value is higher or lower than the reference value.

Comparison With Previous Work
Other studies in health-related ICT also applied acceptability
and usability testing among older adults. Portz et al [31]
developed a mobile phone app for tracking symptoms of heart
failure among older adults and tested its acceptability. The study
found that older age was associated with a need for assistance
to use the app. Vaziri et al’s study [32,33] also found that age

was an important factor for the system usability evaluation of
an ICT-based fall prevention system iStoppFalls. Younger
participants assessed the usability of the system better than older
participants [33]. Our study showed that age and region are
important factors for the usability assessment of the gait
assessment app. Participants that were younger and from Beijing
assessed the usability of the app better. During the experiment,
we found that there were some difficulties for the older adults
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aged over 80 years, for example, eye disease prevented them
from reading the words on the screen. In addition, 39/148
(26.4%) of the older adults in this study did not have a
smartphone, so that they had no idea about the app. Therefore,
it will be important to take factors such as age and region into
consideration when promoting the mobile phone-based gait
assessment app. Older users or users with low socioeconomic
status may be disadvantaged in using the app. More instructions
and social support from the caregivers or family members are
needed to promote using the app among such users.

Limitations and Future Studies
The study has some limitations. First, the study only included
community-dwelling older adults from Beijing and Chongqing.
Older adults from other regions were not investigated in this
study. Second, the gait assessment was conducted in a corridor,
which was different from their daily environment. Third, the
researchers were helping the participants complete the usability
and acceptability testing. If the participant could not read, the
researcher would read aloud each item of acceptability and
usability. It is worth noting that Chinese older adults tend to
give moderate responses during the user evaluation, that is, they

seldom responded strongly disagree or strongly agree. This
could partly explain why the SUS score is marginal.

The gait assessment app could be generalized to other
populations. For example, it could be an incentive for exercise
for sedentary young people. The app could also be used to
monitor long-term changes in patients undergoing rehabilitation
(eg, stroke and Parkinson disease). As this study evaluated the
gait assessment app from the perspective of community-dwelling
older adults, future studies could evaluate the app from the
perspective of patients or care givers. Finally, the app could be
extended to other mobile platforms (eg, iPhone Operating
System).

Conclusions
Smartphones may serve as useful tools to support the gait
assessment of older adults and facilitate aging in place, which
is defined as “remaining living in the community, with some
level of independence, rather than in residential care” [34]. Our
study discussed the development and acceptability of a
gait-monitoring mobile phone app (Pocket Gait) among Chinese
older adults. The study findings established reference values
for gait parameters and provided design recommendations for
further improvements of the app.
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Abstract

Background: Individuals with venous leg ulcers (VLUs) suffer disproportionately with multiple chronic conditions, are often
physically deconditioned, and demonstrate high levels of physical inactivity.

Objective: The primary objective of this randomized controlled trial was to establish the feasibility of a mobile health (mHealth)
physical activity exercise app for individuals with VLUs to improve lower leg function.

Methods: In a 6-week study, adults with VLUs were recruited from 2 wound centers in South Carolina, United States, and
enrolled if they were aged 18 years or older with impaired functional mobility and an ankle-brachial index between 0.8 and 1.3.
Participants were randomized 1:1 to receive evidence-based, phased, nonexertive physical conditioning activities for lower leg
function (FOOTFIT) or FOOTFIT+ with an added patient-provider communication feature. The mHealth Conditioning Activities
for Lower Leg Function app also provided automated educational and motivational messages and user reports. Foot movement
on the VLU-affected leg was tracked by a Bluetooth-enabled triaxial accelerometer. The study was guided by the Reach,
Effectiveness, Adoption, Implementation, and Maintenance framework to assess the feasibility of reach, adherence, acceptability,
implementation, and maintenance.

Results: A total of 24 patients were recruited, enrolled, and randomized in the study. Most patients reported difficulty following
the protocol for exercising and using the accelerometer and mobile phone and did not use the provider contact feature. However,
all patients were adherent to the 6-week exercise program more than 85% of the time for duration, whereas 33% (8/24) of patients
adhered more than 85% for the frequency of performing the exercises. Across the three exercise levels, adherence did not differ
between the two groups. Confidence limits around the difference in proportions ranged from −0.4 to 0.7. Providers in FOOTFIT+
were inconsistent in checking participant progress reports because of lack of time from competing work commitments. The
technology became outdated quickly, making maintenance problematic. Participants said they would continue to exercise their
foot and legs and liked being able to follow along with the demonstrations of each level of exercise provided through the app.

Conclusions: The findings of this study suggest that despite initial interest in using the app, several components of the program
as originally designed had limited acceptability and feasibility. Future refinements should include the use of more modern
technology including smaller wearable accelerometers, mobile phones or tablets with larger screens, an app designed with larger
graphics, automated reporting for providers, and more engaging user features.

Trial Registration: ClinicalTrials.gov NTC02632695; https://clinicaltrials.gov/ct2/show/NCT02632695

(JMIR Mhealth Uhealth 2020;8(5):e15015)   doi:10.2196/15015
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Introduction

Background
Individuals with venous leg ulcers (VLUs) suffer
disproportionately with multiple chronic conditions and
demonstrate high levels of inactivity [1,2]. Many patients are
physically deconditioned and minimally ambulatory, able to
only take a few steps at a time, are slow walkers, and have poor
standing balance [3]. Obesity, older age, and leg pain are
common characteristics that negatively impact functional
abilities [4]. Reduced range of motion of the ankle and decreased
calf muscle contractility with increased muscle deoxygenation
are known physical impairments that also contribute to the
worsening condition of the lower legs and substantially further
restrict mobility [5]. These processes also contribute to poor
wound healing outcomes.

Although numerous study findings suggest physical activity is
important for improving outcomes in patients with ulcers, there
are inconsistent findings about which types of programs are
feasible for functionally impaired individuals with multiple
chronic conditions. For those with leg wounds from venous or
arterial diseases, enhanced healing and physical and functional
abilities are key outcomes of physical activity programs.
Evidence from a systematic review of six resistance exercise
programs combined with compression therapy, the mainstay of
treatment, failed to demonstrate improvements in the proportion
of ulcers healed, quality of life, ankle range of motion, and calf
muscle pump function [6]. The authors of the review reported
the quality of evidence was low because of bias and imprecision
of study methodology. Other problems with study methodology
include patient and wound complexity, confounders such as
comorbid conditions, the need for large samples sizes to show
clinically relevant benefits, and the necessary long duration of
the trials for wounds to heal, leading to high costs for
high-quality trials [7]. However, data from studies of different
types of physical activity such as supervised and
self-management programs that include aerobic, resistance, and
flexibility exercises specific for individuals with VLUs
demonstrated high levels of feasibility, safety, and retention of
participants [8,9]. Positive outcomes from these studies were
noted in physical functions, including walking, sitting to
standing, ankle range of movement, wound healing, pain, and
lower ulcer recurrence rates. In a study in patients with VLUs,
dorsiflexion exercises in which the calf muscle was pumped
showed physiological improvements in skin perfusion, including
oxygen content and blood flow [10]. Although limited research
is available, the mechanisms by which exercises positively
influence functional and healing outcomes are posited to be
enhanced microvascular circulation through enhanced pumping
function of the calf [10].

We previously conducted two small pilot studies of physical
activity that informed the development of our study’s
intervention methods. The first was a Web-based physical
activity intervention developed by our team of physical

therapists and exercise specialists that included resistance bands,
nonexertive foot movements, and a foot peddler (similar to
peddling a bicycle), delivered by a coach (nursing student with
degree in exercise science) through online face-to-face internet
sessions [11]. A total of 5 participants with venous disease and
a history of VLUs participated in determining the feasibility of
engaging in three daily doses of nonexertive conditioning
physical activities for lower leg function (CALF) for 1 week.
We observed a very high level of patient satisfaction with
working with the coach and using the equipment to engage in
a variety of lower leg exercises while at home. We found the
study procedures, including engagement using the Skype
(Microsoft Corporation) interface, were feasible. Enhancements
were made to CALF, one of which was the addition of a
behavioral, motivational interviewing (MI) component, in our
second 6-week study of 21 minimally ambulatory patients
randomized to the CALF intervention or an exercise handout
[12]. Certified wound care nurses were trained on MI
communication techniques to interact with patients about
engaging in exercises who were receiving wound care in a
specialty clinic. We included only the nonexertive foot
movements (did not use the peddler or resistance bands in this
version of CALF) because of patients having ulcers and their
lower legs being wrapped with multilayer compression that
restricted ankle movement. The CALF intervention was found
to be feasible and acceptable by both patients and the nurses
who delivered it. However, having a coach and using providers
who require special training are costly and not always available
outside the clinic setting, as not all patients receive care in
specialized wound clinics. Furthermore, many patients do not
have access to physical therapy specialists or readily available
transportation to attend exercise programs in the community,
and because of having wounds and or functional impairments,
many patients find it difficult to engage in physical activity.

Objective
To address these barriers, technology-enhanced mobile health
(mHealth) physical activity interventions are potential solutions
to mitigate these barriers, as they have evolved for individuals
with chronic conditions such as chronic obstructive pulmonary
disease and provide availability for those with limited access
to exercise programs [13,14]. In particular, accelerometer-based
physical activity programs that provide feedback on steps taken,
calories burned, and other physiologic data such as heart rate
have become commonplace. Studies suggest that patients with
chronic conditions want to participate in physical activity and
would consider using an mHealth app if initiated through a
clinic or medical office visit [15]. However, few studies integrate
accelerometers with apps that routinely engage chronically ill
patients and providers in a communication loop about progress
toward goals and that are designed to promote adherence to
physical activity [16,17].

To address this need, our team developed and tested a foot-based
Bluetooth-enabled acceleration tracking (BEAT) device and
mobile phone application system and demonstrated its reliability
and validity in laboratory experiments using a standard
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rotary-shaker test with 4 accelerometers (coefficient of variation
was found to be 0.7%) and tested its feasibility in minimally
ambulatory patients with venous disease and deconditioned legs
[18]. The BEAT device detected even very minimal toe
movements, which were captured by an app developed for
mobile phones that received information from the accelerometer.
The primary aim of this small randomized controlled trial study
was to explore the feasibility of an exercise program comprised
of an accelerometer-app combination, initiated during wound
clinic visits, and performed by patients with VLUs in their
homes.

Methods

Overview
This 6-week randomized clinical trial was designed to test the
feasibility of a real-time, nonexertive, lower leg physical activity
mHealth program, FOOTFIT, that combined BEAT and CALF.
FOOTFIT was compared with FOOTFIT+ comprising BEAT,
CALF, and connectivity to a wound clinician via text messaging,
phone, or email. Although the primary goal was to establish
feasibility, the intervention also targeted the function of the
lower legs of individuals with VLUs. The trial complied with
the Consolidated Standards of Research Trials (CONSORT) of
Electronic and Mobile Health Applications and Online
Telehealth guidelines [19], was approved by the Medical
University of South Carolina institutional review board
(#00043451), and was registered with ClinicalTrials.gov
(NCT02632695) on December 17, 2015. Written informed
consent was required to participate and obtained before
enrollment in the study in which two visits occurred, one at
baseline and one at 6 weeks. Participants received US $75 as
compensation for participating in the study.

Recruitment
Participants were recruited through direct referral from two
participating wound clinics in the Southeastern region of the
United States. Inclusion criteria were being aged 18 years and
older, having a VLU, ankle-brachial index of 0.8 to 1.3 to rule
out arterial insufficiency, receiving at least weekly wound care
anticipated to last for at least 6 weeks from start of the study,
being able to don the slipper onto which BEAT was affixed or
having assistance from other, and being capable of using a
mobile phone (individual observed using his or her phone after
enrollment at baseline). Individuals were excluded if they had
a comorbid condition such as stroke or severe arthritis that
limited ankle function; an ulcer from other causes such as
arterial, surgical, or traumatic; cognitive impairment determined
by less than 3 recalled words and abnormal clock drawing on
the MiniCog test [20] administered at baseline; or no 3G service
available where the participant resided. Recruitment goals were
established based on state population statistics according to US
Census Bureau 2010 data: 3.86% (174,680/4,525,264) ethnic
minorities, 28.52% (1,290,684/4,525,364) black, and 67.62%
(3,060,000/4,525,364) % white.

Sample Size and Randomization
The main outcome of this study was feasibility, and the sample
size was determined based on pragmatic reasons. The aim was

to recruit 24 participants who were randomized to FOOTFIT
or FOOTFIT+ in a 1:1 ratio after baseline data collection. A
computer-generated random number schema was developed by
the statistician who had no contact with the participants. Group
allocation was concealed in a database and revealed to the data
collector after baseline data were collected and entered to
minimize selection and measurement bias. Participants were
then informed of allocation to either FOOTFIT or FOOTFIT+.

FOOTFIT and FOOTFIT+ Interventions
The CALF program for this study consisted of 3 levels of
phased, nonexertive movements for the lower legs, beginning
with the most minimal level 1 intensity with foot on the floor
progressing to level 2 intensity with heal on the floor and
forefoot elevated, to maximal level 3 intensity with foot off the
floor. Participants were instructed to perform each level for 2
weeks, 3 times per day for a minimum of 15 seconds each per
activity, advancing in frequency and intensity. The BEAT was
worn on the foot, affixed to a special slipper, during CALF to
capture frequency and intensity of movements. The app on the
mobile phone reminded individuals to perform the exercises at
preset times each day, per patient preference, and sent patients
supportive feedback after each daily session. There were also
12 short video clips of how to perform each movement and 16
short audio-recorded, evidenced-based information sessions
about managing venous disease, the latest development in ulcer
treatment, and other topics of interest expressed by individuals
in our previous studies such as why compression is needed,
what medications help healing, and how best to elevate the legs
to reduce edema.

FOOTFIT+ was enhanced with an added phone, email, or text
messaging connectivity feature to the wound care providers.
The providers were instructed by the study principal investigator
on theory-based patient-provider talk communication [21]. The
providers were to make weekly contact with the participant via
phone, email, or text, per participant preference, and provide a
brief report of progress toward goals. If the prescribed activity
was not being performed for 2 consecutive days by the
participant, the providers were notified via text and reminded
to contact the patient to verify the accelerometer was functioning
and discuss any problems. The providers were informed that
participants could contact them during normal business hours
using any mode (phone, email, text, or voicemail), but the
communication was to be related to the physical activity
program only, such as pain during CALF and progress toward
meeting goals. The quantity and quality of the interactions and
whether the modes of communication were sustainable in actual
practice were assessed. Participants in this group were also made
aware that the providers would receive weekly reports about
their progress.

Measures and Outcomes
Data were collected preintervention at the baseline visit and at
postintervention during the last visit week. Demographic
information included health history, comorbid conditions, ulcer
history, medications, age, sex, race/ethnicity, and rural/urban
residence. Intervention feasibility assessment was guided by
the RE-AIM framework for reach, effectiveness, adoption,
adherence, acceptability, implementation, and maintenance
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[22,23]. Reach was measured by continuous progress monitoring
of sample representativeness, how patients learned about the
study, types of recruitment activities and rates, meeting of
recruitment goals (1 of 5 patients approached, and eligible would
be consented), and number of eligible patients approached,
consented, and oriented to the study. These data were captured
on tracking forms, and quality checks were performed weekly
and discussed at weekly team meetings. Data captured by the
accelerometer BEAT was reported as the percentage of
participants adherent to exercise duration defined as performing
foot exercises at or above the recommended duration of 15
seconds or greater for each exercise (3 exercises per session, 3
times per day) or not always adherent (moved foot <15 seconds
per exercise per session). Adherence to frequency was reported
as the percentage of days the participants completed each CALF
intensity level (3 levels performed 3 times per day, ie, 9 levels,
each performed over 2 weeks); 9 levels performed 85% of the
days or greater throughout the study period was considered
adherent to frequency. Participants were instructed to perform
the exercises 3 times daily, increase the duration of time each
subsequent day, and review additional information on the app
as needed. The number and reasons for dropouts were also
recorded. Adoption focused on patient-provider communication
and was measured by review of 10% of calls/emails/texts
between participant and provider via content analysis of
communication interactions (ie, information sought, reassurance
given, and call was of a social nature). We also assessed whether
the provider was checking progress reports and graphs and how
the participant rated communication; this information was
recorded on tracking forms and assessed at weekly team
meetings. The goal for the provider was to use the talk model
90% of the time, and that 90% of participants would report high
satisfaction. Acceptability was defined as an endorsement and
measured by the number and types of problems encountered,
such as difficulty using accelerometer and app, and satisfaction
with the communication system. Implementation procedures
included participant and wound care provider recommendations
used to refine CALF or BEAT and the number and types of
refinements made. Maintenance was defined as the number of
patients who would continue the intervention, and the provider
perception of impact and potential for future apps. Safety was
evaluated by recording any adverse effects or safety issues such
as cramping or new leg pain that occurred during the study
period. Treatment fidelity was monitored weekly and assessed
retrospectively from data obtained from BEAT in terms of the

number of daily exercises completed per participant over the
length of the study.

Statistical Analysis
The study sample was characterized using descriptive statistics.
Primary continuous feasibility outcome measures were
adherence and acceptability and patient-physician interactions.
Additional quantitative measures of feasibility included
recruitment and dropout proportions and patient-provider
communication measures (ie, clarity of reports, endorsement,
potential for adoption, usability of BEAT, and mobile phone).
For the continuous measures such as total number completed
daily CALF exercises per level, means and medians were
obtained. Owing to the small sample size, normally distributed
data were not assumed. No hypothesis testing was carried out,
and therefore, no P values are provided in concordance with
recommendations in the CONSORT 2010 statement for
randomized, pilot and feasibility trials [24]. Similarly, no effect
sizes (eg, Cohen d) were provided because of large imprecision
with small sample sizes [25]. Instead, 95% CIs for differences
in medians between groups were obtained using quantile
regression, whereas differences in proportions of categorical
feasibility outcomes with their corresponding 95% CIs were
obtained using Newcombe risk difference method, to describe
estimates of the magnitude of the clinical effects. The
technology (problems and acceptability) was evaluated through
the documentation on tracking forms and iterative processes
using participant interviews. All data were entered on a
password-protected Web-based data management system
Research Electronic Data Capture and analyzed using SAS
software version 9.4 (2016; SAS Institute Inc, Cary, North
Carolina).

Results

Demographic Data
Age, sex, comorbid conditions, medications, and residence
(rural/urban) and other population characteristics are shown in
Table 1.

The sample was predominantly white, female, and obese with
an average ulcer age of greater than 4 months duration and
ulcers occurred most frequently on the lateral and medial aspects
of the lower extremities. Several differences were noted in age,
employment, education, and marital status, but because of the
small sample size, these differences were not assessed for
significance or their relationship with feasibility outcomes.
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Table 1. Demographic and clinical characteristics by FOOTFIT and FOOTFIT+ groups at baseline (N=24).

FOOTFIT+ (n=12)FOOTFIT (n=12)Characteristic

69.1 (11.5)60.7 (13.7)Age (years), mean (SD)

Sex, n (%)

6 (50)8 (67)Females

Race, n (%)

6 (50)4 (33)Black/African American

6 (50)8 (67)White

Ethnicity, n (%)

12 (100)12 (100)Non-Hispanic/Latino

Marital status, n (%)

3 (25)2 (17)Never married

3 (25)7 (58)Married

2 (17)0Separated

1 (8)2 (17)Divorced

3 (25)1 (8)Widowed

Educational level, n (%)

1 (8)0Eighth grade or less

1 (8)2 (17)Some high school

3 (26)2 (17)High school graduate

2 (17)5 (41)Some college

5 (41)2 (17)College graduate

01 (8)Post graduate and/or higher level degree

Employment, n (%)

2 (17)1 (8)Employed fulltime

1 (8)5 (42)Not employed

9 (75)6 (50)Retired

Job classification, n (%)

5 (42)4 (33)Professional

2 (16)1 (8)Technical

5 (42)7 (59)Manual

Residence, n (%)

9 (75)5 (42)Urban

3 (25)7 (58)Rural

235.0 (58.9)292.5 (104.0)Weight (lb), mean (SD)

35.5 (8.8)45.2 (14.5)BMI (kg/m2), mean (SD)

VLUa location, n (%)

1 (8)1 (8)Proximal

4 (33)4 (33)Distal

3 (25)6 (50)Medial

8 (67)9 (75)Lateral

2 (17)4 (33)Anterior

2 (17)0Posterior
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FOOTFIT+ (n=12)FOOTFIT (n=12)Characteristic

5 (58)10 (83)Recurrent VLU (yes), n (%)

813.8 (928.8)1050.7 (1101.4)Age of ulcer (days), mean (SD)

27.1 (31.0)35.0 (36.7)Age of ulcer (months), mean (SD)

5.2 (9.8)7.2 (4.9)Number of ulcers, mean (SD)

Comorbid conditions (top 5), n (%)

7 (58)9 (75)Hypertension

6 (50)8 (66)Arthritis

6 (50)4 (33)Diabetes

2 (17)6 (50)Thyroid problems

4 (33)2 (17)Varicose veins

2 (17)4 (33)Vein stripping

Medications (top 5), n (%)

6 (50)9 (75)Antihypertensive med

6 (50)6 (50)Cholesterol

3 (25)7 (58)Pain pills

5 (42)4 (33)Diabetes pills

4 (33)4 (33)Diuretics

aVLU: venous leg ulcer.

Feasibility Outcomes

Reach
Reach data are shown in Figure 1 as the number of patients
approached, prescreened eligible, consented, screened, and
enrolled.

The sample was representative of the target population except
for lacking one Hispanic/non-white participant. Although flyers

were posted around clinics and presentations were made by
study staff at various venues such as senior living residences
and health fairs, all participating in the study were recruited by
referral of wound providers in clinic settings. One recruitment
goal was to consent and enroll 1 out of 5 patients approached;
however, we were unable to track this because of providers’
lack of consistent documentation on study logs. There were no
reported adverse events associated with the intervention.
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Figure 1. Participant Consolidated Standards of Research Trials flowchart.

Adoption
Patient-provider communication was the focus of adoption;
however, none of the participants contacted their provider during
the study. Similarly, none of the 3 providers reviewed progress
reports and graphs citing time as the major limitation.

Acceptability
Acceptability was considered low. The participants encountered
several problems with BEAT, the phone, and the app including
difficulty remembering to turn BEAT and the phone on and off
before and after performing CALF; most participants forgot to
close the app at the end of the day, which was needed to reset
it to capture data from the next session. The button on BEAT
was small and almost flush with the device, making it hard for
participants to see and feel to turn it on and off. The phone
screen (iPhone 4) was small and challenging for individuals to
view. Many participants reported that having to double click
the home screen button to close the app was tricky because of
arthritic fingers or long fingernails. The app did not work well
when individuals wanted to replay the introduction video, and
despite attempts by the programmer, this problem could not be
resolved. Owing to participants’ulcer treatments with multilayer
compression wraps applied from the toes to the knee, the slippers
on which BEAT was affixed did not fit well, and the device

sometimes popped off during use. Participants reported that
they were annoyed by the overly frequent (at a minimum 3 times
per day) reminder text or email alerts to start the exercises. If
participants were unable to do the foot exercises at that time,
the reminder would continue to sound. We observed that
although participants demonstrated proficiency during return
demonstration of using the accelerometer and app during the
baseline visit, several participants became confused when they
returned home, prompting calls to study staff for questions
although instructions were available in the app.

Implementation
Refinements to implementation were mainly related to the app.
The app was designed for iOS 8 or later, developed on Heroku
cloud platform, and beta tested through Apple TestFlight. Every
3 months, the app’s beta testing period expired, and a new build
of the app had to be uploaded by the developers to TestFlight
for actively using the app. At these times, the app also had to
be updated and reinstalled, often leading to participant confusion
and the inability to perform the leg exercises. The providers
had no specific recommendations for refinements to reports of
participant involvement other than they were too busy to review
progress on a regular basis. In response to this challenge, study
staff sent the reports each week to the provider, rather than the
provider having to access the app site database to search and
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review data for each participant. The providers did not
communicate feedback back from the reports to participants.
Providers reported they inconsistently reviewed these reports
if at all.

Maintenance
Participants indicated they liked FOOTFIT, but because of many
technical glitches, they believed they would rather do the
exercises on their own and not rely on the system. Providers
reported that participants told them the exercises helped relieve
stiffness and lower leg pain and enjoyed being in the study.

However, they also revealed to the providers that it was often
difficult to operate the accelerometer and phone, corroborating
the information reported to study staff.

Adherence
Duration and frequency of BEAT use to perform CALF is shown
in Table 2. The duration was mostly similar between the two
groups; however, adherence to the recommended frequency of
use 3 times per day was lower in the FOOTFIT group (17%)
than in the FOOTFIT+ group (50%).

Table 2. Distribution of adherence level to recommended exercise duration by FOOTFIT and FOOTFIT+ groups (N=24).

FOOTFIT+ (n=12)FOOTFIT (n=12)Adherence

Duration of exercising (≥15 seconds), n (%)

1 (8)1 (8)85%-89%

0 (0)2 (17)90%-94%

6 (50)5 (42)95%-99%

5 (42)4 (33)100%

Frequency, n (%)

Always adherent ( ≥ 85%)

1 (8)1 (8)85%-89%

3 (25)0 (0)90%-94%

1 (8)1 (8)95%-99%

1 (8)0100%

Exercise Frequency
During weeks 1 and 2 (CALF exercise level 1 intensity), across
the two groups, 33% (8/24) of the participants were adherent
(moved foot at or above recommended duration of ≥15 seconds
per exercise) during all exercises at each session (Table 3).

During weeks 3 and 4 (CALF exercise level 2 intensity), 59%
(13/22) of the total sample were always adherent with fewer

(3/11, 27%) not always adhering in the FOOTFIT group
compared with 55% (6/11) in the FOOTFIT+ group. Conversely,
sample participants showed lower adherence during weeks 5
and 6 (CALF exercise level 3 intensity) with an overall 53%
(10/19) of the participants always adherent. Almost 50% more
individuals in the FOOTFIT group (6/10, 60%) were not always
adherent compared with the FOOTFIT+ group (3/9, 33%).

Table 3. Frequency distribution for adherence across all exercises by the level of intensity for FOOTFIT and FOOTFIT+ groups.

95% CIDifference in proportionsbFOOTFIT+ (n=12)FOOTFIT (n=12)Conditioning activities for lower leg function exercise

intensity levela

−0.4 to 0.40Level 1, n (%)

4 (33)4 (33)Always adherent

8 (67)8 (67)Not always adherent

−0.1 to 0.70.3Level 2, n (%)

5 (45)8 (73)Always adherent

6 (55)3 (27)Not always adherent

−0.2 to 0.70.3Level 3, n (%)

6 (67)4 (40)Always adherent

3 (33)6 (60)Not always adherent

aLevel 1: weeks 1+2, level 2: weeks 3+4, and level 3: weeks 5+6.
bDifference and 95% CIs obtained using the Newcombe risk difference method.
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Exercise Duration
Overall there was an increase of approximately 6 seconds in

median exercise duration between level 1 and level 3 exercises
for the FOOTFIT but not the FOOTFIT+ group (Table 4).

Table 4. Mean (SD) and median (range) exercise duration in seconds by exercise level for FOOTFIT and FOOTFIT+ groups.

95% CIDifference in medians (SE)bFOOTFIT+FOOTFITConditioning activities for lower leg function exercise

levelsa

−11.7 to 15.41.9 (6.5)Level 1 (weeks 1+2), (n=12;12)

31.7 (18.9)29.0 (9.8)Mean (SD)

25.9 (16.1-82.9)24.3 (18.5-46.0)Median (range)

13.5 to 14.00.3 (6.6)Level 2 (weeks 3+4), (n=11;11)

30.9 (20.730.3 (17.6)Mean (SD)

21.4 (17.3-84.7)21.7 (16.4-71.0)Median (range)

23.3 to 31.24.0 (13.2)Level 3 (Weeks 5+6), (n=10;9)

36.2 (25.7)34.5 (18.4)Mean (SD)

26.3 (19.8-99.1)30.6 (17.8-74.6)Median (range)

aLevel 1: weeks 1+2, level 2: weeks 3+4, and level 3: weeks 5+6.
bDifference in medians (SE) and 95% CIs obtained using quantile regression.

Discussion

Principal Findings
In our study, we investigated the feasibility of FOOTFIT that
combined a foot-worn accelerometer BEAT with a mHealth
app and evidence-based foot exercises CALF; in the FOOTFIT+
group, an additional patient-provider communication option
(FOOTFIT+) was included. The intervention was developed to
promote adherence to a 6-week progressive exercise program
suited to the needs and preferences of minimally ambulatory
older adults with VLUs. The results showed participants had
problems using the accelerometer and app but were mostly
adherent to the exercise protocol. Minimal gains were made in
exercise intensity and duration in both groups. It is important
to point out that the study focused on feasibility and was not
powered to detect differences between groups.

Our one-on-one coaching and MI physical activity interventions
found to be feasible in our previous studies guided the
development of our mHealth foot-worn sensor and exercise app
intervention. Exercise is recommended for patients with VLUs
to enhance calf muscle pump function, which, in turn, improves
lower extremity function and may aid in wound healing.
Supervised and unsupervised programs that incorporate
resistance, flexibility, and moderate-intensity aerobics can be
safely performed by individuals with VLUs [8]. Other benefits
of exercise include improved microvascular circulation of the
lower limb [26,27] and improved wound healing [9,10];
however, a recent review of six randomized controlled trials to
examine the effects of exercise on healing showed high-quality
evidence is lacking to support healing [6]. Many of the studies
reviewed targeted fairly high-functioning adults residing in the
community; had multiple intervention types such as 10,000
steps, behavior modification, or community-based groups;
included small sample sizes; and measured numerous variables
with disparate measures, making comparisons to make and draw
conclusions across studies. Our feasibility studies of the use of

mHealth devices specifically targeted functionally impaired,
minimally ambulatory individuals; tracked and provided
feedback on progress; and delivered motivational messages and
reminders to enhance adherence to exercise.

Adherence
Many of the participants in our study had little or no previous
experience with accelerometers or apps; thus, we anticipated
lower adherence rates, given the difficulty with using the device
and phone app. However, 100% of the participants were
adherent to our 6-week exercise program more than 85% of the
time in terms of duration, whereas 33% of the participants
adhered more than 85% in terms of frequency of exercises. This
finding is lower than findings of a 12-week home-based program
in which 59% of individuals adhered to exercise more than 75%
of the time [8]. Current evidence of mHealth interventions to
promote physical activity demonstrate positive short-term effects
(increased daily step counts and minutes spent on physical
activity); however, evidence for long-term effects is lacking
[28]. We recognize our results may have differed because of
the short intervention period and may not have captured
decreased sustainability over time. We also point out that this
study differs from our previous studies in delivery modalities
(face-to-face interaction with wound provider during a clinic
visit or one-on-one visit with a coach via social media visit). It
would be interesting to determine which modality, including
the use of an app, is preferable/acceptable to patients and the
barriers and facilitators to adoption of each approach.

Furthermore, at the time of accelerometer and app development,
the system may not have been ideally designed for an older
population. Although fitness and other exercise apps are
developing at a rapid pace for waist and wrist-worn devices, to
our knowledge, our accelerometer was the first triaxial method
used to measure minute foot movements. Having to push a very
small button on the accelerometer proved to be a challenge for
the participants, many of whom had visual problems, difficulty
with bending over, and toggling through the phone app. Many
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forgot to turn off the device, causing miscommunication with
the app and draining the battery. A major problem with using
the phone was the participants’ inability to quickly double click
the home button to turn the app on and off.

App features such as reminders have been found to be essential
for app engagement and are influenced by social demographics;
health characteristics; intentions to change; and actual health
behaviors, motivation, and support [29]. In a study of app use
for physical activity, the findings suggested that older
individuals, males, having a degree, or less than high school
education are associated with reduced likelihood of adopting
health apps [30]. The findings from a study of health apps in
older adults demonstrated increased levels of physical activity
compared with those without a device or health app. It remains
unclear whether mHealth interventions have a greater impact
on adherence to physical activity recommendations than
non-mHealth interventions such as printouts.

Provider Engagement
We anticipated greater user engagement of the patient-provider
communication feature. Participants in the FOOTFIT+ group
were aware that they could communicate via text, emails, or
phone with the provider, and perhaps, this knowledge improved
their adherence rates from 33% always adherent to CALF level
1 to 67% to CALF level 3 compared with FOOTFIT 33% and
40%, respectively. The reasons expressed by participants for
not calling the wound provider included “I didn’t want to bother
her,” “I could call the study coordinator if I had a question or
problem,” and “I didn’t have any problems I needed to tell my
doctor and if I did, I talked to her during my wound clinic visit.”
The wound providers reported they did not have time to review
the reports (these were compiled weekly by the study
coordinator and sent directly via email to the providers) and
noted they did not see the need to call participants as they
thought they were doing well. In addition, the wound providers
saw the participants weekly in their clinics and asked at that
time how they were doing with the study. Thus, the
patient-provider communication feature was viewed as not being
necessary. However, in a longer study and without weekly clinic
visits, this might have been a more useful option for patients to
check in with their providers.

Limitations and Strengths
The limitations of this randomized controlled trial include a
small sample size, as the primary aim was feasibility study. In
addition, because the accelerometer and app were specifically
designed for individuals with VLUs, the generalizability of
results is limited. However, other minimally ambulatory

populations with chronic conditions that have limited function
may benefit from this type of physical activity approach. We
recognize the intervention did not include a specific
adherence-enhancing component other than daily alerts; there
were no provisions for behavioral change support. Behavioral
approaches should be incorporated into future designs to
enhance motivation and user engagement. In addition, our
evidence-based CALF program was specifically designed for
a progressive, short initial exercise boost for this minimally
ambulatory population, prior to them undertaking a more
rigorous physical activity program. Thus, our findings do not
add to the fields of physical activity or exercise sciences in a
way that advances our understanding of the influence of exercise
on wound healing.

The strengths of the study include the use of a foot-worn device
specifically designed for the population and the use of
evidence-based exercises tailored to enhance foot function. The
use of the RE-AIM as the feasibility framework provided both
quantitative (number of log-ins) and qualitative (open-ended
questions about usability) information and allowed for detailed
participant perspectives and experiences using the intervention
components. This mHealth study is unique to the best of our
knowledge; it is the first study to focus on a minimally
physically functional group of older adults to promote an
exercise intervention focused solely on the foot and ankle.

Conclusions
In this study, physically low-functioning adults with VLUs
perceived the foot-based accelerometer BEAT, CALF exercises,
and phone-based app (FOOTFIT) as somewhat acceptable and
the added communication feature (FOOTFIT+) as not
particularly useful. Most participants said they would perform
the exercises without the accelerometers and reminders. As
readily available apps continue to evolve and promote physical
activity in populations with chronic conditions, our stand-alone
intervention did not seem sufficient to promote exercise in this
population. Future mHealth interventions should consider adding
tailored adherence-enhancing components, such as added
support (although the participants had access to the wound
clinician) to positively influence behavior change, improve the
functionality of the wearable device, and revise the app to make
it more intuitive and bigger/easier to read on the phone and
tablet. From our experience with three small trials, we advocate
that providers such as wound specialists or primary care
providers discuss patient preferences for engaging in the
frequency and types of physical activity to enhance lower leg
physical functioning.
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Abstract

Background: Technological solutions, particularly mobile health (mHealth), have been shown to be potentially viable approaches
for sustaining individuals’ self-management of chronic health conditions. Theory-based interventions are more successful, as
evidence-based information is an essential prerequisite for appropriate self-management. However, several reviews have shown
that many existing mobile apps fail to be either theoretically grounded or based on evidence. Although some authors have attempted
to address these two issues by focusing on the design and development processes of apps, concrete efforts to systematically select
evidence-based content are scant.

Objective: The objective of this study was to present a procedure for the participatory identification of evidence-based content
to ground the development of a self-management app.

Methods: To illustrate the procedure, we focused on the prevention and management of pressure injuries (PIs) in individuals
with spinal cord injury (SCI). The procedure involves the following three steps: (1) identification of existing evidence through
review and synthesis of existing recommendations on the prevention and self-management of PIs in SCI; (2) a consensus meeting
with experts from the field of SCI and individuals with SCI to select the recommendations that are relevant and applicable to
community-dwelling individuals in their daily lives; and (3) consolidation of the results of the study.

Results: In this case study, at the end of the three-step procedure, the content for an mHealth intervention was selected in the
form of 98 recommendations.

Conclusions: This study describes a procedure for the participatory identification and selection of disease-specific evidence
and professional best practices to inform self-management interventions. This procedure might be especially useful in cases of
complex chronic health conditions, as every recommendation in these cases needs to be evaluated and considered in light of all
other self-management requirements. Hence, the agreement of experts and affected individuals is essential to ensure the selection
of evidence-based content that is considered to be relevant and applicable.

(JMIR Mhealth Uhealth 2020;8(5):e15818)   doi:10.2196/15818
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Introduction

Background
Ever since communication technologies were adopted for health
care purposes and defined under the umbrella term electronic
health (eHealth), the concept of empowerment and the use of
technological solutions have become intertwined [1]. As
technological devices became more personal and connected,
this relationship took on a new relevance. In particular, mobile
health (mHealth) solutions, commonly defined as the use of
mobile and wireless technologies to support the achievement
of health objectives [2], have been used to enhance the
self-management of various chronic conditions [3], such as
diabetes [4] and asthma [5]. Evidence indicates that these
mHealth solutions can foster self-management by addressing
multiple risk factors [6] and sustaining long-term adherence to
prevention measures, which remains a major issue [7].

Studies have examined not only the effectiveness of mHealth
[8], but also its design and development process. Even though
there is great potential for using mobile technologies for health
purposes, findings show that many of the existing mobile apps
are not theoretically grounded [9] and their contents are not
based on evidence [3,7,9,10]. This is problematic because
studies mentioned that theory-driven health interventions are
more effective than those without theoretical grounding [11].
It is only recently that mHealth has started to adopt strategies
informed by behavior change theories, but this adoption has not
been systematic [12]. Some apps are only partially applying the
principles of behavior change theories [13], whereas others have
defined the app’s features or its mechanism (ie, goal setting)
based on a set of different theories or models, but without clear
reference to them [14-16]. Additionally, some authors have
attempted to create a framework to develop digital behavior
change interventions that integrate, for instance, behavior
theories, design thinking, and user-centered design [17,18].
Despite these efforts, to date, many apps are still not based on
theory, as attested by recent systematic reviews [19,20].

Another flaw of many existing apps lies in the quality of their
content, which does not reflect the latest scientific evidence.
Indeed, some ex-post examinations of mHealth apps underlined
that their content rarely adheres to evidence-based knowledge
[21-24]. Some authors have based the content of their
interventions on the results of systematic reviews or additional
participatory efforts (ie, involving different stakeholders)
[25,26]. However, their procedures are not detailed and cannot
be replicated. So far, the efforts to develop a framework for
integrating evidence-based content into mHealth interventions
have been limited [27]. Hence, it remains unclear how
disease-specific recommendations and professional best
practices should be selected to inform mHealth interventions.
This is problematic as evidence-based information can enhance
health literacy [28], which is a precondition for patient
participation and informed decision-making [29]. Consequently,
apps that are based on outdated or inaccurate content might
negatively affect the users’ health and safety [30-32].
Considering the huge amount of incorrect and misleading
information available on the internet, as well as in leaflets and

other lay publications [33,34], it is of utmost importance that
new mHealth interventions tackle the issue of content quality.

Participatory design is a democratic process involving different
stakeholders from the early phases of the design process [35-37].
At least the following two premises provide the basis for
different participatory design approaches: all stakeholders should
be involved in the design phase to inform the approach and this
will increase the likelihood of technology acceptance because
it will help set clear expectations [38]. It is for a very good
reason that many authors underscored the potential of a
participatory design approach throughout various steps, such
as requirement analysis, definition of features, and user interface
design [39-41], but without providing much clarity on the most
appropriate involvement of experts and other stakeholders for
the selection of content. Participatory design could be a viable
approach for achieving the evidence basis of an app. Several
guidelines exist, but they are mostly designed for health care
professionals rather than for community-dwelling individuals
or patients. Selecting the content of an app through a
participatory design approach involves understanding which of
the recommendations are not only impactful in terms of
prevention, but also feasible and applicable for people living in
the community.

The objective of this study was to fill this gap by describing a
structured procedure for the participatory identification of
evidence-based content to ground the development of a
self-management app. To illustrate the procedure, we used a
project based in Switzerland aiming to develop an app for the
prevention and self-management of pressure injuries (PIs) in
individuals with spinal cord injury (SCI).

A Case in Point: Spinal Cord Injury
SCI is a complex chronic condition affecting human functioning
in all aspects [42], and it is associated with a number of
complications [43,44]. People with SCI have a high risk of
developing PIs [42]. The incidence of PIs in the SCI population
is 25% to 66% [45], and approximately 85% of individuals with
SCI will experience PIs at some point in their lifetimes [46].
PIs impact the quality of life of the affected individuals, as their
treatment necessitates prolonged inactivity, which often results
in a loss of income and a feeling of social isolation [47].
Moreover, evidence shows that PIs can account for
approximately one-fourth of the cost of care for individuals
with SCI [48].

There is general agreement on the fact that PIs might be often
preventable in individuals with SCI [49] and that prevention is
more cost-effective than treatment [50]. Prevention is possible
through active self-management. However, this self-management
remains challenging owing to the many different factors that
need to be taken into account. Indeed, individuals with SCI have
to play an active role in the prevention of PIs by, for instance,
adapting their behavior, which includes repositioning,
performing pressure-relieving movements, and keeping the skin
clean [51]. The prevention and management of PIs in individuals
with SCI could benefit from the development of an
evidence-based mobile app that supports individuals in
performing the many preventive measures, as well as monitoring
and treating early stage PIs.
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Methods

Study Design
We used a consensus method for the participatory identification
of evidence-based content to ground the development of a
self-management app for PIs in individuals with SCI. Indeed,
to ensure that individuals with SCI have access to sources of
information that are credible, of good quality, and up to date,
the information provided in the app should be consistent with
the latest available clinical recommendations, including those
that are indeed the best available evidence for pressure ulcer
prevention and remain the foundation of a prevention program
[52].

The recommendations were identified through a three-stage
research procedure developed following the main steps of the
consensus development method [53]. First, a review of existing
recommendations for the prevention and management of PIs in
individuals with SCI was conducted. Second, a consensus
meeting [54] to select the most important recommendations that
individuals with SCI should apply in their daily lives was
performed. Finally, the results were consolidated by the expert
team. Both the review of the recommendations and the
consensus meeting were conducted at the end of 2017, while
the third phase was performed during the first quarter of 2018.

Stage 1: Review and Categorization of Existing
Recommendations
Published recommendations on the prevention and management
of PIs were identified through an electronic search and
consultation with experts between March and July 2017.
Keywords for the search were combined from three different
domains. The first was related to PIs (ie, pressure ulcers,
pressure injuries, decubitus, pressure sores, bedsores, and skin
problems), the second was related to self-management (ie,
prevention, detection, treatment, self-management, reduction,
and risk factors), and the third was related to SCI (ie, spinal
cord injury, tetraplegia, quadriplegia, and paraplegia). The online
search applied these keywords in both English and German
languages. The search was performed in Google as well as
PubMed. The research team extracted all recommendations for

the prevention and management of PIs that were directed toward
or could be applied by community-dwelling individuals with
SCI.

The review obtained a comprehensive collection of
recommendations that were screened and synthesized (ie, similar
recommendations from different sources were merged). The
results of stage 1 were presented in a document that was sent
to all participants of the consensus meeting for preparation.

Stage 2: Consensus Meeting
A purposive sample of health professionals and
community-dwelling individuals with SCI were invited to
participate in a consensus meeting [53]. With the help of
SCI-specialized medical doctors, we identified health
professionals who may have experience with PIs in individuals
with SCI. For the recruitment of those working in the inpatient
setting, we contacted the different departments of the four SCI
rehabilitation centers in Switzerland and requested for
collaboration. For the recruitment of health professionals
working in the outpatient setting and individuals with SCI, we
relied on informal networks. Through this process we contacted
a total of 35 individuals, and they were offered two possible
dates for the consensus meeting.

The final sample of 15 participants [53] included
SCI-specialized medical doctors, nurses, wound experts,
psychologists, occupational therapists, physiotherapists, and
nutritionists who were from different parts of Switzerland and
working in SCI rehabilitation centers in Switzerland, as well as
home care providers, home care counsellors, representatives
from an accident insurance fund, and individuals with SCI.
Table 1 presents the participants’ characteristics.

The consensus meeting was grounded in a systematic consensus
planning process that helps to prioritize issues of a different
kind during experts’ discussions [55]. The meeting lasted one
day and was structured in two parts. A person experienced in
consensus meetings moderated the plenary sessions. Three
persons facilitated the working groups. They were trained for
the technical tasks (eg, dealing with the voting system) and were
knowledgeable about the project.
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Table 1. Characteristics of participants in the consensus meeting.

GenderYear of birthWorking experience as a HP
(years)/Years as a wheelchair user

Workplace (for HPsa)Role

M196215Swiss Paraplegic CentreSCIb-specialized medical doctor

M197214Clinique de réadaptation ro-
mande

SCI-specialized medical doctor

F196618Swiss Paraplegic CentreSCI-specialized nurse/wound expert

M197416Clinique de réadaptation ro-
mande

SCI-specialized nurse/wound expert

F19922Clinique de réadaptation ro-
mande

SCI-specialized nurse/wound expert

F197314SCI-specialized counseling ser-
vice

SCI-specialized nurse/wound expert

F197116REHAB BaselOccupational therapist

F196518Swiss Paraplegic CentrePhysiotherapist

F19912Swiss Paraplegic CentreNutritionist

F19647Swiss Paraplegic CentrePsychologist

M195728/33Balgrist KlinikPsychologist and person with SCI

F19908Home care serviceHome care provider

F19723SCI-specialized counseling ser-
vice

Home care counsellor

M19678Swiss Accident Insurance Fund
(Suva)

Representative from an accident insurance
fund

M1970N/A/27N/AcPerson with SCI

aHP: health professional.
bSCI: spinal cord injury.
cN/A: not applicable.

Consensus Meeting Part I: Recommendations Selection
The participants were divided into two working groups
(whenever possible, a representative for every profession and
a person with SCI were included in each working group).
Moreover, professionals who worked together were included
in different groups. They were asked to discuss one by one the
recommendations derived from stage 1 and to vote by show of
hands in favor of or against their inclusion in the set of
recommendations to be implemented in the app. The vote should
be based on the relevance and applicability of the
recommendations for community-dwelling individuals with
SCI. The facilitator of each group was in charge of taking notes
on the discussions and carrying out the vote with the help of an
ad-hoc technological infrastructure. A Microsoft Access (2010,
version 14.0; Microsoft Corp, Redmond, Washington, USA)
database containing the list of recommendations resulting from
stage 1 was developed prior to the consensus meeting. Every
participant voted in favor or against inclusion of each of the
recommendations. The facilitator entered the sum of individual
votes into the Access database. Based on this sum, a percentage
of agreement for including each recommendation was computed.
After this first vote (vote A), it was possible to merge the votes
of the working groups and retrieve from the system the list of
recommendations divided into recommendations to be included,
recommendations to be excluded, and recommendations that

were ambiguous. As the consensus method is based on a
democratic debate and judicial model [53], the recommendations
voted on below 40% were excluded, the recommendations voted
on above 75% were included, and the recommendations voted
on between 40% and 75% were considered ambiguous. These
thresholds have been defined based on the experience of
previous consensus meetings. The last group of
recommendations was discussed in a plenary session in which
all participants could argue in favor of or against their choice.
After this exchange, the working groups met again to vote on
the ambiguous recommendations (vote B). The
recommendations were included, excluded, or considered
ambiguous following the same rules as in vote A.

Moreover, during the group discussions, the participants had
the opportunity to indicate that a recommendation needed
specification. This was mostly the case when the
recommendation was deemed to be too generic or when its
applicability for community-dwelling individuals with SCI was
considered unclear or vague. The recommendations that needed
specification were collected in a list and further elaborated on
in an afternoon session (part II).
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Consensus Meeting Part II: Recommendations
Specification
The participants were divided into three working groups that
were stratified by profession, workplace, and affiliation with
the previous working groups. As for the morning working
groups, whenever possible, we distributed the participants so
that at least one representative of every profession and of people
with SCI was present in each group. Moreover, professionals
who worked together were included in different groups. We
also differently mixed the participants with respect to the
morning working groups.

Participants further specified the recommendations that were
indicated during the previous session as being too vague or
unclear to be implemented by community-dwelling individuals
with SCI in their daily lives. Each of the three working groups
received a list of 20 or 21 recommendations to specify (total
62) and was assigned a sheet of paper presenting a
research-based user persona. User personas (Multimedia
Appendix 1), which are fictional characters with concrete
characteristics and behaviors that are intended to represent
different user types, have been used in the user-centered design

process for designing software [56,57]. They helped make the
specification process concrete, as each group could refer to a
vivid portrait.

Stage 3: Consolidation of Results
After the consensus meeting, the research team together with
two experts from the project scientific advisory board
consolidated the results by refining them and taking into
consideration the input of the participants. For instance, special
attention was devoted to the recommendations that remained
ambiguous after stage 2. They were screened and sorted out by
the research team based on eight logical rules for their inclusion
or exclusion. The rules (Textbox 1) referred to the size of the
discrepancy between the results of vote A and vote B, and
between the two working groups. Additionally, new
recommendations were developed for domains that, according
to the participants, were insufficiently covered by the existing
recommendations. The consolidation stage resulted in a newer
and more complete set of recommendations. These
recommendations were shared with all the participants of the
consensus meeting via email. Feedback from the participants
was collected and integrated.

Textbox 1. Logical rules for the inclusion or exclusion of ambiguous recommendations.

1. If the average of group 1 (G1) and group 2 (G2) in vote A is <40% and in vote B is >40% but <75%, exclude the recommendation.

2. If the average of G1 and G2 in vote A is <40% and in vote B is >75%, include the recommendation.

3. If the average of G1 and G2 in vote A is >75%, average of G1 and G2 in vote B is >40% but <75%, and decrement of vote A-vote B is ≥25%,
exclude the recommendation.

4. If the average of G1 and G2 in vote A is >75%, average of G1 and G2 in vote B is >40% but <75%, and decrement of vote A-vote B is <25%,
include the recommendation.

5. If the average of G1 and G2 in vote A is >75% and in vote B is >75%, include the recommendation.

6. If the average of G1 and G2 in vote A is >40% but <75% and in vote B is >75%, include the recommendation.

7. If the average of G1 and G2 in vote A is >40% but <75%, average of G1 and G2 in vote B is >40% but <75%, and increment of vote A-vote B
is ≥25%, include the recommendation.

8. If the average of G1 and G2 in vote A is >40% but <75%, average of G1 and G2 in vote B is >40% but <75%, and increment of vote A-vote B
is <25%, exclude the recommendation.

Results

Stage 1: Review and Categorization of Existing
Recommendations
The sources presented in Table 2 have been identified, and their
documents have been systematically reviewed [58-65]. The
recommendations extracted from the documents were
categorized by applying a deductive-inductive approach. At
first, the recommendations were ordered according to the four
categories defined by Keast et al (ie, appropriate support
surfaces, regular repositioning of the patient, optimizing
nutrition, and skin care) [66]. This categorization, however, was
not exhaustive. We therefore started an inductive process by
grouping together those recommendations that were not covered
by the categories defined by Keast et al. We created new
categories until all recommendations belonged to one category.
We then revised the categories with the aim of reducing their
number. We compared among each other the recommendations
included in every category and with those included in other

categories, and when possible, we merged the categories.
Following this procedure, we reached the number of 12
categories. This procedure is similar to the basic rule of the
constant comparative method often used in qualitative research,
namely the comparison of a new incident with the previous
incidents coded in the same category [67].

The result of the review and recommendation categorization
was a list of 130 recommendations for the prevention and
management of PIs by individuals with SCI organized in relation
to the following topics: (1) Support surface (code A); (2)
Repositioning (code B); (3) Nutrition (code C); (4) Skin care
(code D); (5) Skin assessment (code E); (6) Exercising (code
F); (7) Collaboration with health professionals or caregivers
(code G); (8) Transfers (code H); (9) Clothing (code I); (10)
Body function and structure (code J); (11) Personal factors (code
K); and (12) General (code L). The orders of the categories and
recommendations within a category do not reflect a priority
order. The recommendations were then collected in a preparatory
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document, which was sent to the participants prior to the consensus meeting.

Table 2. Documents reviewed for the identification of recommendations.

DocumentSource

Querschnittspezifische Dekubitusbehandlung und-prävention (2017) [58]

Psychologische Aspekte in der Dekubitusprophylaxe (2012) [59]

Deutschsprachige Medizinische Gesellschaft für Paraplegie (DMGP)
(http://www.dmgp.de/)

Canadian Best Practice Guidelines for the Prevention and Management
of Pressure Ulcers in People with Spinal Cord Injury. A Resource Hand-
book for Clinicians (2013) [60]

Preventing and Treating Pressure Sores. A Guide for People with Spinal
Cord Injury (2015) [61]

Ontario Neurotrauma Foundation (ONF) (http://www.onf.org)

Prevention and Treatment of Pressure Ulcers: Quick Reference Guide
(2014) [62]

European Pressure Ulcer Advisory Panel (http://www.ePIap.org/); National
Pressure Ulcer Advisory Panel (http://www.nPIap.org/); and Pan Pacific
Pressure Injury Alliance (EPIAP-NPIAP-PPPIA) (http://www.internation-
alguideline.com/)

Pressure Ulcers Following Spinal Cord Injury (2014) [63]Spinal Cord Injury Research Evidence (SCIRE) (www.scireproject.com)

Textbook on Comprehensive Management of Spinal Cord Injuries, chapter
48 (2015) [64]

International Spinal Cord Society (ISCoS) (http://www.iscos.org.uk/)

Patientenaufklärung, Druckstellen-Dekubitus - V1.0 [65]Schweizer Paraplegiker-Zentrum (SPZ) (http://www.paraplegie.ch)

Stage 2: Consensus Meeting

Consensus Meeting Part I: Recommendations Selection
Figure 1 shows the results of vote A. From the original list of
130 recommendations, 15 were excluded and 60 were included
in the final set of recommendations for implementation in the
app. The remaining 55 recommendations, with votes ranging
between 40% and 74%, fell into the category of “ambiguous”
and were subject to a second vote (vote B).

Figure 2 shows the results of vote B. Of 55 recommendations,
nine were excluded and 25 were included in the final set of
recommendations for implementation in the app. Twenty-one
recommendations again fell into the category of “ambiguous.”
These recommendations were no longer discussed by the
participants during the consensus meeting, but were later
examined by the research team.

Consensus Meeting Part II: Recommendations
Specification
A total of 62 recommendations needed specification. The list
was composed of recommendations indicated by the working
groups as well as recommendations indicated a priori by the
research team. During the specification phase, different solutions
for further clarification of the recommendations were defined
by the groups. Most of the recommendations were specified by
adding a further explanation of the action to take or by referring
to additional criteria for the correct implementation of the
recommendation. Approximately one-quarter of the
specifications referred to the need to combine complementary
recommendations. Experts suggested that a few of the
recommendations should be specified by having a dedicated
information section about the topic in the app. The specifications
were gathered by the research team and further used in the
development of evidence-based content for the app.

Figure 1. Results from vote A.
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Figure 2. Results from vote B.

Stage 3: Consolidation of Results

Decision on Ambiguous Recommendations
The research team examined the 21 recommendations that
remained ambiguous after vote B. The ex-post examination
resulted in the inclusion of seven recommendations in the final
set and the exclusion of 14.

Expert Consultations on the Category of Nutrition
The review of existing recommendations (stage 1) resulted in
three recommendations for the category of nutrition. These
recommendations were debated considerably in the working

groups during the consensus meeting (stage 2), as they were
considered unsatisfactory. Although participants recognized the
importance of nutrition as a risk factor for PIs, they criticized
the incompleteness of the presented recommendations and their
inability to depict the complexity of nutrition advice in relation
to the prevention and management of PIs in individuals with
SCI. Hence, the participants agreed with the research team to
set up a working group composed of nutritionists and
SCI-specialized medical doctors to develop new comprehensive
nutrition recommendations. Table 3 provides details of the
characteristics of the health professionals who were consulted
to develop the recommendations about nutrition.

Table 3. Characteristics of the participants consulted for recommendations on nutrition.

GenderYear of birthYears of working experienceWorking placeRole

F19912Swiss Paraplegic Centre (Nottwil)Nutritionista

F19806Swiss Paraplegic Centre (Nottwil)Nutritionist

F197613Swiss Paraplegic Centre (Nottwil)Nutritionist

F196621Swiss Paraplegic Centre (Nottwil)SCIb-specialized medical doctor

aTook part also in the consensus meeting.
bSCI: spinal cord injury.

Multiple sessions of expert consultation were conducted with
the aim of developing nutrition recommendations that account
for the complex interaction between SCI management and PI
prevention. These consultations took place between the end of
2017 and the middle of 2018. Based on previously examined
and new sources [62,68-74], the nutritionists developed a new
set of recommendations that encompassed information on
drinking, weight, and nutrition. The proposed recommendations
were then discussed and finalized in collaboration with
SCI-specialized medical doctors. In total, six new nutrition
recommendations were developed. They were circulated among

the participants in the consensus meeting before being added
to the final set of recommendations.

The final set of recommendations is presented in Multimedia
Appendix 2. It includes 98 recommendations that synthesize
evidence-based recommendations for the prevention and
management of PIs for community-dwelling individuals with
SCI.

A checklist for the process of participatory selection of the
evidence to ground a self-management app is presented in
Textbox 2.
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Textbox 2. Checklist of the process of participatory selection of the evidence to ground a self-management app.

Step 1: Systematic review and categorization of existing evidence

• Theoretical

• Broadly consider the concept of self-management for the respective health condition

• Adopt a holistic perspective for care (bio-psycho-social)

• Methodological

• Consult experts to identify the relevant sources for clinical guidelines

• Identify and screen grey, scientific, and practice-oriented literature

• Expand the search to different languages if possible

• Synthetize the evidence (ie, merge and categorize it). The use of existing classifications might be of help.

• Practical

• Draft a concise document summarizing the available evidence to be delivered to the participants of step 2 for preparation

Step 2: Consensus meeting

• Theoretical

• Use an interdisciplinary approach

• Adopt a holistic perspective for care (bio-psycho-social)

• Review models of consensus building and strategies of conflict resolution

• Methodological

• Identify relevant experts for participation in the consensus meeting

• Balance the mix of experts in the consensus meeting (eg, in terms of position, years of working experience, age, and gender)

• Provide the participants with user personas (fictional characters with concrete characteristics and behaviors that are intended to represent
different user types)

• Systematize the process of evidence selection to reach democratic decisions

• Be attentive to potential gaps in current evidence pointed out by participants

• Practical

• Facilitate participants’ preparation for the meeting by delivering a concise document synthetizing the evidence and explaining the process

• Train the moderator and facilitators of the working groups in advance (eg, to ensure that all participants express their opinion)

• Provide support with a technological infrastructure to facilitate the voting and the calculation of the vote results

• Allocate enough time for the different tasks and plenary discussions

Step 3: Consolidation of results

• Theoretical

• Use an interdisciplinary approach

• Adopt a holistic perspective to care (bio-psycho-social)

• Methodological

• Compare and contrast the results with existing recommendations to identify potential gaps or “blind spots”

• If needed, organize ad-hoc expert consultations

• Practical

• Prepare a report explaining how results were reached

• Elicit participant validation
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Discussion

Principal Findings
This article proposes a procedure for the participatory
identification of evidence-based content to ground the
development of a self-management app. To our knowledge, this
is one of the first attempts to apply a structured procedure for
the participatory identification of evidence-based content for a
self-management app in the field of SCI. The procedure consists
of the following three steps: review of the literature, consensus
meeting, and consolidation of the results (including, for instance,
a set of expert consultations, if needed).

Our methodological approach raises two challenges that can
hinder the development of evidence-based mHealth
interventions. First, it has to be noted that sometimes the
literature itself presents contradictory evidence [52,75,76], as
the field of medicine is in continuous evolution. This
underscores the challenge for clinicians and app developers in
terms of identifying evidence-based knowledge on a topic. Thus,
the involvement of experienced health care professionals might
be a valuable means to assess the available evidence,
contextualize evidence and recommendations, identify gaps,
and suggest pragmatic solutions [77-79].

The second challenge is to select relevant and applicable
evidence for people living in the community. In particular, this
study stresses the challenge of selecting the evidence base for
the prevention of a complication in the context of a complex
chronic condition. Indeed, when selecting the prevention
measures for PIs, experts have to take into consideration all
aspects of self-management as well as feasibility issues. For
instance, in the case of the prevention of PIs in individuals with
SCI, it was mentioned during the working group that hydration
is very important for preventing PIs; however, liquid intake
often requires catheterization, which, in turn, can increase the
risk of bladder infections. Similarly, doing pushup exercise to
relieve the skin is good for preventing PIs, but it could cause
damage to the shoulders in the long term. These examples
illustrate the complexity and sometimes conflicting nature of
evidence-based recommendations that are feasible for
community-dwelling individuals and that ensure a
comprehensive approach to the self-management of SCI. Indeed,
systematic reviews and meta-analysis offer valuable synthesis
of the evidence [80], but they often have a narrow focus (eg,
one complication), and in many cases, they only report on
experimental studies, which, owing to their rigor, avoid biases
(eg, confounding factors and selection bias), but do not consider
real-life situations [81]. In order to overcome these limitations
and achieve a comprehensive approach to self-management, it
is fundamental for experts from all relevant specialties as well
as the persons affected by the health condition to be involved
in the selection of the evidence for mHealth interventions. The
combination of interdisciplinarity and lived experiences ensures
that all perspectives are represented in the discussion. However,
for the discussion to be constructive and achieve agreement on
a shared decision, a structured process is needed. A consensus
meeting represents a valid method to synthesize information
and enable decisions to be made when published information

is inconsistent or inadequate [82], and it is widely used in
medical and health services research [83-85].

Limitations
We have to acknowledge a few limitations of our study. The
first one is related to the selection of recommendations, as we
searched only for recommendations in English and German.
We also focused on recommendations specific to SCI and PIs,
not considering, for instance, other recommendations on SCI
in general or on PIs in other populations. The second limitation
is linked to the participants in the consensus meeting. All
relevant stakeholders were represented; however, the participant
mix could have been more balanced (eg, there were many nurses
and only one occupational therapist). In addition, the consensus
meeting was held on only one day. This resulted in focused
discussions on many relevant aspects of the recommendations,
but it was very intense for all participants. Having more time
at our disposal could have also allowed an additional discussion
and voting round to avoid concluding the meeting while still
having some ambiguous recommendations, which the research
team later needed to clarify. We also acknowledge that the
procedure used has not been compared with another procedure
and has not been evaluated. However, the commitment of the
participants during the procedure showed that the participatory
approach was positively received.

Strengths
Although this study had the above-mentioned limitations, it is
important to acknowledge some of its strengths. The
methodological choice of holding a consensus meeting has been
proven to be highly valuable, as its structured process guarantees
a democratic discussion and a judicial model [53]; hence, it
provides a viable and transparent option for a true participatory
design process. Three other strengths that we want to highlight
helped the procedures of stage 2 to run more smoothly. First,
the selection of experts through other professionals and an
informal network proved to be highly valuable, and it provided
credibility to our invitation. Moreover, being aware of time
constraints, we condensed the consensus meeting activities in
one day and provided stakeholders with two dates as options.
Second, it should be noted that for constructive discussions
during the consensus meeting, participant preparation for the
session was extremely important (ie, having read the preparatory
document describing the procedure and the list of
recommendations resulting from stage 1). Third, having an
efficient and automated voting system was essential for ensuring
that the results of one vote were quickly available for the next
round (plenary or group discussion). This case study proved the
value of the presented procedure; however, as this was a
demonstration study, there is a requirement for further studies
to validate the approach.

Conclusion
Considering that people need evidence-based information to
make informed decisions and participate in health [29], this
study may be valuable for improving the quality of mHealth
interventions as it detailed the participatory procedure needed
for the selection of the scientific evidence that forms the basis
of mHealth content. In particular, this procedure might be useful
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in the selection of evidence-based content in the case of complex
chronic health conditions, for which every recommendation
needs to be evaluated and considered in light of all other

self-management requirements. Hence, agreement among all
experts and affected individuals on which evidence is to be
included is essential.
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Abstract

Background: Substance use by adolescents remains to be at unacceptably high levels, and there is evidence that teens’ social
norms are becoming more favorable toward recreational use and perceived safety of substances such as marijuana and prescription
opioids. Social media offer a low-cost, potentially high-impact approach to disseminate prevention messages.

Objective: Living the Example (LTE) is a program that trains adolescent youth ambassadors to develop and disseminate
prevention messages within their own social media networks and through in-school activities. This study aimed to evaluate the
effects of exposure to LTE-based social media on students in the youth ambassadors’ networks.

Methods: The George Washington (GW) University designed and implemented a quasi-experimental evaluation of the LTE
program in 3 Maryland high schools. Before program launch, a sample of 826 students (wave 1) at the 3 schools, drawn from a
census of freshmen enrolled in a class attended by all students at the grade level, completed a survey. A total of 584 students
were surveyed at the wave 2 program midpoint and 542 at the wave 3 endpoint. The survey contained questions on drug use–related
attitudes, beliefs, intentions, and behaviors, all based on validated measures. We evaluated the effects of LTE on the intended
next 30-day drug use, and controlling for LTE self-reported exposure, age, and gender from waves 2 and 3 was appended into a
single dataset. We first conducted ordinal logistic regressions for each drug use intention in wave 3 (ie, sell or distribute illegal
drugs, smoke cigarettes, drink beer/wine/hard liquor when parents do not know about it, use marijuana, use lysergic acid
diethylamide, cocaine, amphetamines or other illegal drugs, use heroin, use synthetic drugs, and use any prescription pills without
a prescription) to examine the association between LTE exposure and drug use intentions. We included an interaction term for
the study wave to examine intervention effects.

Results: We found a significant positive effect of LTE exposure on all 8 measured drug use intentions: sell/distribute illegal
drugs; smoke cigarettes; drink beer, wine, or liquor when my parents do not know about it; use marijuana; use cocaine,
amphetamines, or other illegal drug; use heroin; use synthetic drugs; use any prescription pills without a prescription (all P<.05;
odds ratios ranging from 2.12 to 3.71). We also found that boys were more likely than girls to exhibit reduced drug use intentions.
We also found reductions in 30-day intentions between the second and third survey waves for all 8 measured drug use variables.

Conclusions: Overall, the results are consistent with and indicate a stronger LTE effect in this study compared with a previous
pilot study. LTE appears to offer a protective effect, with exposure to program messages leading to reduced/improved drug use
intentions.

(JMIR Mhealth Uhealth 2020;8(5):e16207)   doi:10.2196/16207
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Introduction

Background
As shown in the most recent Monitoring the Future study,
substance abuse is among the greatest public health threats [1].
Substance use by adolescents remains to be at unacceptably
high levels, and there is evidence that teens’ social norms are
becoming more favorable toward recreational use and perceived
relative safety of substances such as marijuana and prescription
opioids [2-4]. Teens are particularly sensitive to the messaging
about drugs in their social environment, including in digital
communities, and drug use choices are driven by availability,
acceptability, and perceived risk [5,6]. Recently there have been
many changes in the availability of marijuana to the public. The
consequences of use and the situations in which individuals
may choose to use marijuana are changing in many states owing
to medical marijuana and legalization [7], potentially influencing
youth perceptions of acceptability and risk [8]. Furthermore,
due to widespread availability and a landscape of more
dangerous drugs, including fentanyl contamination, opioid
overdose death rates continue to rise despite overall declines in
use [9,10]. Yet, some US $40 billion per year is spent on
prevention programs [11], including major efforts involving
health communication, such as the Above the Influence
campaign [12]. Given this growing public health threat,
prevention efforts must prioritize engagement strategies that
address the evolving substance use risk perceptions and leverage
youths’ and young adults’ affinity for digital technology [13].

There is growing evidence that marijuana use has negative health
consequences for adolescents, especially when use begins early
and when combined with other substance use [14]. Recent
studies suggest adolescent marijuana use may be linked to
altered longer-term neurodevelopmental trajectories and
compromised neural health, impaired frontal lobe function, and
psychosocial effects [14-16]. Additionally, early-onset
adolescent marijuana use combined with alcohol and other
substance use has been linked to numerous cognitive
impairments and neural health effects [17,18]. Social norms
favoring marijuana use are increasing [19,20] and may be
associated with the relaxation of marijuana laws [21,22]. At the
same time, both natural and synthetic opioid use has clear and
well-documented health consequences, and adolescents are at
a heightened risk for long-term neurodevelopmental effects
[23]. Approximately 68% of the 70,237 drug overdose deaths
in 2017 involved opioids, and over 28,466 of those deaths were
from synthetic opioids such as fentanyl [24].

Social Media and Prevention
Social media and social networks are major drivers of public
debate and perceptions of marijuana, opioids, and other drugs
[7,14,15,25,26], including for the youth, and there are numerous
messages promoting the acceptability of substance use in these
digital networks. This highlights the need for novel interventions
that use digital prevention strategies and offer a counternarrative
or counterargument [27]. Recent studies have examined
exposure to antidrug communications and found that
counternarrative strategies may partially explain positive
campaign outcomes [28,29]. A campaign’s brand marketing

strategy may in part determine how the audience responds to
antidrug advertising [12]. Substance abuse prevention programs
and behaviors promoted by these programs can have brand
identities as well. Recent studies have linked drug resistance
branding to improved substance use outcomes [30,31]. Our
research team has pioneered branding for prevention in multiple
domains [32,33]. In the context of relaxed marijuana laws and
heightened opioid risk, this study investigated how prevention
can be optimized through branded peer-to-peer messaging and
digital engagement.

The Mentor Foundation USA implements a program entitled,
Shatter the Myths (STM) Youth Rallies—this program conducts
interactive in-person events with high school students and is
designed to raise an awareness of risks and dispel myths
surrounding drug use [34-37]. STM Youth Rallies are based on
recent neuroscience, use an experiential learning approach to
prevention, and apply principles from branding and social
marketing [38,39]. By focusing on youths’ innate talents and
strengths, the rallies enable youths to become advocates
regarding the benefits of living a drug-free lifestyle.

Mentor Foundation USA is part of the Mentor International
organization, which implements youth development programs
worldwide. Mentor International’s work is guided by the
Positive Youth Development (PYD) theory [40], working with
children and families to combat risk behaviors and promote
healthy lifestyles. Mentor International follows the United
Nations Sustainable Development Goals, in particular, by
ensuring healthy lives and promoting well-being for all ages.

Living the Example (LTE) has been designed based on the PYD
theory, following the authors’ previous research, to address the
rapidly changing substance use social environment in the United
States by empowering the youth to serve as peer change agents
[41,42]. LTE builds upon the STM Youth Rallies by adding a
social media–delivered component to spread peer-to-peer
substance use prevention messages, while also applying social
marketing and branding approaches.

LTE represents a novel approach to addressing a wide range of
substances used by adolescents through gain-framed messaging
and digital engagement. According to the Prospect Theory,
framing warnings to emphasize the negative health effects of
marijuana and opioid use (ie, loss-framed) or benefits of
avoiding marijuana and opioid use (ie, gain-framed) will
differentially affect prevention outcomes [43,44]. Research on
message framing [45-47] and prevention messages for preteens
and teenagers [48-50] suggests that gain-framed messages may
be effective. Specifically, research on smoking cessation
messaging favors gain-framed messages about prevention and
health-promoting behaviors [51-53]. For example, the
communication theory indicates that gain-framed messages
conveying the health benefits of quitting smoking may be
optimal to promote cessation [54]. Such messages have the
potential to produce behavior change through mediated
pathways, such as enhancing beliefs that quitting reduces risks
and reducing the attractiveness of industry branding [55,56].
Similar gain-framed messages can be adapted to marijuana and
opioid use prevention to address the changing prevention
environment. The use of graphic imagery has also been found
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to contribute to the uptake of gain-framed health messages
[57,58]. Social media are effective tools to share graphic,
multimedia prevention content that may enhance framing effects.
LTE is promising in that it applies this approach to prevention
by promoting the use of positive antidrug brand representations
delivered via peer networks on social media.

Living the Example Intervention Research
In this study, we adapted and evaluated a novel intervention,
LTE, which has been previously pilot tested and demonstrated
to be effective in reducing 30-day marijuana and prescription
painkiller use intentions [42]. The LTE pilot was based on an
after-school curriculum for youth ambassadors, followed by
ambassador promotion of peer substance use avoidance with
user-generated content via digital social networks and through
school-wide change projects. LTE addresses numerous forms
of substance use overall, including all widely used illicit drugs
and alcohol, and the evaluation includes measures of intentions
and use. This study focused specifically on marijuana and opioid
use due to the rapid growth and prevalence of these substances
and because the previous pilot demonstrated effectiveness in
reducing use intentions.

The specific aim of this research was to implement and evaluate
the adapted LTE curriculum in 3 suburban Maryland high
schools. We tested 3 hypotheses:

1. LTE youth ambassador training would be successful in
disseminating prevention messages via social media during
the school year.

2. Exposure to LTE would be associated with lower 30-day
substance use intentions at follow-up.

3. Higher levels of exposure to LTE would be associated with
a reduction in 30-day substance use intentions across the
program implementation period.

Methods

Design
We employed a quasi-experimental design (QED) through 3
cross-sectional surveys of freshmen at each school to test
dose-response effects of exposure to LTE social media and
school-based activities on substance use outcomes. We collected
self-reported data on outcomes through questionnaires
administered at 3 waves before, during, and at the conclusion
of the program in the 3 high schools over a period of 9 months.
We also collected data from the social media platforms used by
students, such as Instagram, to independently measure their
LTE posting activity.

Intervention
The LTE curriculum was delivered as a series of structured
after-school group sessions of 90-min each, 1 session per week.
The sessions were delivered by a single program staff member
following this outline:

• Session 1: What is a brand? Describe the idea of branding
and branding substance use prevention.

• Session 2: Introduction to social media. Learn basics of
social media, how it can influence message recipients, and
how to create influential messages.

• Session 3: Boosting online engagement. How to connect
and build engagement with social networks.

• Session 4: Using your voice—introduction to advocacy.
Learn how to share opinions about an issue in the
community with aim of influencing peers.

• Session 5: Advocacy in action. Develop skills to advocate
for substance use prevention with peers.

• Session 6: Applying what we have learned. Ambassadors
develop live content, share it with their social media
networks, and engage with their peers.

Program staff, who were counselors and other school officials,
recruited youth ambassadors at the 3 schools (46 in total), all
seniors, at the start of the school year. The LTE curriculum
sessions were then delivered through in-school sessions with
ambassadors at school-assigned times. Each session was
followed by staff-led questions and discussion topics to ensure
ambassador comprehension of the content.

Following the last session, ambassadors were given 2 weeks
to develop prevention content and share it live with their social
media networks. This represented the launch of LTE prevention
messaging to the broader student population beyond the
ambassador group. After the initial ambassador training and
launch of peer-to-peer prevention messaging, the program staff
maintained weekly in-person, SMS text message, email, and
instant messaging contact with ambassadors to encourage
regular social media posting and provide help and
encouragement in a coaching function. Additional activities,
projects, and competitions were scheduled to keep youth
ambassadors engaged in the LTE program throughout the course
of the academic year. Competitions offered opportunities for
youths to compete against each other and win prizes for their
social media content and peer outreach. This strategy rewarded
ambassadors for creative outreach techniques, effective
inclusion of prevention content, persuasive and engaging tactics,
compelling narrative stories, and other noteworthy features of
their work. These competitions were also intended to boost
intervention reach and amplify prevention messaging—for
example, prizes were awarded for generating the most social
media engagement (ie, shares, reactions, or comments) and
using the #livingtheexample hashtag.

After completing the initial 6-week training curriculum, each
participating school submitted a project description and budget
to receive a monetary stipend to complete a “change project.”
Youth ambassadors were challenged to design and implement
change projects to increase peer knowledge and awareness about
the harmful effects of substance use and address social norms,
stigma, and perceptions about substance use and addiction.
Approved and funded projects were implemented during the
spring semester. Following successful project completion, each
school submitted results of their work in the form of
photos/videos and reports. These change projects were part of
the overall LTE intervention and were captured in social media
posts by youth ambassadors; measures of LTE exposure are
inclusive of this activity.

In the spring of 2019, the program staff led interactive STM
substance use prevention youth rallies at each participating
school. Large numbers of students attended each rally, which
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were held as school-wide assemblies. We do not have data on
exact attendance. The purpose was to draw attention to the
overall substance use prevention program, generate enthusiasm
surrounding the youth ambassadors, and stimulate interest in
ambassador LTE social media posts. We note that this was a
1-time event and served to reinforce the ongoing program. The
STM rally was designed to dispel marijuana and opioid use
myths (ie, that most peers use marijuana or that opioid use is
safe) and to encourage positive peer influence. The STM rally
focused on youths’ talents and strengths, enabling them to
become prevention advocates. The STM rally featured
thought-provoking speakers, including youth ambassadors, a
scientist from the National Institute on Drug Abuse (NIDA)
who educated students about the science behind substance use
and the adolescent brain, and a young person in recovery sharing
an honest testimonial.

Measures and Instruments
We adapted a previously tested questionnaire using validated
scales from previous work by the authors [59,60], as well as
from other validated scales from both the Substance Abuse and
Mental Health Services Administration (SAMHSA) 2014
Communities that Care survey instrument and the 2012
Monitoring the Future survey [61]. The 88-item instrument was
programmed into the SurveyMonkey software for
computer-administered completion during a required freshmen
English class at each of the high schools and took an average
of 15 min to complete. In addition to demographic information
and last grade completed in school, other scales used included
the following: traditional and digital media use; attitudes toward
social media; drug use risk perceptions; personal and perceived
peer reasons to use drugs; drug use social norms; perceived peer
drug use; reported peer drug use; self-reported past 30-day drug
use; next 30-day drug use intentions; drug use/refusal influences;
and self-reported exposure to the LTE program (ie, self-reported
frequency of receiving social media messaging and from whom)
and receptivity to the LTE program messages (ie, self-reported
trust and how much they liked the program messages). The
response option format for the drug use intention measure was
on a 5-point Likert scale (ranging from strongly agree to strongly
disagree) with statements about drug use intentions.

Additionally, we documented posts from a total of 24 (of the
46 total) youth ambassadors across the 3 high schools to social
media platforms of their choice during an 8-month period,
primarily on Instagram and Snapchat. We measured ambassador
social media outreach activity, ambassador followers, type of
outreach (ie, post, story, snap), and peer engagement (ie, likes,
comments).

Data Collection
Working with a local liaison at each high school, we scheduled
the questionnaires to be first administered before the initiation
of LTE youth ambassador training in November 2018 (baseline
or wave 1). The required freshmen classes were invited to
participate in the survey, which included a total potential sample
of 923 freshmen students across the 3 high schools. We surveyed
a total of 826 students at baseline (89.5% of the student census)
across the 3 high schools during October and early November
2018. We did not record the students’ personally identifiable

information, as the study design was cross-sectional. The
training was then implemented in 6 weekly sessions followed
by an ambassador contest to launch LTE. We completed a
midline (wave 2) survey in February to March 2019 with a total
of 584 students recruited from the same classes as baseline.
Finally, we completed the endline (wave 3) survey in June 2019
with a total of 542 students in the same classes. Thus, at wave
3, we were able to survey 58.7% (542/923) of all freshmen and
65.6% (542/826) of those surveyed at wave 1. Ambassadors
were not sampled as part of survey data collection. We cannot
independently confirm whether lower rates of completed surveys
at follow-up were due to student absences on the survey date
or refusal to participate.

We also collected social media data from youth ambassador
posts using Hootsuite software and captured ambassador posts
with the included #livingtheexample hashtag. Owing to the
nature of the Instagram platform, stories are only available for
a 24-hour period; in some cases, program staff requested that
ambassadors provide screenshots of their posts for
documentation purposes.

Data Analysis
Drug use intentions, LTE exposure, and demographic (age and
gender) data from waves 2 and 3 were appended into a single
dataset. We first estimated ordinal logistic regression models
for each drug use intention variable in wave 3 (ie, sell/distribute
illegal drugs, smoke cigarettes, drink beer/wine/hard liquor
when parents do not know about it, use marijuana, use lysergic
acid diethylamide (LSD)/cocaine/amphetamines or other illegal
drugs, use heroin, use synthetic drugs, use any prescription pills
without a prescription) to examine the association between LTE
exposure and drug use intentions. We assumed that the
relationship between each pair of outcome categories was the
same, meaning that the coefficients that describe the relationship
between strongly agree versus all higher categories of the
response are the same as those that agree versus all higher
categories and so on.

In a separate set of regressions, we included an interaction term
for the study wave to examine whether participants had stronger
disagreement with drug use after the intervention was
implemented. All regression models controlled for participant’s
age and gender. All data analysis was conducted in R version
3.5.3 (R Core Team, 2019). All regressions fit model
assumptions have been described.

Results

We recorded LTE social media activity from a total of 24 (of
the 46) youth ambassadors. The Instagram story function was
the most widely used by ambassadors, with a total of 45 stories,
followed by 28 Instagram posts made during the program. The
ambassadors had a total of 12,894 followers in their social
media networks during the program period. There were 1291
follower likes for posts by ambassadors and 33 comments made
by followers, likely a partial representation of engagement. It
is worth noting that we cannot confirm that we captured all
social media posts created by the ambassadors as some students
may not have used the hashtag or provided complete data to the
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coordinator on their posting activity. It should also be noted
that, due to the nature of social media platforms, we cannot
confirm the identity of individuals in the youth ambassadors’
networks who engaged with the posts or how many of them
represent unique individuals.

In the outcome surveys, we collected limited demographic
information, and 52% of respondents were female, 55% were
aged 14 years and 45% were aged 15 years, 96% were born in
the United States, and all were freshmen. The survey focused
mainly on substance use attitudes, beliefs, intentions, and
behavior. Mean responses to the drug use intention scales for
the outcomes of interest are shown in Table 1.

Table 1. Overall mean differences in drug use intentions among all baseline, midline, and endline groups.

P valueEndline (n=557), mean
(SD)

Midline (n=593),
mean (SD)

Baseline (n=835),
mean (SD)

Measures

<.0013.54 (0.83)3.58 (0.82)3.69 (0.68)Sell/distribute illegal drugsa

<.0013.57 (0.81)3.67 (0.69)3.72 (0.60)Smoke cigarettes

<.0013.36 (0.93)3.47 (0.85)3.56 (0.77)Drink beer, wine, or hard liquor (eg, vodka, whiskey, or gin)
when my parents do not know about it

<.0013.36 (0.99)3.48 (0.88)3.56 (0.81)Use marijuana

.0083.63 (0.77)3.72 (0.65)3.74 (0.62)Use LSD, cocaine, amphetamines, or other illegal drugs

.0133.65 (0.77)3.72 (0.66)3.75 (0.61)Use heroin

.0023.63 (0.77)3.74 (0.64)3.75 (0.60)Use synthetic drugs (eg, K2, spice, bath salts)

.0073.59 (0.80)3.66 (0.73)3.71 (0.65)Use prescription pills without a prescription

aFor each of the following questions, please indicate whether you strongly agree=1, agree=2, neither agree nor disagree=3, disagree=4, or strongly
disagree=5.

Next, we estimated ordinal logistic regression models for each
of the 30-day substance use intention outcomes of interest (Table
2). In this model, we found a significant positive effect of LTE
exposure on all 8 measured drug use intention variables:
sell/distribute illegal drugs; smoke cigarettes; drink beer, wine
or liquor when my parents do not know about it; use marijuana;

use LSD, cocaine, amphetamines, or other illegal drug; use
heroin; use synthetic drugs; use any prescription pills without
a prescription (all P<.05; odds ratios ranging from 2.12 to 3.71).
We also found that boys were more likely than girls to exhibit
reductions in drug use intentions.

Table 2. Logistic regressions of drug use intentions on Living the Example program exposure at wave 3, exponentiated coefficient (n=542).

Self-reported drug use intention, exponentiated coefficient (P value)Measures

8h7g6f5e4d3c2b1a

3.44 (<.001)3.71 (<.001)3.58 (<.001)3.61 (<.001)2.91 (<.003)2.12 (<.007)3.42 (<.001)2.96 (<.003)LTEi exposure

0.98 (.90)0.93 (.64)0.81 (.23)0.94 (.73)1.23 (.15)1.08 (.56)0.85 (.33)0.99 (.94)Age (years)

2.76 (<.006)3.03 (<.004)3.24 (<.003)3.60 (<.001)2.74 (<.006)1.94 (<.009)2.71 (<.007)2.72 (<.006)Gender (female; reference)

aSell/distribute illegal drugs.
bSmoke cigarettes.
cDrink beer, wine, or hard liquor (eg, vodka, whiskey, or gin) when my parents do not know about it.
dUse marijuana.
eUse LSD, cocaine, amphetamines, or other illegal drugs.
fUse heroin.
gUse synthetic drugs (eg, K2, spice, bath salts).
hUse any prescription pills without a prescription.
iLTE: Living the Example.

Next, we estimated a separate model that included a survey
wave interaction term to examine the hypothesis that substance
use intentions declined during the LTE program as a function
of exposure to peer-to-peer prevention messages via social
media. As hypothesized, we observed reductions in 30-day

intentions to use all 8 measured drugs between the second and
third follow-up surveys, the period during which the social
media messaging component of the LTE program took place
(Table 3).
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Table 3. Logistic regressions of drug use intentions on Living the Example program exposure and survey waves 2 to 3, exponentiated coefficient.

Self-reported drug use intention, exponentiated coefficient (P value)Measures

8h7g6f5e4d3c2b1a

3.45 (<.001)3.57 (<.001)3.73 (<.001)3.33 (<.001)2.58 (<.007)2.43 (<.008)3.30 (<.001)3.31 (<.001)LTEi exposure

1.16 (.31)1.41 (.02)1.21 (.21)1.30 (.09)1.14 (.32)1.16 (.24)1.29 (.07)1.06 (.66)Wave 2 (reference)

1.13 (.31)1.03 (.83)0.98 (.85)0.98 (.89)1.31 (.01)1.15 (.17)0.99 (.91)1.21 (.08)Age (years)

2.11 (<.011)2.16 (<.011)2.43 (<.007)2.42 (<.007)2.15 (<.011)1.48 (<.018)2.00 (<.012)2.35 (<.009)Gender (female; reference)

aSell/distribute illegal drugs.
bSmoke cigarettes.
cDrink beer, wine, or hard liquor (eg, vodka, whiskey, or gin) when my parents do not know about it.
dUse marijuana.
eUse LSD, cocaine, amphetamines, or other illegal drugs.
fUse heroin.
gUse synthetic drugs (eg, K2, spice, bath salts).
hUse any prescription pills without a prescription.
iLTE: Living the Example.

Discussion

Principal Findings
LTE had a positive effect on reducing substance use intentions
among high school students. Overall, results of this study were
consistent with and indicate a stronger LTE effect in this study
compared with the 2016-2017 previous pilot study [42]. LTE
appears to offer a protective effect, with exposure to program
messages leading to reduced drug use intentions. This approach
deserves further development, refinement, and evaluation using
rigorous randomized controlled methods that capture detailed
dose-response data.

With regard to our hypotheses, first we saw some evidence that
ambassadors were successful in reaching their peers. We were
able to independently record social media posts for 24
ambassadors who produced LTE messages and shared them
with nearly 13,000 followers over a period of 8 months. This
demonstrates the feasibility of the LTE model reaching a large
number of youths using a peer-to-peer approach at a low cost.
Although the LTE program intended to leverage social media
platforms that were most widely used by youth participants and
their peer networks, some platforms, including Instagram,
presented unique challenges for program implementers and
evaluators. Instagram stories disappear from a user’s profile
after 24 hours, introducing barriers for documenting the content,
features, and persuasive tactics used by ambassadors.
Additionally, some ambassadors had private Instagram profiles,
which prevented our documenting their posts. The abbreviated
postduration also limits the extent to which the content can be
viewed by followers and potentially shared on follower profiles.
Regardless, LTE demonstrated significant potential to reach
large numbers of peers via social media networks, with some
months having over 10,000 followers of ambassadors on
Instagram when there were only 14 ambassadors making at
least one post during that period.

Second, we found that exposure to LTE is indeed associated
with reduced 30-day drug use intentions, confirming our

previous pilot study findings [42]. In our first set of regressions,
we found that self-reported exposure to LTE was associated
with lower use intentions across all 8 measured substances,
including widely used drugs such as marijuana and prescription
painkillers (opioids). This suggests that LTE is an effective
approach that deserves large-scale implementation and
evaluation.

Third, we found evidence of a dose-response relationship
between LTE exposure and reduced 30-day drug use intentions.
There was an effect of exposure to peer-to-peer messaging over
time, with youths who self-reported exposure showing reduced
use intentions at the wave 3 endline follow-up. Dose-response
effects are important evidence for the effectiveness of media
interventions, first as they demonstrate a direct relationship
between the media stimulus and outcomes of interest and second
as they provide evidence for the magnitude of those effects [62].
Optimizing dosage is an important objective for health
campaigns [63] and for this research.

Future Research and Limitations
Future research should use a randomized controlled trial design
to compare implementing and nonimplementing schools and
examine dose-response effects in detail. A group randomized
trial involving sufficient numbers of schools for statistical power
purposes assigned both to implement and not implement LTE
across a school year would provide confirmatory evidence of
the program’s effectiveness. Together with detailed
measurement of social media activity both through independent
monitoring of posting activity at the individual ambassador
level and through self-report, a future study such as this could
specify the optimal dosage for LTE to produce meaningful
prevention effects.

There are some limitations to this study. First, the number of
survey respondents declined in wave 2 and 3 follow-ups, but
we cannot confirm whether students were not in attendance
during survey administration or they did not agree to complete
the follow-up surveys. Second, we were only able to
independently confirm LTE social media activity for 24 of the
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46 ambassadors. We were unable to track potential posting for
some ambassadors due to the omission of program hashtags in
posts, due to use of the hashtags but with private Instagram
account settings, or due to posting on the Snapchat platform,
which does not permit hashtag tracking and is otherwise quite
difficult to monitor. Additionally, we cannot quantify how many
of the posts we documented, and engagement statistics we
captured, represent unique individual users. Consequently, our
independent social media data are incomplete. Finally, due to
limitations with the social media monitoring, we were not able
to statistically analyze the relationship between independent
social media metrics and outcomes measured in the surveys.

Conclusions
Adolescent substance use continues to be a pressing public
health threat in the United States, in particular due to the

growing availability of lethal drugs, teen social norms shifting
to be more favorable of recreational use, and growing
perceptions of the relative safety of some substances [2-4].
Digital social networks are major drivers of public perceptions
of substance use [7,25,26], calling for novel digital strategies
for prevention in this space. LTE offers a promising model for
future programming seeking to widely disseminate peer-to-peer
prevention messaging via social media to reduce adolescent
drug use intentions. By training a relatively small number of
youths, there is potential to reach a large audience with
authentic, targeted prevention messages, given the widespread
use of social networking platforms. Future research should build
on the evidence of the effectiveness of LTE by implementing
and evaluating the program at a larger scale using randomized
controlled methods.
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Abstract

Background: HIV severely impacts the transgender communities in the United States, and transgender women have the highest
HIV incidence rates among any identified risk group. Guided by formative research with transgender women and by an expert
advisory panel of transgender women, we designed a prototype mobile app to promote HIV prevention among transgender
women.

Objective: This study aimed to develop and test the usability and acceptability of the prototype Trans Women Connected mobile
app.

Methods: We engaged in a 3-phase prototype development process. After conducting formative research about the health needs
of this population, we outlined a theory-based app framework and developed three prototype activities (ie, a vision board, a
pre-exposure prophylaxis [PrEP] education activity, and an interactive map). We then tested the usability and acceptability of
the mobile app and activities with 16 transgender women using pre- and posttests, think-aloud protocols, and open-ended questions.

Results: Participants reported high acceptability for the mobile app; the mean rating across all usability and likability questions
was 5.9 out of 7. Service utilization intention, goal setting, and social support increased at posttest compared with pretest. Increases
in self-efficacy in finding lesbian, gay, bisexual, transgender, and queer–friendly services; intention to seek online social support;
and PrEP knowledge were statistically significant. Participants described the app as attractive and useful and perceived all three
activities positively.

Conclusions: This study describes the development and usability and acceptability evaluation of a prototype mobile app designed
for and with transgender women for HIV prevention. The usability testing findings provided important insights toward refining
and the further development of the Trans Women Connected mobile app. The results suggest that a mobile health intervention
can support positive changes. The remaining development and efficacy randomized trial of the Trans Women Connected mobile
app is currently underway.

(JMIR Mhealth Uhealth 2020;8(5):e15888)   doi:10.2196/15888
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Introduction

According to a 2016 meta-analysis, nearly 1 million adults in
the United States are estimated to be transgender [1].
Transgender (or trans, in short) is a term for individuals whose
gender expression and/or gender identity do not align with
cultural expectations and gender norms associated with their
sex assignment at birth [2]. Transgender women in the United
States have been severely impacted by HIV [3-8], and more
than 25% of them are living with HIV [5]. Transgender women
of color are particularly affected; 56% of black/African
American transgender women are living with HIV [5]. HIV
incidence rates among transgender people are much higher than
the national average [9] and highest among any group
specifically tracked by the Centers for Disease Control and
Prevention (CDC) [10]. Currently, the only transgender-specific
program in the CDC’s Effective Interventions and Compendium
of Evidence-Based Interventions and Best Practices for HIV
[11,12] is an in-person, couples-based intervention designed
for transgender women coupled with a cisgender male partner
[13].

Internet/electronic health (eHealth) and mobile health (mHealth)
modalities may be particularly appropriate for transgender
women, many of whom are socially marginalized, who live in
areas that do not offer transgender-specific programming and/or
may be uncomfortable participating in face-to-face interventions
because of confidentiality concerns and fear of stigmatization
[5,14-16]. Although empirical data on internet and mobile app
use among transgender persons is limited, existing studies show
that transgender women consistently use their phones for
information gathering, socializing, and making sexual
connections [17-19]. These communication practices provide
opportunities for engaging transgender women in HIV
prevention and sexual health promotion issues. Mobile phone
apps also have the capacity to deliver individually tailored
content based on motivations for use and app use patterns [20],
making them particularly appropriate for addressing the
heterogeneous experiences, identities, and needs of transgender
women across the life course. Furthermore, although there are
very few studies evaluating transgender-specific eHealth or
mHealth programs [21], a growing body of research about
diverse communities shows that new media intervention
programs are acceptable and can be effective in reducing

HIV/sexually transmitted infection–related risk behaviors and
linking individuals to prevention and care services [22-34].
Given these realities, program developers and practitioners are
increasingly calling for transgender-specific internet-, social
media-, and mobile-based programs to expand the reach of HIV
prevention and health promotion activities [3,35-38].

The purpose of this study was to develop and evaluate the
usability and acceptability of a prototype of the Trans Women
Connected mobile app that addresses the unique HIV prevention
and sexual health needs of transgender women. The goal was
to engage transgender women through a strengths-based
approach to HIV prevention and sexual health promotion,
leveraging the power of social networks to identify and
encourage protective factors.

Methods

Overview
We developed the prototype in three phases (see Figure 1). This
process occurred in collaboration with a research team, an expert
advisory panel (EAP), and a technology team. The EAP
consisted of 3 transgender women of color, a Latinx woman, a
Filipina woman, and an African American woman, each of
whom holds a high-level position in an organization providing
services to transgender women. They provided consultation and
feedback throughout the prototype design and development
process and were compensated as project consultants. The
technology team included a technology director, an app
developer, a database engineer, and a user experience and
graphic designer and was responsible for the design and
programming of the prototype. The ETR Institutional Review
Board approved the study protocols and provided oversight. In
phase one, the research team conducted formative research with
potential users of the mobile app to understand the health needs
of this population and how an app might support their health
and to gather specific suggestions for the development and
content of the app. Phase two included prototype design and
development of the overall app structure and three activities (ie,
a vision board, a pre-exposure prophylaxis [PrEP] education
activity, and an interactive map). In phase three, a group of
potential users used, rated the usability and acceptability of,
and described their experiences with the prototype.
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Figure 1. Prototype development process. PrEP: pre-exposure prophylaxis; STD: sexually transmitted disease.

Phase One: Formative Research
The research team conducted four focus groups and 20 in-depth
qualitative interviews with transgender women between the
ages of 18 and 59 years living in urban and rural areas in every
region of the United States [39]. Briefly, women were recruited
through partnerships with community-based organizations, fliers
in community spaces and on social media, and word of mouth.
Focus group participants received US $100 in compensation;
interview participants received US $50. Topics included overall
well-being and connectedness, transgender health, sexual health,
use of internet and social media, and recommendations for a
trans-specific app. Focus groups and interviews were
audio-recorded and transcribed. We used the grounded theory
open coding methodology and ethnographic methodologies to
classify key themes [40,41].

Phase Two: Prototype Design and Development
On the basis of the findings of the formative research, the
research team developed a preliminary curriculum outline, which

was discussed with and refined by the EAP and, at times,
additional transgender women from their networks. The
technology team then determined the optimal formats for
conveying the curriculum in an engaging manner, in small
self-paced segments, with sufficient levels of interactivity, and
customization. The technology team next created wireframes
and storyboards to mock-up the layout, workflow, and
interaction of all app elements. Through an iterative process of
review and feedback, the EAP guided the designer to create a
final set of imagery and style guide (see Figure 2 for the overall
look). Following final approval of the storyboards, the app
developer created the prototype framework using Adobe
Animate. Using this cross-platform development method, the
app could be built for several mobile platforms, including
Android and iOS, and would allow the utilization of integrated
mobile device (eg, mobile phone and tablet) features such as
GPS and camera.
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Figure 2. Welcome screen for the Trans Women Connected mobile app.

Phase Three: Usability Testing

Participants
Two community-based organizations, one in San Francisco,
California and one in Portland, Oregon, recruited participants.
Inclusion criteria were ages 18 to 55 years, self-identify as a
transgender woman, and English speaking. All participants
provided written informed consent. Participants received US
$100 in compensation.

Procedures and Measures
Using a standard think-aloud protocol, the usability test
administrator (TK) asked each participant to complete a series
of tasks associated with typical use case scenarios, such as using
the menu to locate activities and completing activities. We also
objectively measured participants’ task completion success and
time to completion and asked them to articulate their questions
and thinking process [42,43].

Participants rated the difficulty, appearance, perceived
usefulness, and educational value following each key task and
after completion of all activities and completed a pre- and
posttest that assessed service utilization, goal setting, social
support, and HIV PrEP knowledge. We also solicited
open-ended comments regarding their perceptions of the app
and suggestions to improve it.

Analysis
We conducted descriptive analyses of the ratings and assessed
changes from pre- to posttest using nonparametric tests in IBM
SPSS version 24 (IBM Corp, Armonk, NY). The research team
reviewed open-ended comments and identified key suggestions.

Results

Phase One: Formative Research

Themes About Transgender Health
We identified four main themes from the focus groups and
interviews with 57 transgender women (45/57, 79% who were
transgender women of color) related to the health of transgender
women:

1. Employment and structural factors play a key role in the
health of transgender women.

2. Transition-related care and mental health care are highly
prioritized by transgender women. However, knowledgeable
and affirming providers are difficult to find.

3. The sexual health needs of transgender women are much
broader than just HIV and sexually transmitted infections.

4. Finding community and social support is challenging, but
an important part of health for transgender women.

Conceptual Feedback About a Mobile App for
Transgender Health
Our formative research found that most participants regularly
used social media channels such as Facebook, Instagram,
Snapchat, and various social and sexual networking apps to
connect with friends, family, romantic/sexual partners, and work
opportunities. However, the women also believed that the Trans
Women Connected mobile app could fill a gap by providing
resources specific to transgender women and an opportunity to
connect to other transgender women (see Textbox 1). One
Atlanta focus group participant described how this app could
be a tool for “lifting the curtain and letting go of baggage.” In
particular, participants valued possible app features, such as
forums and direct messaging, to enable users to engage with
each other and for the possibility of formal mentoring.
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Participants had questions and concerns about how the app
would be structured, including issues of privacy and safety, and
the possibility of forums and messaging being used for dating

or hooking up. In general, however, participants were positive
about the mobile app, and many expressed that it would fulfill
an important need in the community.

Textbox 1. Suggestions for Trans Women Connected mobile app features and activities.

• Give transgender women a voice in the process at every step of development

• Images and videos used in the app depict actual transgender women

• Space for trans women to connect and share information

• Optional and customizable notifications

• Customizable privacy settings to allow users to control how their information is displayed

• Information about sexual health, including sexual pleasure

• Support for healthy relationships and relationship skills

• Information to help women locate both trans-specific resources and trans friendly businesses and organizations

• Ways to block and report other users

Phase Two: Prototype Development
Guided by the formative research and EAP, the technology team
created three prototype interactive activities. The first activity,
entitled Create Your Own Vision (Board), provides participants
with the opportunity to imagine how they would like their lives
to be in eight domains: health, living situation, school/work,
sex/love, making a difference, people, free time, and spirituality
(see Figure 3). This activity seeks to help transgender women
situate their well-being and sexual health within the social
determinants of health and structural factors that emerged as
the dominant theme of the focus groups and interviews.

This interactive vision board allows participants to use their
existing pictures, take pictures, create doodles/artwork, select
quotes, and add their own text or other images to create a vision
for each of the eight life domains. These eight collages are
merged into a final scrollable collage that represents the user’s
vision for their future. The activity also has the user identify a
primary goal for their life today, lay out the steps needed to

reach that goal, and identify who can help them execute each
step. This goal setting activity provides a roadmap to reaching
their goal that users can return to anytime. In addition, the vision
board can be printed or shared with other app users—an option
that all usability testers said they would use.

The second activity—Is PrEP Right for Me or My
Partners?—presents a basic overview of PrEP and guides
participants through a benefits and risks assessment to help
them decide if PrEP might be appropriate for them or their
partners (see Figure 4). The activity primarily presents
information through a series of videos featuring a charismatic
African American transgender woman who is getting ready for
and enjoying a night out with friends, including 2 transgender
women who tell personal stories about using PrEP (see Figure
5). Interactive elements were included through questions and a
poll that allows the user to see what other users are thinking
about PrEP and a map that identifies PrEP providers in the users’
area.
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Figure 3. A screenshot of the Create Your Own Vision (Board) prototype activity.

Figure 4. A screenshot of the Is pre-exposure prophylaxis Right for Me or My Partners? prototype activity.

Responding to the need for helping transgender women find
culturally competent and welcoming services, the staff
developed the third activity: Interactive Resource Map. The
map displays providers/organizations in five service categories:
medical, support, educational, employment, and housing/living.
On the basis of GPS location, users see icons for each entry and

can customize the map to view all or certain categories. When
users choose an icon, they see details about the resource
including name, contact information, and user ratings and
reviews (see Figure 6). In addition, the map allows users to add
locations to the map as they identify transgender-friendly
providers in their area.
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Figure 5. A screenshot of a video within the Is pre-exposure prophylaxis Right for Me or My Partners? prototype activity.

Figure 6. A screenshot of the Interactive Resource Map prototype activity.

Phase Three: Usability Testing

Participant Characteristics
A total of 16 racially diverse transgender women participated
in the usability testing (see Table 1). Participants were aged 19

to 52 years, with an average of 34.5 years, and all were
experienced with using mobile devices.
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Table 1. Participant characteristics.

ValuesCharacteristics

Location, n (%)

11 (69)San Francisco

5 (31)Portland

Gender identity, n (%)

14 (88)Transgender woman

2 (13)Nonbinary

Racea, n (%)

3 (19)American Indian or Alaska Native

5 (31)Asian

3 (19)Black or African American

1 (6)Native Hawaiian or other Pacific Islander

6 (38)White/Caucasian

3 (19)Other

Ethnicity, n (%)

2 (13)Hispanic or Latinx

14 (88)Non-Hispanic or Latinx

34.5 (9.28)Age (years), mean (SD)

Experience with mobile devices, n (%)

14 (88)Very experienced

1 (6)A lot of experience

1 (6)Some experience

0 (0)Not much experience

0 (0)No experience

Primary mode to connect with transgender women, n (%)

0 (0)Online

7 (44)In person

8 (50)Both online and in person

1 (6)Other

Primary mode to meet transgender women, n (%)

3 (19)Online

9 (56)In person

4 (25)Both online and in person

0 (0)Other

aParticipants could select more than one option.

App Usability
The usability test results demonstrated that participants liked
the mobile app and found it highly usable (see Table 2). The

mean rating across all usability/likability questions was 5.9 out
of 7. The study benchmark was a score of 4 or better for each
individual rating component.
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Table 2. Usability and likability ratings of the Trans Women Connected mobile app.

Values, mean (SD)aVariable

Main menu

6.25 (1.24)Likeability of opening screen

5.66 (1.81)Likeability of menu system

Create Your Own Vision (Board)

6.28 (1.49)Likeability of the appearance

6.44 (0.73)Likeability of the interface

5.80 (1.14)Likeability of the narrator

Is PrEPb Right for Me or My Partners?

5.57 (1.60)Likeability overall

6.14 (1.03)Likeability of women in the videos

Interactive Resource Map

6.73 (0.59)Usefulness

Overall ratings of Trans Women Connected

6.38 (1.15)Appearance

6.39 (0.65)Contents

6.25 (1.29)Ease of use

6.08 (1.16)Interest

5.92 (1.38)Professionally designed

6.25 (1.48)Enjoyability

6.50 (1.24)Usefulness

6.25 (0.87)Educational value

6.58 (0.68)Likelihood of using

6.62 (1.39)Likelihood of recommending

a7 represents the most positive or highest rating; the study benchmark was 4.
bPrEP: pre-exposure prophylaxis.

Changes in Service Utilization, Goal Setting, Social
Support, and Pre-Exposure Prophylaxis Knowledge
There was a positive trend and increase across multiple measures
(eg, perceptions of available social support, service utilization
intention, intention to mentor other transgender women on the

app, and self-efficacy in discussing PrEP; see Table 3) after
using the app. Increases in self-efficacy in finding lesbian, gay,
bisexual, transgender, and queer (LGBTQ)–friendly services;
intention to seek online social support; and PrEP knowledge
were statistically significant.
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Table 3. Self-efficacy, intention, knowledge, goal setting, and social support: pre– and post–usability testing scores.

P valueUsability testing scoresVariable

PostPre

.013.69 (0.48)3.19 (0.75)Self-efficacy in finding LGBTQa-friendly services, mean (SD)

.483.56 (0.81)3.69 (0.48)Likelihood of seeking LGBTQ-friendly services, mean (SD)

>.993.88 (0.50)3.88 (0.34)Intention to make medical appointmentb, mean (SD)

>.9913 (81)13 (81)Created health goals, n (%)

>.999 (69)9 (69)Considered steps to reach goalc, n (%)

.1614 (88)12 (75)Have social support to help reach goal, n (%)

.713.00 (0.97)2.63 (1.02)Availability of social support, mean (SD)

.033.06 (1.00)2.56 (1.09)Intention to seek online supportb, mean (SD)

.483.50 (0.63)3.38 (0.81)Intention to seek local support servicesb, mean (SD)

.914.19 (1.28)4.06 (1.24)Helpfulness of mentoring from another trans woman, mean (SD)

.483.56 (0.63)3.38 (0.89)Intention to mentor other transgender women on app, mean (SD)

>.9916 (100)15 (94)Can identify friends/family for support, n (%)

.0083.56 (0.63)2.50 (1.37)PrEPd knowledge, mean (SD)

.582.81 (1.22)2.80 (1.21)Intention to seek more info about PrEPb, mean (SD)

>.992.00 (0.97)2.07 (0.80)Intention to discuss PrEP with providerb, mean (SD)

>.996 (40)6 (40)Intention to discuss PrEP with partnerb,e, n (%)

.163.25 (0.86)3.00 (1.13)Self-efficacy in discussing PrEP, mean (SD)

.786.63 (2.33)6.44 (2.60)Connection to other transgender women, mean (SD)

.265.19 (1.83)5.00 (1.67)Satisfaction with connection to other transgender women, mean (SD)

.725.21 (1.81)5.19 (1.87)Level of social support from other transgender women, mean (SD)

aLGBTQ: lesbian, gay, bisexual, transgender, and queer.
bIn the next 30 days.
cOut of 13 participants.
dPrEP: pre-exposure prophylaxis.
eOut of 15 participants.

Qualitative Findings From Usability Testing
Usability testing participants also provided a number of
qualitative comments about their experience using the prototype
and suggestions for how it might be improved (see Textbox 2).
Overall, this qualitative feedback was positive. As one
participant told us, “Helping trans people navigate their health
is a win.” As in the quantitative ratings, women expressed that
they felt the app was useful and attractive. The welcome screen

was described as being friendly and approachable, and many
participants listed the esthetics of the app as one of their favorite
parts. The women liked all three activities, with the map being
a particular favorite. The potential for interactivity and
connection with other transgender women was described as
another attractive feature. The suggestions provided ranged
from broad to very specific; a list of some of the most common
or useful suggestions can be seen in Textbox 2.
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Textbox 2. Suggestions to improve the Trans Women Connected mobile app prototype.

General

• More information or instructions on welcome screen and main menu

• Tidier appearance/colors

• More photos with a variety of transgender women (more representative of the community)

• Options for text instead of audio; subtitles for all audio

• Change or remove audio when returning to a screen

• More black trans women developers

• Provide suggestions for donating or volunteering

Create Your Own Vision (Board)

• Improve instructions and make navigation clearer

• Ability to draw directly on vision board

• Ability to add songs, gifs, or other “moving” content

• Option to turn off narration

• Option to share on social media

Is PrEP Right for Me or My Partners?

• Option to pause videos

• Shorter videos

• Option to view more scientific information

• Clarify some information

Interactive Resource Map

• Add a search bar and list of locations

• Ability to filter user-added locations

• Filter or information on Americans with Disabilities Act-accessible locations

• Add other types of resources, such as gender-neutral restrooms

• Add a filter or new category for free activities

Discussion

Principal Findings
We conducted a 3-phase process to develop a prototype HIV
prevention mobile app for and with transgender women. In the
first phase, we completed formative research, which indicated
that HIV prevention for transgender women must address the
larger context of women’s lives. In the second phase, we
developed and refined the overall app framework and three
prototype activities based on feedback from the EAP. In the
third phase, we conducted usability testing. Participants rated
the app highly on usability and likeability. There was a
significant increase in self-efficacy in finding LGBTQ-friendly
services, intention to seek online social support, and PrEP
knowledge. Overall, the participants were supportive of the app,
with many saying they would use it regularly with no additional
incentive beyond the information and opportunity to connect
with other transgender women.

Strengths of the Approach
There are a number of strengths of the Trans Women Connected
prototype mobile app and research process. The 3-phase
development process allowed us to collect formative data about
the health priorities of transgender women and incorporate this
information into the app prototype. We developed these
activities because they addressed issues or requests observed
in the formative research. This approach, which is considerably
more extensive than the typical app development approach,
helps to ensure that the selected prototype activities were
addressing real needs of the community. The extensive formative
research and the rigor of the analysis in this project, when
combined with an iterative usability testing approach, are unique
among mobile app developers.

Although researchers have called for digital health interventions
to (1) be grounded in behavioral theory [44,45], (2) utilize an
in-depth qualitative understanding of the intended population
[46], and (3) be iteratively developed with multiple stages of
user feedback [47,48], the process has been rarely implemented
consistently, with variations in the development process between
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academic researchers and technology industry developers. Most
mHealth interventions designed by those within the industry do
not yet incorporate theory-based strategies known to drive
changes in health behaviors or undergo systematic testing to
demonstrate their effectiveness [45,49,50]; however, they
typically employ a rapid iterative development process of the
technology. In contrast, interventions developed within an
academic environment are more often grounded in behavioral
theory [51], but researcher-driven mobile interventions often
do not benefit from rapid iterative prototyping and standardized
usability testing with iterative feedback [52].

The development of this app integrated the strategies used in
both academia and the industry and, in some instances, used
methodologies that were more rigorous. For example, rather
than use a local convenience sample for focus groups, as is
typical of most software and app developers, the project
conducted focus groups with transgender women in four regions
and interviews with transgender women throughout the United
States, with key transgender community stakeholders actively
assisting in recruitment activities. By using a community-driven,
grounded theory approach, the research team was able to identify
and delve deeply into themes that would not have been detected
through simply examining focus group transcripts from
convenience samples.

Furthermore, input from transgender women was integrated
throughout the prototype development in coordination with the
EAP and women from their networks. These iterative feedback
loops began earlier than typically in app development and
included gathering feedback on colors and image representations
of transgender women and several other functional and aesthetic
elements of the app before moving on to feedback on the app
interface and activity content, function, and appearance. The
inclusion of members of the LGBTQ community as part of the
development process extended beyond formative research into
voice talent/narration, video development, and design, with the
designer being an LGBTQ-identified woman of color, the
narrators being transgender women of color, and all video
participants being transgender women. These multiple forms
of community engagement not only resulted in a highly tailored
app but also further provide a foundation for dissemination and
active utilization once the Trans Women Connected mobile app
is finalized. As suggested by other researchers, community
engagement increases the likelihood the knowledge gained and
the intervention, in this case an app, will benefit the community
[53-55]. We recognize and appreciate the importance of the
community’s priorities and solutions, which enhances the
relevance and use of data and quality and validity of research
[56-58].

Additional strengths of the usability testing were the multiple
types of data and an evaluation of impact. We gathered both
quantitative and qualitative data about the experience of using
the prototype mobile app; the quantitative data allowed us to
verify that we were meeting numeric targets for usability and
acceptability (as is typical for usability testing), whereas the
qualitative data gave participants the opportunity to provide
more in-depth feedback and suggestions. However, measuring
the impact of the prototype on knowledge, attitudes, and
intentions during the development process rather than when the

app is completed goes considerably beyond standard usability
testing, which is typically limited only to identifying problems
within the user experience [59]. This approach helps determine
whether the learning and engagement activities are performing
as intended before building out the entire app.

Finally, a central strength of this mobile app is the emphasis on
addressing HIV holistically using a strengths-based perspective.
This approach recognizes the resilience of the transgender
community and the social and structural barriers that transgender
women face [60]. Developing an effective intervention requires
a comprehensive approach that intentionally targets community
strengths and challenges [60-63]. Our formative research
confirmed that attention to the larger context of trans women’s
lives was key to HIV prevention [14], [61,64,65], and this
understanding guided our development process.

Limitations
A few limitations of our study need to be considered. The
usability testing sample was limited to 16 participants in two
different cities in the West Coast. Research has determined that
7 to 10 usability participants will uncover 80% to 90% of
usability problems [66,67], and we were able to test the mobile
app with a diverse group of 16 participants. This sample allowed
the examination of some of the different experiences and
identities of transgender women. We likely identified functional
problems with the app and the app was well received as usable
and acceptable; however, it is possible that more geographically
diverse participants or participants from rural areas would have
qualitatively experienced the app differently.

The inclusion of pre- and posttest knowledge and intention
measures during a usability test is unusual and presents some
limitations. Although significant increases in knowledge and
intent were found on some variables, the sample size, although
adequate for usability testing, is small for such testing and again
may not represent the effect that would have been found with
a more diverse or larger sample. However, the results are
promising given that there were positive changes in key
measures after viewing only three prototype activities, and this
would seem to bode well for the efficacy of the complete mobile
program. For several measures, there was no significant increase
between pre- and posttest scores; we may have observed a
ceiling effect. Given the short duration of app use, we were
unable to measure behavior change. However, we measured
antecedents of behavior change according to behavior change
theories, and in the full trial when participants have a longer
period to use the mobile app, we expect to observe increases in
these antecedents and more protective behaviors.

A final limitation of the project was that all members of the
research team identify as cisgender. Although the input of
transgender women was included throughout the development
process, no transgender individuals participated directly in the
interpretation and analysis of data. As a result, there may be
aspects of the data that were missed or misinterpreted because
of the absence of this perspective.

Next Steps
Given the positive results from the prototype development and
usability testing, our next steps are to complete the development
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of the mobile app, including the storyboards and
curriculum/content for the remaining activities, and conduct a
cluster randomized controlled trial to assess the effectiveness
of the Trans Women Connected mobile app. The expansion of
the app to include additional activities will be based on a
theoretical framework of gender affirmation, resilience, and
cognitive behavioral theory and will be implemented using an
agile development process with iterative testing. Through the
entire process, we will continue to work with an expanded expert
and community advisory group of transgender women who will
provide feedback on the app; they will review materials to
ensure the content reflects their experiences and those of their
community. The project team, in collaboration with the expert
advisors, will identify the most essential topics, which will then
be reviewed and revised through an iterative process of
refinement. A newly formed community advisory board,
consisting of 10 geographically and racially diverse transgender
women, will provide feedback on the activity plans and

storyboards. The project team will then revise the documents,
with the process continuing until the content is approved by the
community advisors. In addition, the community advisory board
will test and review completed interactive activities throughout
the project.

Conclusions
Strong formative research, followed by an iterative review from
members of the intended audience, resulted in a usable and
acceptable mobile app that has been well received by
transgender women. Usability testing findings provided
important insights toward refining and the further development
of the Trans Women Connected mobile app. The results of this
study suggest that an mHealth intervention can address critical
structural factors that shape transgender women’s lives and
support positive changes in the knowledge and attitudes about
social connection and health access that are antecedents to
increasing protective and health promotion behaviors.
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Abstract

Background: Smoking cessation helps extend a healthy life span and reduces medical expenses. However, the standard 12-week
smoking cessation program in Japan has several notable problems. First, only 30% of participants complete this program. Second,
participants may choose not to participate unless they have a strong motivation to quit smoking, such as health problems. Third,
the program does not provide enough support during the period between clinical visits and after 12 weeks.

Objective: This study examined the efficacy of the 24-week ascure program to address the problems of accessibility and
continuous support. The program combines online mentoring, over-the-counter pharmacotherapy, and a smartphone app.

Methods: Using a retrospective study design, we investigated data for 177 adult smokers who were enrolled in the ascure
smoking cessation program between August 2017 and August 2018. The primary outcomes were continuous abstinence rates
(CARs) during weeks 9-12 and weeks 21-24. To confirm smoking status, we performed salivary cotinine testing at weeks 12 and
24. We also evaluated the program adherence rate. Finally, we performed exploratory analysis to determine the factors associated
with continuous abstinence at weeks 21-24 to provide insights for assisting with long-term continuous abstinence.

Results: The CARs of all participants for weeks 9-12 and weeks 21-24 were 48.6% (95% CI 41.2-56.0) and 47.5% (95% CI
40.0-54.8), respectively. Program adherence rates were relatively high throughout (72% at week 12 and 60% at week 24). In the
analysis of the factors related to the CAR at weeks 21-24, the number of entries in the app’s digital diary and number of educational
videos watched during the first 12 weeks were significant factors.

Conclusions: The ascure program achieved favorable CARs, and participants showed high adherence. Proactive usage of the
smartphone app may help contribute to smoking cessation success in the long-term.

(JMIR Mhealth Uhealth 2020;8(5):e17270)   doi:10.2196/17270

KEYWORDS

smoking cessation; nicotine dependence; telecare; telemedicine; mHealth; digital therapeutics; mobile phone; smoking cessation
program; online counseling
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Introduction

Background
Smoking is a preventable cause of many health problems, such
as cardiovascular diseases, respiratory diseases, and malignant
tumors [1,2]. There are more than 20 million smokers in Japan,
and deaths from smoking-related diseases are estimated to
exceed 12,900 annually [3]. Smoking cessation can greatly
contribute to extending a healthy life span and the reduction of
medical expenses [3,4]. In Japan, smoking cessation is mainly
encouraged through outpatient services. Following a diagnosis
of nicotine dependence via interviews and questionnaires at
their first visit, patients are eligible for a 12-week standard
smoking cessation treatment program that includes 5 clinic visits
and an initial screening interview to check exhaled carbon
monoxide [5]. In many cases, respiratory physicians and nurses
administer the cessation treatment program, which includes the
following elements: evaluating the severity of nicotine
dependence, measuring the exhaled carbon monoxide
concentration, prescribing the appropriate medicine (mostly
varenicline or a nicotine patch), and a consultation for quitting
smoking, with advice based on behavioral therapy.

This standard smoking cessation program, however, has 3 major
problems. First, only about 30% of participants who start the
program complete it, often because of the burden of the clinical
visits [5]. Second, there is a gap between the number of people
who want to quit smoking and those who go to a hospital. The
estimated ratio of smokers who participated in the program is
only approximately <5% [5,6], although 29.8% of smokers are
willing to quit smoking [7]. Participants who choose to join the
program might only do so because they have serious health
problems or a strong motivation to quit smoking; for example,
38% of outpatient program participants had coexisting diseases
[5]. According to pooled analysis from 8 cohort studies in Japan
[8], to lower the risk of morbidity from smoking-related cancer
to the same level as that of a lifetime non-smoker, male smokers
needed over 21 years, and female smokers needed 11 years of
abstinence. Therefore, early intervention is important, especially
encouraging quitting in young people who might not yet have
coexisting diseases or who might be motivated to quit. Third,
the continuous abstinence rate (CAR) drops significantly after
completing the 12-week program and pharmacological therapy
[9]. Given that the decline in CAR plateaus at around week 24,
finding a way to assist patients in continuing abstinence beyond
12 weeks could help ensure long-term smoking cessation success
[9].

As one way to address the shortcomings of the 12-week
program, the “ascure” smoking cessation program was created
by CureApp Inc. Its features address some of the concerns
related to the standard 12-week program: It is conducted
remotely; uses a smartphone app, which is familiar to young
people, to provide follow-up assistance; and supports
participants for 24 weeks. It also provides professional online
mentoring and offers nicotine replacement therapy
(over-the-counter medical patches) delivered to the patient’s
home. The ascure smartphone app was developed based on
research with the CureApp Smoking Cessation app [10-12].

App users have access to tailored guidance in a timely fashion
through daily use. The ascure program also offers 6-8 online
counseling sessions conducted with experienced nurses and
pharmacists.

Smoking cessation programs based on smartphone apps are
rapidly increasing globally [13,14]. Despite their popularity,
there is limited research on which aspect of the apps predicts
smoking cessation. A study on an app employing a behavior
change model called acceptance and commitment therapy (ACT)
and investigating the associations between a user's smoking
cessation and their usage of the app features reported that 2
ACT-specific practices and viewing the cessation plan were the
strongest predictors of smoking cessation [15]. Another study
analyzed a smoking cessation app designed to deliver the
essential features of the United States Clinical Practice Guideline
[16]. The authors reported that the number of weeks of active
app use (>0 interactions/week) was an important predictor of
successful smoking cessation among those using the app.
However, no systematic analysis has been done that considers
the predictive factors of smoking cessation, especially of app
features, when using a combination of online mentoring,
over-the-counter medication, and a smartphone app among
Japanese smokers.

Objectives
This study retrospectively examined the clinical efficacy of the
ascure smoking cessation program and its impact on continuous
smoking cessation. We also used exploratory analysis to
determine the factors associated with continuous abstinence at
weeks 21-24 to gain insights for supporting long-term
continuous abstinence.

Methods

Study Design
This was a retrospective study evaluating the efficacy of the
ascure smoking cessation program. We conducted this study in
compliance with the Declaration of Helsinki, and all other
applicable laws and guidelines in Japan. All study procedures
were reviewed and approved by the Kanazawa University
Institutional Review Board (2019-023 (3058)).

Participants
We assessed 177 adult smokers participating in the ascure
smoking cessation program in Japan from August 2017 to
August 2018. All participants had their own iOS or Android
smartphones, desired to quit smoking, and were members of
one of 16 corporate health insurance societies. Participants were
recruited mostly via self-selection. Some became aware of this
program through individual recommendations from professionals
(public health nurses) at medical checkups. Advertisements by
email, post, or leaflets distributed at hospitals were used for
recruitment. We included participants who smoked >10
cigarettes per day and who agreed to the study’s privacy policy
by providing written informed consent for data to be used in
our analysis. We excluded participants who had difficulty using
their smartphones according to the instructions or who were
diagnosed with a mental illness.
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Outcomes
The primary outcomes of this study were participants’ CARs
during weeks 9-12 and weeks 21-24. During the online video
sessions at weeks 12 and 24, mentors asked participants whether
they had smoked during the month prior to the current session
and asked them to perform salivary cotinine testing using
iScreen (Cotinine Oral Fluid Screening Device, Abbott
Diagnostics Medical Co, Ltd, Tokyo, Japan). The results of the
test were confirmed visually via video. This allowed
supplementation of the self-reported continuous abstinence via
salivary cotinine testing. We also assessed adherence to the
program based on how many weeks participants took part in
the online sessions (weeks 1, 2, 4, 8, 12, and 24). Furthermore,
we used exploratory analysis to determine the variable factors
associated with smoking cessation success at week 24
(demographic data, smoking history, and app usage) to provide
potential insights for maintaining long-term continuous
abstinence.

Ascure Smoking Cessation App
The ascure smoking cessation program is a 24-week completely
remote, online program including 6 online sessions with the

exclusive ascure smoking cession smartphone app. The app was
developed by CureApp Inc (Tokyo, Japan). As noted earlier,
the app’s contents were developed based on the findings of
clinical studies using the CureApp Smoking Cessation app for
patients diagnosed with nicotine dependence (Multimedia
Appendix 1). The ascure app is compatible with both iOS and
Android smartphones and meets the software inspection criteria
and security requirements of the Apple App Store and Google
Play. CureApp Inc provided participants with the app activation
codes to begin use. The participants downloaded the app,
activated the app using the codes provided, and entered their
personal demographic information including age, gender, years
of smoking, and estimated number of cigarettes smoked per
day. Their information was securely stored on a cloud system
and utilized to support the smoking cessation of each participant
in their personalized counseling.

The app (see Figure 1) comprises 4 steps to maximize the
therapeutic effect of the medications and online mentoring
sessions for smoking cessation: learning, exercise, keeping a
record, and rescue.

Figure 1. Scheme of the ascure smoking cessation program.

Learning: Educational Video Tutorials to Help Users
Quit Smoking
Participants were encouraged to watch 1-3–minute video
tutorials on nicotine dependence that provided useful tips on
smoking cessation based on behavioral therapy. A total of 24
video tutorials were provided during the 24-week smoking
cessation program.

Exercise: A Personalized To-Do List to Change Habits
After being exposed to the behavioral therapy through the
tutorials, participants could make a personalized to-do list for
quitting smoking. For example, they could list alternative
behaviors such as brushing their teeth or stretching when they
craved a cigarette. When participants carried out the registered

alternative behavior, they could record it in the digital diary
provided in the app.

Keeping a Record: Digital Diary of Smoking Cessation
The app instructed participants to keep a digital diary on their
smoking cessation status, physical condition, medication use,
and any adverse events, either by selecting from prepopulated
options or by writing entries in free form.

Rescue: Interactive Chat Sessions
Whenever participants experienced cravings or withdrawal
symptoms, they could tap the “call” button to send a message
to a personalized chatbot. The chatbot immediately replied and
provided personalized advice on how to deal with the symptoms.
The chatbot also provided encouraging messages on smoking
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cessation to app users to remind the participants of their
motivation to quit smoking.

Online Mentoring
Throughout the 24-week program, 6-8 interactive online sessions
with experienced mentors (normally professional nurses or
pharmacists) were provided. Participants met with mentors via
a web-based counseling system at each planned visit (weeks 1,
2, 4, 8, and 12, as in the standard smoking cessation outpatient
program, with an additional session in week 24). During the
online sessions, the mentors asked participants about their
smoking status and any difficulties they encountered.
Participants were also provided with guidance on overcoming
psychological dependence. Each online mentor in the ascure
program had more than 3 years of experience as a nurse, public
health nurse, dietitian, or pharmacist. All instructors joined the
Japan Society of Tobacco Control or The Japanese Association
of Smoking Control Science and were qualified by either society
before their initial mentoring session. In-house training was
conducted for 1 month to learn the system for smoking cessation.

Medication
As part of the program, participants received over-the-counter
nicotine patches or nicotine gum as a smoking cessation aid,
which was delivered via parcel from a pharmacy (ascure store
[former Nihonbashi Smart Clinic], Tokyo, Japan) to their homes.
This nicotine replacement treatment was typically used until
week 8.

Data Collection
We collected basic information on each participant via the app,
including their age, gender, years of smoking, number of
cigarettes smoked per day, and screening of tobacco/nicotine
dependence using methods such as the Tobacco Dependence

Screener (TDS) score [17], Fagerström Test for Nicotine
Dependence score [18], and Kano Test for Social Nicotine
Dependence (KTSND) score [19], the metrics of which focus
on their psychological dependence. We also gathered app usage
statistics, such as the number of days that participants updated
their diaries, number of “call” button presses, and number of
educational videos viewed.

Statistical Analysis
Continuous variables are presented as mean (SD) or median
(interquartile range [IQR]), depending on their distribution.
Categorical variables are presented as the number (percentage).
For the exploratory factor analysis of the predictors of CAR at
week 24, we conducted multivariable logistic regression
analysis, selecting from among the standardized variables
(demographic data, smoking history, and app usage evaluated
between weeks 0 and 12), while adjusting for age, gender, and
TDS score. In multiple testing, the Bonferroni method was used

to adjust the P values. P values <3.0 x 10-3 (0.05 divided by 15)
were considered to be significant. There were 36 missing values
for the TDS score and 40 missing values each for the Fagerström
Test for Nicotine Dependence and KTSND. To address these
missing data in the explanatory variables, we used a multiple
imputation method. We used the Pearson Chi-square test for
subpopulation analysis. All calculations and analyses were
performed using R software version 3.5.2 (R Foundation for
Statistical Computing, Vienna, Austria); packages used were
‘data.table,’ ‘stats,’ and ‘mice’.

Results

Baseline Characteristics
Table 1 shows the baseline characteristics of the 177
participants.

Table 1. Baseline characteristics of the 177 participants.

RangeValuesCharacteristics

26-6344.6 (9.7)Age (years), mean (SD)

N/A65 (36.7)Female gender, n (%)

20-1260362 (228)Brinkman index, mean (SD)

2-4016.2 (6.4)Cigarettes per day, mean (SD)

2-4222.0 (9.8)Years of smoking, mean (SD)

0-111 (3)Number of smoking cessation attempts before the trial, median (IQRa)

0-108 (3)TDSb score, median (IQR)

aIQR: interquartile range.
aTDS: Tobacco Dependence Screener.

Efficacy of the Ascure Program
Program adherence was 71.8% (127/177) at week 12 and 59.9%
(106/177) at week 24. Within the first 4 weeks of the program,
23 people did not book the subsequent online mentoring
sessions, and 11 and 16 people, respectively, lost contact with
their mentors during the week 4 and week 8 sessions. The
biochemically validated CAR during weeks 9-12 was 48.6%
(86/177; 95% CI 41.2-56.0; Table 2). At weeks 9-12, 86 people

had successfully quit smoking, while 50 people could not be
evaluated because they dropped out of the program. The
biochemically validated CAR during weeks 21-24 was 47.4%
(84/177; 95% CI 40.0-54.8). We confirmed continuous
adherence for 84 of the 106 individuals who completed the full
24-week program. Of these, 75 people also succeeded in 1
month of smoking cessation during weeks 9-12, and 9 people
who had been counted as unsuccessful at week 12 became
successful at week 24. No participants reported adverse events,
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including app-related events, during the program other than skin rashes and nausea caused by nicotine patches.

Table 2. Efficacy of the ascure program.

95% CIEfficacy rate, n (%)Measurement

41.2-56.086 (48.6)CARa at weeks 9-12

40.0-54.884 (47.4)CAR at weeks 21-24

aCAR: continuous abstinence rate.

Predictors of CAR at Weeks 21-24
Next, we evaluated the predictors of CAR during weeks 21-24
(Table 3). The candidate factors were the demographic variables,
smoking history, and app usage. The learning comportment of
the app was quantified by the number of educational video
tutorials watched. A personalized to-do list to change habits
included the number of times environmental triggers were
avoided, number of behavioral patterns changed, number of
alternative behaviors, and number of instances of assertiveness
training. The number of diary entries and reports of poor
physical condition reflected the use of the recording function
of this app. The use of the interactive chat was measured by the
number of “like” button presses and nurse “call” button presses.
The multivariable analyses revealed that the number of days
participants wrote in their digital diaries and number of
educational video tutorials watched during the first 12 weeks
were significantly associated with CAR during weeks 21-24.

Moreover, we calculated the CARs at weeks 21-24 separately
by subgroups of the number of days that participants wrote in
their diaries. Participants who wrote diary entries more than the
median number (43 times; range, 0-77 times) during the first
half of the program achieved higher CARs (59/88, 67%) than

those who did not (25/89, 28%; χ1
177 = 25.39, P<.001) when

counting dropout as a failure. Even within the group of 106
people who completed all 24 weeks, the subgroup who wrote
more diary entries than the median number (62.5 times) had a
higher success rate (47/53, 88.7%) compared with those who

did not (37/53, 69.8%; χ1
106 = 4.65, P=.03).

Participants who watched educational videos more than the
median number (6 times; range, 0-24 times) also had
significantly higher CARs (55/86, 64.0% vs. 29/91, 31.8%)

when counting dropout as a failure (χ1
177 = 16.99, P<.001).

However, there was no significant difference between success

or failure among people who completed all 24 weeks (χ1
177 =

2.19, P=.14).
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Table 3. Results of multivariable logistic regression analysis to determine potential predictors of smoking cessation success at week 24.

AICaP value95% CIOdds ratioVariable

Demographic data

239.0041.159-2.1741.577Age

239.0680.289-1.0390.552Sex (male: 0, female: 1)

Smoking historyb

239.1970.840-2.4091.405Years of smoking

241.9440.743-1.3751.011Number of cigarettes/day

240.2680.604-1.1400.838Number of smoking cessation attempts
before the trial

238.0870.537-1.0360.752TDSc

239.1460.537-1.0810.791FTNDd

238.0950.523-1.0430.747KTSNDe

Application usagef

219<.0011.550-3.1262.178Educational video tutorials watched

229.0111.367-5.3942.441Times environmental triggers were
avoided

226.0091.550-9.0293.184Times behavioral patterns were changed

228.0101.404-5.9222.514Alternative behaviors

236.0891.017-2.8961.560Instances of assertiveness training

208<.0011.866-3.8942.661Diary entries

239.3200.860-1.6301.172Reports of poor physical condition

237.0261.108-2.6731.638“Like” button presses

235.0401.059-2.3661.510Nurse call button presses

aAIC: Akaike information criterion.
bAdjusted by age and gender.
cTDS: Tobacco Dependence Screener.
dFTND: Fagerström Test for Nicotine Dependence.
eKTSND: Kano Test for Social Nicotine Dependence.
fAdjusted by age, gender, and TDS.

Exploratory Analyses
As a reference, we reviewed the efficacy of the standard
smoking cessation program. There are several differences in
the baseline characteristics between the ascure program and the
standard program. Compared with the national survey (Table
4), the ascure program participants were relatively young, more
often female, and had low dependence, as represented by the
Brinkman index.

While only 29.8% (390/1308) of smoking cessation outpatients
completed the standard 12-week treatment, ascure participants
had a higher program adherence rate of 71.8% (127/177) at
week 12 and 59.9% (106/177) even at week 24.

Although the efficacy of the 2 programs cannot be compared
directly, both programs measured efficacy with a 1-month CAR

at weeks 9-12. In the case of the outpatient service, the
self-reported 1-month continuous abstinence was confirmed by
exhaled carbon monoxide concentration (<8 ppm) at the fifth
clinical visit.

Among the participants continuing the ascure program until
week 12, the CAR at week 12 was 67.7% (86/127; 95% CI
59.4-76.0), whereas the CAR among individuals who completed
the 12-week outpatient program was 82.1% (320/390) [5].
However, in contrast to the 12-week outpatient program, the
ascure program assisted participants for up to 24 weeks through
the smartphone app. The CAR at weeks 21-24 among people
who completed the ascure program was 79.2% (84/106; 95%
CI 71.4-87.1). Importantly, when counting dropouts as failures,
the CAR of all ascure participants at weeks 9-12 (86/177,
48.6%) was twice that of outpatients in the standardized smoking
cessation program (320/1308, 24.5%) [5].
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Table 4. Baseline characteristics of the participants.

ascure program, n=177Standard program, n=1308Characteristic

44.6 (9.7)49.0 (14.5)Age (years), mean (SD)

65 (36.7)400 (30.6)Female sex, n (%)

362 (228)634.1 (448.3)Brinkman index, mean (SD)

16.2 (6.4)22.8 (10.2)Cigarettes per day, mean (SD)

22.0 (9.8)27.5 (13.4)Years of smoking, mean (SD)

8 (3)8 (N/Ac)TDSa score, median (IQRb)

aTDS, Tobacco Dependence Screener.
bIQR: interquartile range.
cIQR not reported in the publication.

Discussion

Principal Findings
This study evaluated the efficacy of the ascure smoking
cessation program, which is characterized by online mentoring,
a smartphone app, over-the-counter medications, and an
extended follow-up period (24 weeks). First, we found that the
CAR was 48.6% during weeks 9-12 and 47.5% during weeks
21-24. We also observed high adherence rates: 72% at week 12
and 60% at week 24. Unlike previous reports [9], CARs did not
decrease significantly between weeks 12 and 24. Second, using
multivariable logistic regression analysis, we found that the
number of days of digital diary entries and number of
educational videos watched during the first 12 weeks were
significantly associated with the CAR at weeks 21-24. The
number of days of digital diary entries was significantly different
between people who succeeded or failed in 1-month continuous
abstinence at week 24 even when dropouts were excluded.

Comparison With Prior Work
This study has 3 important findings. First, the ascure smoking
cessation program achieved moderately favorable CARs in
comparison with the current standard Japanese outpatient
program, mainly due to the adherence rate. While only about
30% of participants completed the outpatient program [5], the
completely remote ascure program saw a higher adherence rate,
even at week 24. Participants in the ascure program achieved
reasonable CARs without face-to-face advice from medical
doctors; without taking varenicline, a prescription drug that
blocks the pleasant effects of nicotine; and without the need to
visit smoking cessation clinics. This program is intended to
provide an alternative to the standard program for those who
cannot access the standard program, including busy
professionals. This program could be convenient for people
who do not visit hospitals frequently, who do use a smartphone
frequently, and who are familiar with web-conferencing. On
the other hand, the outpatient service is a better solution for
those who have other serious health problems or have
experienced withdrawal symptoms. The differentiating aspects
of ascure from other app-based smoking cessation programs in
the world include the contents of the app, professional
mentoring, and pharmacotherapy. Bricker et al [20] evaluated
a smoking cessation app delivering ACT in 99 adult smokers

and found that 11% had achieved 30-day point prevalence
abstinence in an intent-to-treat (ITT) analysis at the 2-month
follow-up. The app assessed by Iacoviello et al [16] has a series
of missions and personalized messages that adhere to the United
States Clinical Practice Guideline, and 26.2% of the ITT sample
(109/416) reported 30-day abstinence from smoking after 8
weeks. Another study evaluated a comprehensive, multiphase
digital smoking cessation program that includes a mobile carbon
monoxide breath sensor and text-based human coaching and
reported a 30-day point prevalence abstinence of 27.6% (88/319,
ITT) [21]. The outcomes could have been strongly affected by
the difference in the country the study was conducted in and
ethnicity. Also, the study design, program duration, baseline
characteristics, and outcome measurement are not consistent
among these programs, including the ascure program. We
acknowledge that the huge differences limit the comparability
of these programs, but the efficacy of the ascure program is
favorable when assessing 1-month smoking cessation success.

Second, proactive use of the smartphone app (eg, keeping a
digital diary and watching educational videos) during the first
12 weeks of the program was significantly associated with CARs
during weeks 21-24. Keeping a smoking cessation diary is
recommended by various Japanese academic societies (eg, the
Cardiovascular Society, Lung Cancer Society, Cancer Society,
and Respiratory Society) [22]. This study further supports the
concept that writing diaries is associated with an increased
success rate in smoking cessation. The number of diary entries
might reflect an individual’s willingness to quit smoking and
therefore their commitment to the program. A study comparing
two other smartphone-based smoking cessation interventions
— SmartQuit and Quit guide — reported that the number of
times the application was opened was a significant predictor of
smoking cessation [23]. In addition, another study on the
app-based program, Clickotine, also found that the number of
weeks with more than 1 interaction in the app was associated
with smoking cessation success [16]. Participant engagement
has been found to be a consistent predictor of smoking cessation
in several programs, and interactivity might be a key factor in
improving engagement [15,16,23-26]. The proactive use of a
smartphone app as an indicator of patient motivation might be
a predictive factor of better outcomes of smoking cessation
programs.
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Third, the ascure program seemed to attract more relatively
young, female participants with low dependence, as represented
by the Brinkman index. This may imply that, because of the
completely remote aspect of the ascure program, it could recruit
people who do not utilize the outpatient service voluntarily.

Strengths and Limitations
This study was the first to examine the efficacy of a novel
smoking cessation program for members of a Japanese health
insurance society. We used a biochemically validated smoking
status test to assess the efficacy of the program. However, this
study has several limitations. First, the absence of a control
group is a significant problem when assessing the efficacy of
the program. Our finding that a predictor of smoking cessation
was the intensive use of the program could merely reflect that
motivated patients made more intensive use of the program.
Future studies, such as crossover trials with a control group, are
necessary to better evaluate the efficacy of the program. Second,
several factors could limit the generalizability of the findings:
participants’ level of motivation to engage in the program,

participants’ sociodemographic status (all were members of
corporate health insurance societies), and access to technology
(ie, smartphones). Third, we evaluated 1-month continuous
abstinence (as does the outpatient service in Japan). This limits
the comparability with internet-based programs in other
countries. Fourth, data on adherence to nicotine patches and the
quality of video counseling, which might affect outcomes, were
not collected. Finally, it may be necessary to evaluate smoking
status even further into the future, such as at week 52 or beyond,
to confirm the long-term efficacy of this program.

Conclusion
The completely remote ascure smoking cessation program
achieved favorable smoking cessation success rates while
improving accessibility and adherence to a cessation program.
Moreover, proactive use of the smartphone app may have
contributed to successful smoking cessation over a relatively
long period. The combination of internet-based counseling, a
smartphone app, and over-the-counter medications might be a
viable solution for long-term smoking cessation.
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ACT: acceptance and commitment therapy
CAR: continuous abstinence rate
FTND: Fagerström Test for Nicotine Dependence
IQR: interquartile range
ITT: intention-to-treat
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Abstract

Background: Vaccination is a critical step in reducing child mortality; however, vaccination rates have declined in many
countries in recent years. This decrease has been associated with an increase in the outbreak of vaccine-preventable diseases. The
potential for leveraging mobile platforms to promote vaccination coverage has been investigated in the development of numerous
mobile apps. Although many are available for public use, there is little robust evaluation of these apps.

Objective: This systematic review aimed to assess the effectiveness of apps supporting childhood vaccinations in improving
vaccination uptake, knowledge, and decision making as well as the usability and user perceptions of these apps.

Methods: PubMed, Excerpta Medica Database (EMBASE), Web of Science, Cochrane Central Register of Controlled Trials,
ClinicalTrials.gov, and Education Resources Information Center (ERIC) databases were systematically searched for studies
published between 2008 and 2019 that evaluated childhood vaccination apps. Two authors screened and selected studies according
to the inclusion and exclusion criteria. Data were extracted and analyzed, and the studies were assessed for risk of bias.

Results: A total of 28 studies evaluating 25 apps met the inclusion criteria and were included in this analysis. Overall, 9 studies
assessed vaccination uptake, of which 4 reported significant benefits (P<.001 or P=.03) of the implementation of the app. Similarly,
4 studies indicated a significant (P≤.054) impact on knowledge and on vaccination decision making. Patient perceptions, usability,
and acceptability were generally positive. The quality of the included studies was found to be moderate to poor, with many aspects
of the methodology being unclear.

Conclusions: There is little evidence to support the use of childhood vaccination apps to improve vaccination uptake, knowledge,
or decision making. Further research is required to understand the dichotomous effects of vaccination-related information provision
and the evaluation of these apps in larger, more robust studies. The methodology of studies must be reported more comprehensively
to accurately assess the effectiveness of childhood vaccination apps and the risk of bias of studies.

International Registered Report Identifier (IRRID): RR2-10.2196/16929

(JMIR Mhealth Uhealth 2020;8(5):e17371)   doi:10.2196/17371
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Introduction

Background
In 2018, it was estimated that immunization prevented 2 to 3
million deaths each year, yet over 19 million children worldwide
under the age of 1 year did not receive basic vaccines [1]. Most
of these children lived in developing countries, where access
to vaccines and antenatal services is somewhat limited [1].
Nevertheless, an increase in vaccine-preventable disease
outbreaks has also been identified in developed countries, which
is associated with declining vaccination uptake [2-4].
Immunization coverage of 9 routine childhood vaccinations
declined in England by 0.2% to 1% during 2018 to 2019,
compared with the previous year, and 1.3% of children born in
2015 in the United States received no vaccinations by the age
of 2 years, compared with 0.9% of those born in 2011 [4,5]. A
number of studies have investigated the reasons for vaccine
refusal among parents and caregivers and have revealed that
religious, philosophical, and personal beliefs, coupled with
safety concerns and insufficient information, were the most
commonly cited reasons [6]. The now-refuted evidence linking
measles-mumps-rubella with autism was seen to cause a 2%
decrease in the uptake of measles-mumps-rubella vaccinations
[7]. Furthermore, the widespread adoption of the human
papillomavirus (HPV) vaccine has been thwarted by religious
and cultural barriers [8,9].

Despite the low mortality rate of vaccine-preventable diseases,
various sociodemographic groups, including young children
and elderly or immunocompromised individuals, are at risk of
serious, sometimes fatal, complications [10]. The outbreaks of
vaccine-preventable diseases can be minimized by maintaining
herd immunity, which varies from 75% to 97% vaccination
coverage, depending on the disease and setting in question [11].
As such, it is crucial that there is adequate provision of correct
and comprehensive information, resources, and reminders to
encourage parents and caregivers to obtain complete and timely
vaccinations for their children. Many informational, behavioral,
and environmental initiatives in various settings have been
implemented to improve the uptake of childhood vaccinations
[12-14]; however, the scalability and sustainability of these
programs have been problematic [12].

With the increasing utilization and accessibility of mobile
devices, digital technologies have shown promise in effectively
disseminating information to diverse and diffuse populations
and rolling out community-wide initiatives [10,15]. A World
Health Organization survey on mobile health (mHealth) revealed
that 83% of member states offered at least one service in 2011
[16]. mHealth has been investigated by multiple private and
public organizations to support the uptake of vaccinations,
including vaccination information websites and mobile apps,
hereafter referred to as apps. These apps have various functions
designed to support health care providers, caregivers, and, in
some cases, children to access vaccine-related information,
recommended immunization schedules, store vaccination
records, and receive appointment reminders. There are now
over 200 vaccination-related apps available on the App Store
[17]. A systematic review conducted in 2015 discussing the

design of vaccination reminder apps reviewed 2 studies on
mobile reminder apps [18]. However, a comprehensive review
of the effectiveness and usability of childhood
vaccination-related apps is yet to be conducted.

Objectives
This study aimed to systematically review the evidence on the
use of apps to support childhood vaccination uptake, information
storage, and record sharing as well as to investigate the usability
and user perceptions of these apps.

Methods

This systematic review was conducted following, where
possible, the Cochrane collaboration [19] and the Centre for
Review and Dissemination [20] methodologies for conducting
systematic reviews.

Database Search
Full methods for this review have been published in detail in a
systematic review protocol [21]. This systematic review was
registered with the International Prospective Register of
Systematic Reviews (CRD42019156583). The Participant,
Intervention, Comparison, and Outcome framework was used
to develop the search strategy [22], which was performed
following the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses Protocols [23]. The search strategy was
tweaked to ensure that a defined set of known references was
returned without retrieving an unmanageably large number of
studies. This primarily involved the selection and amendment
of wildcard terms to ensure that irrelevant terms were not
included; for example, immun* retrieved papers related to
immunology; hence, this was amended to immuni* to make this
more specific to immunizations. No study design filter was used
as both quantitative and qualitative studies were included. The
search strategy was finalized and tailored to different databases
in consultation with a medical librarian. PubMed, Excerpta
Medica Database (EMBASE, Ovid), Web of Science, Cochrane
Central Register of Controlled Trials (CENTRAL),
ClinicalTrials.gov, and Education Resources Information Center
(ERIC) databases were searched. The search terms were grouped
into 3 themes—vaccinations, mobile apps, and children—which
were subsequently searched with the following structure:
vaccinations (Medical Subject Headings, MeSH OR Keywords)
AND mobile applications (MeSH OR Keywords) AND children
(MeSH OR Keywords). The full search strategy is shown in
Multimedia Appendix 1. The search took place on October 23,
2019.

Inclusion and Exclusion Criteria
This systematic review aimed to assess apps designed to support
childhood vaccination uptake. As such, the search was limited
to studies conducted during or after 2008, when the first
smartphone was launched, thus reducing the number of
irrelevant results. When searching ClinicalTrials.gov, the search
was limited to studies first posted on or after January 1, 2008.
Only studies published in English were included to ensure an
accurate interpretation. Observational studies such as
cross-sectional surveys, cohort studies, qualitative studies,
economic studies, and intervention studies were included.
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Intervention studies were not required to have a specific
comparator or any comparators. Studies were excluded if they
were solely descriptive of the app.

To understand the latest developments in accessible technology
supporting improvement in the uptake of childhood vaccinations,
we restricted this review to apps hosted on mobile platforms.
The app could provide any service related to the promotion of
vaccination or vaccination decision making, including but not
limited to information sharing and record storing or sharing,
and appointment support. Studies that did not involve the use
or study of an app or solely focused on other ways of delivering
vaccination interventions such as text messaging, telephone
calls, or web-based interventions were excluded. Owing to the
specific nature of the intervention, the population was restricted
to children, parents, guardians, and/or health care professionals
involved in the management of children. Children were defined
as individuals aged less than or equal to 18 years. Studies
focusing on the vaccination of adults were excluded. The study
could have been conducted in any geographical setting.

Outcome Measures
The primary outcome of this review was the uptake of
vaccination. The secondary outcomes were the knowledge and
decision making of parents; costs and cost-effectiveness; use
of the app; measures of usability, for example, usefulness,
acceptability, and experiences of different users (parents and
health care professionals); and adverse events (eg, data leak and
misinformation).

Screening and Selection of Studies
All studies retrieved from the databases were stored in Mendeley
version 1.19.5 (Elsevier), a reference management software.
This software automatically eliminated duplicates before
screening the citations against the inclusion and exclusion
criteria by 2 independent reviewers. When duplicates, or

publications from the same study were identified, the more
recent publication or the one with the most details was selected
for inclusion in the review. Any disagreements were discussed,
and if a consensus was not reached, a third reviewer was
consulted.

Published results of trials that were retrieved from CENTRAL
or ClinicalTrials.gov and that met the inclusion criteria were
searched for and included if not already captured; trial designs
or protocols were excluded. A total of 10 trials met the inclusion
criteria; 8 had no published data at the date of screening, and
the published results of the remaining 2 trials were already
included. The titles of references of 5 relevant review studies
that were retrieved with our search strategy were reviewed for
inclusion; 4 additional references were identified and were
included in the full-text review.

The full text of the abstracts that met the inclusion criteria was
screened by one of the reviewers and validated by a second
reviewer to determine the studies to be included in the final set.
Overall, 10 of the screened studies eligible for inclusion were
conference or meeting abstracts and did not have full texts
available; hence, they were excluded.

Data Extraction
Data were extracted by 1 reviewer, and key data points from
the studies that were specified in the protocol and identified on
further study of the publications were recorded in a spreadsheet.
The data extraction form was based on the minimum
requirements recommended by the Cochrane Handbook for
Systematic Reviews [24]. The data extracted from the studies
are shown in Table 1. This process was validated by a second
reviewer, and disagreements were resolved by a third reviewer.
There were no disagreements in the extracted data; however,
there were 18 instances in which the second reviewer proposed
the inclusion of additional data for greater clarity.

Table 1. Data extracted from the included studies.

Data extractedStudy information

Title of publication, year of publication, authors, and journal of publicationGeneral study information

Study design, country of study, analyzed sample size, key inclusion/exclusion criteria, and study armsStudy characteristics

App name, device on which the app could be or was utilized, compatible platforms, intended user, aim of the app, vaccines
covered by the app, and vaccine-related features of the app

Intervention characteristics

Number of users, impact on the uptake of vaccinations, impact on knowledge/learning, impact on vaccination decision
making, perceived credibility, usability/user experiences, popular features, costs/cost-effectiveness, adverse events, and
conclusions

Evaluation

Risk of Bias
The quality assessment of the included studies was undertaken
by 1 reviewer and validated by a second reviewer. Any
disagreements were resolved by consensus or the opinion of a
third reviewer, where required. The methods specified in the
Cochrane collaboration tool for assessing the risk of bias were
used. The Cochrane collaboration risk of bias tool was used to
assess the quality of the randomized controlled trials [25]; the
risk of bias in nonrandomized studies of interventions
(ROBINS-I) tool was used to assess the nonrandomized
intervention trials [26]; and the critical appraisal skills program

tools for cohort, qualitative, and economic studies were used
for pre-post and quantitative studies, qualitative studies, and
economic studies, respectively, [27-29]. The quality of
cross-sectional survey studies was assessed using the Appraisal
tool for Cross-Sectional Studies (AXIS) tool [30]. The results
of the Cochrane collaboration risk of bias tool and ROBINS-I
evaluations were summarized using RevMan 5.3 [31] and robvis
[32], respectively. The critical appraisal skills program scores
were calculated using standard practice, yes=1, no=0, and cannot
tell=0 for each question, following which the total score was
summed for each study. AXIS scores were summarized
tabularly, and the mean and SD were calculated.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e17371 | p.177https://mhealth.jmir.org/2020/5/e17371
(page number not for citation purposes)

de Cock et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Data Analysis and Synthesis
Owing to the variability in populations, interventions, outcomes,
and study designs, a meta-analysis of the studies was not
possible; hence, we report a narrative overview of the findings
to draw conclusions about the potential roles, value, and
effectiveness of the apps to support childhood vaccinations. For
the purpose of this review, the app was considered to provide
significant benefit if there was a statistically significant (P≤.054)
improvement in a given outcome as compared with a comparator
or control or over time. If no significance was reported or if the
difference was nonsignificant or significantly worse among
groups or over time, the app was considered to have no
significant evidence supporting it. The limitations and future
directions for research were also summarized.

Results

Study Selection
Overall, 3415 studies were retrieved from the 7 databases; of
these, 1243 were duplicates. Of the 2172 citations screened,
126 were selected for full-text review, and 4 additional studies
were identified during the title screening of the references from
5 relevant review studies that had been retrieved in the database
search. The primary reasons for exclusion at the screening stage
were that the study was not vaccination-related (n=1171), did
not include a mobile app (n=564), or was not health-related
(n=89). Overall, 28 papers were included in the final review.
The reasons for the exclusion of full-text review are detailed in
Figure 1 [33].

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram of study selection.

Study Characteristics
The study characteristics of the 28 studies included in this
review can be seen in Multimedia Appendix 2. These studies
were published between 2010 and 2019. Overall, 3 of the 28
studies were randomized controlled trials [34-36], and 12 had
a nonrandomized trial design; 9 were pre-post (before-and-after)
studies [37-45], 2 were nonrandomized controlled trials [46,47],
and 1 had an interrupted time series design [48]. A further 6
studies were cross-sectional survey studies [49-54], 4 were
longitudinal observational studies [55-58], 2 were qualitative
studies [59], and 1 was an economic design study [60].

The 28 studies evaluated 25 unique apps; 3 papers evaluated
the ImmunizeCA app [39,58,59] and 2 studies assessed
MorbiQuiz [35,49]. The included studies varied in design,

population, and geographical setting. The study populations
generally included parents (15/28) [35-39,44,46-52,54,59],
expectant mothers (5/28) [36,39,44,47,59], and/or children
(4/28) [41-43,61]. Other populations included the general public
(5/28) [45,53,55,57,58], households (1/28) [43], and village
doctors (1/28) [34,43]. Some studies included multiple
populations; hence, they were included multiple times in these
statistics. The population size in the included studies ranged
from 6 to 161,695 participants [43,51]. Overall, 12 of the 28
included studies were conducted in North American countries
[37-40,44,45,51,53,57-60], 7 in Asia [34,36,41,42,47,52,56], 1
in the Middle East [54], 5 in Europe [35,46,49,50,61], 2 in
Africa [43,48], and 1 included worldwide users [55].
Approximately, 39% (11/28) of the studies took place in
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deprived areas and/or developing countries [34,36,38,41-43,
47,48,52,54,56].

App Characteristics
The characteristics of the 25 apps investigated in the included
studies are shown in Table 2. The apps were primarily delivered
via a smartphone or tablet, with 4 apps using multimodal
delivery methods [36,37,50,56]. Over 50% (15/25) of the apps
were intended for use by parents [35,37,38,40,44,46,
50-52,54-58,60], with 4 designed specifically for use by mothers
[44,52,54,58]. Furthermore, 3 apps were for use by
multidisciplinary populations involved in the delivery of
childhood vaccinations, for example, health care providers,
pharmacists, and parents [50,55,56]. Overall, 7 of the 25 apps

were designed solely for the use of health care providers/health
workers [34,36,41-43,47,48]. The vaccines covered by these
apps varied. Almost two-thirds (15/25) of the apps covered
multiple vaccines [34,36,41,42,44,46-48,50-52,54-58], 5 focused
solely on HPV [37,38,40,60,61], 2 on influenza [45,53], 1 on
measles-mumps-rubella [35], and 1 on measles only [43].
Furthermore, 4 studies describing 4 unique apps reported an
association with the Expanded Program on Immunization (EPI)
[34,41,42,47]. All 25 apps served vaccination-related functions;
however, 28% (7/25) had a focus beyond vaccinations
[36,42,45,50,52,54,56]. The scope of these apps remained
broadly within the field of antenatal, maternal, or child health,
with the exception of the Carrot Rewards app, which was
intended for general health initiatives [45].
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Table 2. Characteristics of childhood vaccination apps.

Compatible platformsTechnical specificationsIntended userApp

Apple iOSb and Ma-
cOS

ParentConversational agent for HPVa vaccina-
tion [37]

• Graphical user interface tool on lap-
top used by an operator

• Bluetooth communication with iPad,
the user-facing interface

• Text-to-speech capability
• Wizard of Oz agent architecture

iOS and AndroidWomen of childbearing ageImmunizeCA [39,58,59] • Generates customized vaccination
schedules

• Vaccine information available
• Creates virtual immunization record
• Syncs with calendar for scheduling
• Embedded outbreak alert feature
• Basic security features
• Rotating banner in app used to dis-

play features and public health mes-
sages

iOSParentTablet-based self-persuasion app [38] • Voiceover narration of task
• Audio recording function to facilitate

self-administration

iOSHealth care providers, pharmacists,
parents, and patients

ReadyVax [38,55] • Native app direct to smartphone
• Offline functioning
• Information updates automatically
• Browsable and searchable informa-

tion
• Information updated through a web-

based dashboard interface
• Alert notifications can be sent
• Links to multimedia

NRcAnyoneUberHealth [53] • Request and delivery of vaccines us-
ing geolocation software

NRDoctorsEPId app [34] • Record vaccination status and upload

data into the CIRSe

• CIRS sends daily updates on children
for whom vaccination is overdue

• Contact details of families available

NRAnyoneCarrot Rewards [45] • In-app quiz about influenza vaccina-
tions

• Geolocation-based push notification
when in proximity to a pharmacist

• Loyalty points for completion of
vaccination-related tasks

iOS and AndroidParentMorbiQuiz [35,49] • Daily quiz targeting vaccination liter-
acy

• Vaccination empowerment videos
• Leaderboard for quiz results

NRPatient and parentTablet-based HPV educational module
[40]

• Educational videos on HPV
• Flashcard information on HPV

NRHealth workerRapidSMS [48] • Mobile alert system for vaccination
tracking

Windows, iOS, and
Android

Health care providers, parents, and
guardians

CHeITA [50] • Stores health history of family and
development statistics

• Vaccination tracking
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Compatible platformsTechnical specificationsIntended userApp

NR• Stores personal and familial informa-
tion

• Case identification via pictures
• Pronunciation of the name of the

child in the mother’s ethnic language

Health workerMobile technology supporting EPI cov-
erage [41]

NR• Immunization status collected
• Connection with server module
• Generates appointment dates and

SMS reminders

Health workerMother and Child Care Module-EPI
module [42]

NR• Tailored interactive health communi-
cation about HPV via videos

ParentTailored interactive multimedia interven-
tion [60]

NR• Embedded FAQsf

• Upload child data
• Trend analysis
• Alert messaging
• Baby’s periodic health report genera-

tion

MothersBaby Care app [52]

Android• Sources of information
• Basic demographics
• Consent to bring children for immu-

nization

Health workerEpiSurveyor [43]

Android and web• Registration of pregnant women and
children aged under 2 years

• Generates daily appointment sched-
ule

• Videos to emphasize key health
messages

Health workerImTeCHO [36]

NR• Electronic learning modulesMothersSmartphone App for Premature Infants
[54]

Android• Reminders for vaccination
• Record keeping of child’s vaccina-

tions
• Hosts latest immunization schedule
• Extensive toolkit embedded with

FAQs
• Links to videos and resources

ParentCall the shots [51]

iOS, Java, and An-
droid

• Gamified narratives with connected
text messages to convey HPV infor-
mation

• Players able to share information
with social network

TeenagersFightHPV [61]

NR• Videos with obstetricians and pedia-
tricians of different ethnicities

• Intervention tailored to knowledge
and beliefs

MothersMomsTalkShots [44]

Android• Avatar requests vaccination informa-
tion

ParentVaccApp [46]

iOS and Android• Mobile interface, doctor module, and
cloud component

• Child health records stored, updated,
and shared across network

Parent and doctoriCHRcloud [56]

AndroidHealth workermTika [47]
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Compatible platformsTechnical specificationsIntended userApp

• Registration of pregnant women
• SMS birth notifications from mothers
• Automated SMS vaccination re-

minders to mothers and health work-
ers

• EPI monitoring by supervisors

NR• Stores child’s vaccination informa-
tion

• Hosts recommended vaccination
schedule

• Generates customized vaccination
schedule

ParentiPhone app [57]

aHPV: human papillomavirus.
biOS: iPhone operating system.
cNR: not reported.
dEPI: Expanded Program on Immunization.
eCIRS: Child Immunization Register System.
fFAQs: frequently asked questions.

Functionality of Childhood Vaccination Apps
The investigated apps were most commonly designed for the
primary purpose of education (11/25) [35,40,43-46,
52,54,55,60,61], record keeping (8/25) [34,36,42,47,50,56-58],
or reminder systems (3/25) [41,48,51], as shown in Table 3.
Despite specifying distinct primary functions, the apps had
multiple overlapping capabilities. On average, the apps
performed 1.9 functions (range 1-4), with the most commonly
occurring functions aligning with the primary functions:
education (14/25), management of records (12/25), and
reminders (11/25).

There was no consistent reporting of the most popular features,
perceptions, or usage of individual functions. A total of 5 studies
reporting on the usage of the apps noted that the most commonly
used/most popular features were those that helped manage

vaccination records [39], provided vaccination information [55],
supported appointment management [34,59], and generated
summary reports [52]. These functions aligned with the primary
functions of the app being investigated. A qualitative study
supplemented with Google Analytics data for the ImmunizeCA
app reflected the overall data. These researchers reported that
9 of the 10 women interviewed used the vaccination tracking
function, 80% used the appointment reminders/calendar, and
80% used the information on vaccines [59]. This was echoed
by the Google Analytics data that were reported in the same
study, wherein 47.6% of all app sessions accessed the tracking
function, compared with 9.5% and 4.9%, where the appointment
reminders and vaccination information were accessed,
respectively [59]. One study that asked participants about the
helpfulness of specific features of the app reported that all 6
respondents found the date reminder system helpful, whereas
5 respondents found the vaccine information very helpful [51].
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Table 3. Capabilities of the apps described in the included studies.

TotalVaccine
delivery

Frequently
asked ques-
tions

EducationVaccine-pre-
ventable dis-
ease break-
out alert

RemindersManagement of
records

Self-persuasionCounselingApp

1N/AN/AN/AN/AN/AN/AN/AcXbConversa-
tional agent

for HPVa

vaccination
[37]

4N/AXdN/AXdXdXbN/AN/AImmunize-
CA
[39,58,59]

2N/AN/AXdN/AN/AN/AXbN/ATablet-based
self-persua-
sion app [38]

3N/AXdXbXdN/AN/AN/AN/AReadyVax
[55]

1XbN/AN/AN/AN/AN/AN/AN/AUberHealth
[53]

3N/AN/AXdN/AXdXbN/AN/AEPIe app
[34]

2N/AN/AXbN/AXdN/AN/AN/ACarrot Re-
wards [45]

1N/AN/AXbN/AN/AN/AN/AN/AMorbiQuiz
[35,49]

1N/AN/AXbN/AN/AN/AN/AN/ATablet-based
HPV educa-
tional mod-
ule [40]

1N/AN/AN/AN/AXbN/AN/AN/ARapidSMS
[48]

1N/AN/AN/AN/AN/AXbN/AN/ACHeITA
[50]

3N/AN/AXdN/AXbXdN/AN/AMobile tech-
nology sup-
porting EPI
coverage
[41]

2N/AN/AN/AN/AXdXbN/AN/AMother and
child care
module-EPI
module [42]

1N/AN/AXbN/AN/AN/AN/AN/ATailored in-
teractive
multimedia
intervention
[60]

4N/AXdXbN/AXdXdN/AN/ABaby Care
app [52]

2N/AN/AXbN/AN/AXdN/AN/AEpiSurveyor
[43]

1N/AN/AN/AN/AN/AXbN/AN/AImTeCHO
[36]

1N/AN/AXbN/AN/AN/AN/AN/ASmartphone
App for Pre-
mature In-
fants [54]
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TotalVaccine
delivery

Frequently
asked ques-
tions

EducationVaccine-pre-
ventable dis-
ease break-
out alert

RemindersManagement of
records

Self-persuasionCounselingApp

3N/AXdN/AN/AXbXdN/AN/ACall the
shots [51]

1N/AN/AXbN/AN/AN/AN/AN/AFightHPV
[61]

1N/AN/AXbN/AN/AN/AN/AN/AMomsTalk-
Shots [44]

1N/AN/AXbN/AN/AN/AN/AN/AVaccApp
[46]

2N/AN/AN/AN/AXdXbN/AN/AiCHRcloud
[56]

2N/AN/AN/AN/AXdXbN/AN/AmTika [47]

3N/AN/AN/AXdXdXbN/AN/AiPhone app
[57]

N/A13143111211Total

aHPV: human papillomavirus.
bX: indicates primary functions.
cN/A: not applicable.
dX: indicates secondary functions.
eEPI: Expanded Program on Immunization.

Uptake of Vaccinations
The extracted outcomes and results are provided in Multimedia
Appendix 3. Overall, 9 of the 28 studies assessed the impact of
an app on vaccination uptake. Furthermore, 4 studies reported
a significant improvement in vaccination coverage after versus
before the implementation of the app [34,42,45,47]. These
studies reported a 17% (P=.03) [34], 5% (P<.001) [45], 9.7%
(P<.001) [42], and 17.9% (rural) and 16.4% (urban; P<.001 for
both) [42,47] increase in the vaccination rates after versus before
the implementation of the app. In addition, 2 of the 4 studies
included a control group. The study of the mTika app identified
a significant difference-in-difference estimate of the difference
between the intervention groups’ change from baseline to end
line and the control groups’ change from baseline to end line
of fully vaccinated children (21.6% rural and 23.2% urban
difference; P<.05) [47]. Conversely, the study of the EPI app
did not find a significant difference between the intervention
and control groups at the end line (2.5% difference; P=.16).

Of the remaining 5 studies, 2 reported no significant benefit
[36,48] and 3 reported no significance level [41,43,53] regarding
an increase in the vaccination rates between the intervention
and control groups or after versus before intervention
implementation.

Vaccination Knowledge and Decision Making
A total of 10 studies reported on the impact of the vaccination
apps on knowledge/learning, as shown in Multimedia Appendix
3. Furthermore, 4 studies reported significant improvements in
the knowledge or learning compared with a control group or
after versus before the intervention (P≤.05) [35,40,46,61], 2

reported no significant improvement [39,41], and 4 did not
indicate a significance level [43,47,49,54].

The implications of the vaccination apps on decision making
and evaluation of the risk-benefit of vaccinations were
investigated in 8 studies, as shown in Multimedia Appendix 3.
Furthermore, 7 of the 8 studies reporting this outcome indicated
a positive impact of the apps on vaccination beliefs and intent
to vaccinate [35,38-41,44,49]. The remaining study was unable
to report improvements because of no vaccine hesitancy in
participants at baseline [37]. Half of the studies (4/8) indicated
significant improvements (P≤.05) in the intent to vaccinate
children, positive attitudes toward vaccination, and/or
confidence in their vaccination decision after interaction with
the app versus before or compared with a control group
[35,38,40,41]. The remaining 4 studies did not report a
significance level [37,39,44,49]. Fadda et al [35] investigated
the knowledge and empowerment functions separately and found
that exposure to the knowledge intervention significantly
improved the intent to vaccinate (P=.03) and confidence in the
participants’ vaccination decision (P=.006) versus control, but
empowerment and combined interventions did not show stronger
intent to vaccinate. Furthermore, 3 studies indicated that as well
as having the potential to promote vaccination, the apps also
had the potential to discourage users from vaccinating their
children [39,44,49].

Costs/Cost-Effectiveness
Only 1 study reported on the costs or cost-effectiveness of a
childhood vaccination app. The cost of developing a
computerized, tailored, interactive multimedia intervention was
found to be approximately double the cost of a print-based
Photonovella intervention for HPV vaccine education (US
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$135,978 vs US $66,468, respectively). This difference was
retained in amortized annual costs over a 7-year period (US
$21,825 vs US $10,669 per year for the tailored, interactive
multimedia intervention and Photonovella, respectively) [60].

Usability and Acceptability
Overall, 9 studies reported on the usability/ease of use (n=5),
acceptability (n=1), or both (n=3) aspects of the vaccination
apps. Furthermore, 8 of these studies reported high ease of use
(average score for ease of use/usability >70%, or >70% of the
participants rated the app easy to use). A total of 2 studies also
reported high acceptance of the app (average score for
acceptance >70%, or >70% of participants reporting acceptance).

Participant Perceptions
A total of 11 studies reported on participants’ perceptions of
childhood vaccination apps. Furthermore, 9 studies reported on
the perceptions of parents [38-40,44,46,49,51,52,54], 1 reported
on teenagers’experiences [61], and 1 reported on the perceptions
of mothers and vaccination service providers [47]. All 10 studies
reporting quantitative results indicated positive user experiences,
with participants considering the app to be helpful and/or
trustworthy or reporting that they were satisfied, confident,
and/or likely to recommend the app (average score of >70%,
or >70% of the participants agreeing with relevant statements)
[38-40,44,46,49,51,52,54,61]. The study reporting on the
qualitative experiences of service providers and mothers with
the mTika app revealed that the app was perceived as helpful,
easily understood by mothers, user-friendly, time-efficient, and
helpful in reducing the workload of vaccination service
providers [47].

Risk of Bias Assessment
Owing to the heterogeneity of the study types, a variety of
quality assessment tools were employed to assess the risk of
bias for the 28 included studies. The summary tables and figures
are provided in Multimedia Appendix 4. Overall, the quality of
the studies assessed in this review ranged from moderate to
poor. The studies assessed using the critical appraisal skills
program cohort, qualitative, and economic checklists met on
average 6.4 out of 12 (range 4-9), 6.5 out of 10 (range 6-7), and
9 out of 12 (range 9) criteria, respectively. Cross-sectional
studies assessed using the AXIS tool had a mean score of 9.3
(SD 2.2) out of 20. Over 50% (15/28) of the studies were
deemed to have inappropriate recruitment strategies
[34,36,37,41,42,45,46,48,49,52,54,56,58,61], primarily owing
to the lack of sufficient information. Risk of bias in exposure
(performance bias) was identified in 13 out of 17 studies in
which this was assessed [34-37,41,43-45,48,55-58]. Outcome
bias (detection bias) was suspected in 5 out of 19 studies in
which it was assessed [34,36,41,42,48]. The implications/value
of the research and fit of the results in context was lacking in
11 out of 17 [37,39,42,44,48,55-60] and 7 out of 15
[37,40,43-45,56,60] studies assessed for these criteria,
respectively.

The critical appraisal skills program cohort checklist assessed
confounding, completeness, and the duration of follow-up. The
identification and mitigation of confounders was not found to
be sufficient in any of the 14 studies assessed using this checklist

[37-42,44,45,48,55-58]. A total of 13 studies gave no
information on confounders, and the remaining study noted that
despite the identification of potential confounders, they were
unable to perform fixed or random-effects modeling to assess
the impact of these factors [38]. Data on dropout rate were not
recorded systematically (2/14) [45,58]; this was primarily
because of a lack of substantiation of follow-up duration,
information on the timing of follow-up, and/or no indication of
whether discontinuations were significant.

Six cross-sectional studies assessed using the AXIS tool were
found to lack justification of sample size, definition of target
population (1/6), categorization of (1/6) [50,51] and information
on (0/6) nonresponders, validation of outcome measures (2/6)
[52,54], repeatability (2/6) [49,51], and internal consistency of
results (2/6) [51]. Most of these shortcomings were because of
a lack of information. Moreover, 1 of the 2 nonrandomized
controlled studies was deemed to have an overall serious risk
of bias because of the serious risk of selection bias in
determining the intervention groups [46].

Discussion

Principal Findings
In this systematic review, 28 studies evaluating 25 childhood
vaccination apps were examined. Overall, there is little evidence
to suggest that childhood vaccination apps are effective in
improving vaccination coverage, with only 4 of the 9 studies
assessing this outcome indicating significant benefit (P≤.05)
after versus before the app was introduced. This contrasts with
a systematic review and meta-analysis conducted by Harvey et
al [14], which revealed a significant benefit of reminder
(P<.001), recall (P=.02), reminder and recall (P<.006), and
educational initiatives on childhood vaccination rate (P=.02);
however, these prompts were not delivered via the mobile app.
Our findings also contrast with systematic reviews that have
found mobile apps to be effective in eliciting health-related
behavior change [62,63].

Similarly, 4 out of 10 studies assessing the impact on vaccination
knowledge and 4 out of 8 studies assessing vaccination decision
making reported significant benefit of the app (P≤.05).
Furthermore, 3 studies substantiated the dichotomous effect of
information provision, thus illustrating the potential for apps to
dissuade individuals from vaccination. This is in keeping with
evidence from other studies [64,65]. Parental decision making
regarding childhood vaccination is understood to be a specific
scenario for health-related decision making where parents have
been stipulated to put major weight on the subjective perception
of the outcome [66]. It is, therefore, important to understand
the likely interpretation of the information provided and how
this may affect the parental risk-benefit analysis of vaccination.

The primary functionality of the apps described in the included
studies varied; however, most had multiple functions, with the
most common features being education, reminders, and record
keeping. These were primarily for the use of parents or health
care providers; only the iCHRcloud app facilitated the sharing
of vaccination record information between parents and
physicians [56]. No apps had been designed for the use of school
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staff, and no apps had the functionality to share information
between schools and parents. In the United Kingdom, many
childhood and adolescent vaccinations are delivered at schools
for convenience and to enhance delivery [67,68]. This could be
an avenue for further investigation.

There is insufficient evidence to draw any conclusions regarding
the relationship between the function of the app and the efficacy
in improving vaccination rates, knowledge, or positive decision
making. The 25 investigated apps had diverse functionalities
but were primarily designed for providing vaccine information
and/or record keeping. Studies reporting on user statistics
revealed that the most popular functions were record keeping,
reminders, and information access. Overall, usability,
acceptability, and user perceptions of the apps were positive.

Quality of the Evidence
The quality assessment of the included studies revealed that
many were of poor to moderate quality, indicating an overall
high risk of bias, which risks impairing the validity of the
conclusions regarding the effectiveness of childhood vaccination
apps. One study was determined to have a serious risk of bias.
Most negative indicators were because of a lack of information
about the criteria assessed. The risk of bias and inadequate
robustness may be because of the nature of many of the included
studies being pilot, early usability, and preliminary scoping
studies. To draw valid and accurate conclusions on the quality
of studies, study methods should be comprehensively reported.
The infancy of these types of apps also had an impact on the
assessment of the implications/value and the fit of the results
in context, as many studies indicated that they were the first of
their kind in their setting.

Strengths and Weaknesses of the Study
The strengths of this study lie in the comprehensive analysis of
the available literature discussing apps for childhood
vaccination. We investigated ClinicalTrials.gov and ERIC
databases, which include gray literature, and we included letters
and full-text conference proceedings [50,53]. The inclusion of
gray literature minimizes publication bias and ensures that a
comprehensive view of the latest literature is reported [69]. We
also included all study types, thereby ensuring that apps at every
stage of development were reported; a study limited to
randomized controlled trials may omit studies of apps in their
infancy. One limitation of this review is because of the
heterogeneity of the studies and their reported outcomes;
therefore, it was not possible to conduct a meta-analysis. A
meta-analysis would enable the quantification of the
heterogeneity of studies and allow us to quantify the
effectiveness of childhood vaccination apps.

Implications of the Study
Immunization is a simple and effective mechanism for reducing
childhood mortality. Despite the insignificant findings of this
review about the effect of apps on the uptake of vaccinations,
the positive user perceptions, usability, and acceptability
reported present a compelling opportunity to build on the
successes of current apps and learn from their shortcomings.
Individual studies included in this review reported the potential
benefit of these apps on an individual, community, and

nationwide level, highlighting the breadth of engagement that
can be harnessed with the use of mobile apps [42,45,47]. It is
evident that more needs to be done to ensure that a positive
change in vaccination knowledge and decision making is
paralleled with the provision of sufficient, accessible resources
to allow vaccinations to be easily obtained. There are important
aspects to consider with regard to the needs of users and how
apps will be implemented in health care service delivery.

Unanswered Questions and Future Research
Mobile apps will likely play a role in the storage and sharing
of vaccination records, generation of reminders, and/or
dissemination of vaccination education. Despite several publicly
available apps and others in development, a lack of robust
evidence remains regarding the effectiveness of vaccination
apps in improving vaccination coverage. This systematic review,
despite not reporting significant efficacy, indicates that many
of the apps convey some degree of benefit with regard to
improving vaccination uptake, knowledge, and/or decision
making and are widely accepted by their users. For future
research, it will be important to understand the priorities of
different user groups in terms of app functionalities and the
dichotomous effects of vaccination information. Many of the
studies included in this review are early-stage investigations
and were found to have a relatively high risk of bias. Further
investigation of these apps in larger, more robust, controlled
trials will allow greater granularity of evaluation and
understanding of the role and implications of these apps for
wider communities and various subpopulations. In addition,
many of the included studies originated from developing
countries; however, preventable childhood illnesses are
increasing globally. Outcomes from similar studies in developed
countries may present a different picture.

Conclusions
The objective of this systematic review was to evaluate the
effectiveness of childhood vaccinations in improving vaccination
uptake, knowledge, and decision making as well as to investigate
the usability and patient perceptions of these interventions.
Overall, 28 studies describing 25 apps were investigated.
Although the apps were generally positively received and had
high usability and acceptability scores, there was little evidence
to suggest that they were effective in significantly improving
uptake, knowledge, or decision making; however, most apps
were seen to provide some benefit. This indicates that there is
demand and engagement with apps supporting childhood
vaccinations; however, further investigation is required.

The studies investigating these apps were considered to be of
poor to moderate quality, likely because of the early phase nature
of many of the apps and their respective studies. Only 5 studies
were randomized. An additional concern raised by 3 studies
was the potential for these apps to discourage vaccination among
those who were initially undecided about infant vaccination and
among those who had previously intended to vaccinate their
children. Future research is warranted into the dichotomous
effects of the provision of vaccination information, the outcomes
of larger robust studies of these apps, and the needs and
priorities of various user populations.
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Abstract

Background: Lack of time for exercise is common among office workers given their busy lives. Because of occupational
restrictions and difficulty in taking time off, it is necessary to suggest effective ways for workers to exercise regularly. Sustaining
lifestyle habits that increase nonexercise activity in daily life can solve the issue of lack of exercise time. Healthy Lifestyle
Coaching Chatbot is a messenger app based on the habit formation model that can be used as a tool to provide a health behavior
intervention that emphasizes the importance of sustainability and involvement.

Objective: This study aimed to assess the efficacy of the Healthy Lifestyle Coaching Chatbot intervention presented via a
messenger app aimed at stair-climbing habit formation for office workers.

Methods: From February 1, 2018, to April 30, 2018, a total of 106 people participated in the trial after online recruitment.
Participants were randomly assigned to the intervention group (n=57) or the control group (n=49). The intervention group received
cues and intrinsic and extrinsic rewards for the entire 12 weeks. However, the control group did not receive intrinsic rewards for
the first 4 weeks and only received all rewards as in the intervention group from the fifth to twelfth week. The Self-Report Habit
Index (SRHI) of participants was evaluated every week, and the level of physical activity was measured at the beginning and end
of the trial. SPSS Statistics version 21 (IBM Corp) was used for statistical analysis.

Results: After 4 weeks of intervention without providing the intrinsic rewards in the control group, the change in SRHI scores
was 13.54 (SD 14.99) in the intervention group and 6.42 (SD 9.42) in the control group, indicating a significant difference between
the groups (P=.04). When all rewards were given to both groups, from the fifth to twelfth week, the change in SRHI scores of
the intervention and control groups was comparable at 12.08 (SD 10.87) and 15.88 (SD 13.29), respectively (P=.21). However,
the level of physical activity showed a significant difference between the groups after 12 weeks of intervention (P=.045).

Conclusions: This study provides evidence that intrinsic rewards are important to enhance the sustainability and effectiveness
of an intervention. The Healthy Lifestyle Coaching Chatbot program can be a cost-effective method for healthy habit formation.

Trial Registration: Clinical Research Information Service KCT0004009; https://tinyurl.com/w4oo7md

(JMIR Mhealth Uhealth 2020;8(5):e15085)   doi:10.2196/15085
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Introduction

In a busy working life, lack of time for exercise is common
among office workers. Given their occupational restrictions and
difficulty in taking time off work, it is necessary to suggest
effective ways for workers to exercise regularly. Nonexercise
activities that can easily be performed in daily life have been
introduced as an effective regimen. Nonexercise activity refers
to the expending of energy via lifestyle physical activities, such
as walking and stair climbing, which are naturally performed
activities rather than intentional, planned, and structured
activities [1]. Sustaining lifestyle habits that increase
nonexercise activity in daily life can prevent weight gain even
if effective weight loss cannot be expected. These physical
activities are also simple behaviors that can be done habitually
because they can be unconsciously repeated in daily life.

Until now, many models and theories have been proposed to
explain healthy behavior in behavior-changing programs.
However, these attempts are limited to cognitive areas and lack
explanations for the sustainability of long-term solutions [2].

A habit formation model in which the habit is established by
inducing repeated behaviors through cue-behavior-reward links
in a consistent context has been suggested, and experiments are
being conducted to support the effectiveness [3-5]. Habits
require minimal deliberation or planning and can be enacted
without conscious intention, and the key element for habit
acquisition is context-specific repetition. This involves carrying
out the target behavior repeatedly in the same situation to
reinforce associations between the behavior and the situational
cues [6]. Several treatment modalities have been designed and
implemented using the habit formation model and have
suggested a promising new tool to support measurable change
in the way patients relate to food and physical activity. However,
most of these have substantial barriers that undermine long-term
strategies such as lack of adherence to the intervention, time
constraints, and lack of consistent follow-ups over the long term
[7].

The use of information and communication technologies,
especially mobile apps, is demonstrating great potential in the
delivery of treatment programs. These interventions are
becoming highly valuable by promoting the continuous access
of patients without the need for face-to-face meetings, home
visits, or extra expenses [8]. However, most health-related apps
have functions that provide information and tracking and record
activity status, making continuous use difficult. The
effectiveness tends to be low, with many users not using the
app after downloading it and commonly deleting it after 1 month
[9]. One of the reasons for this is lack of continuous motivation
during management. Behaviors that require habit formation also
require continuous motivation, and it is necessary to build an
environment in which they form organic relationships with each
other; thus, implementation of these functions in smartphone
apps is necessary to provide an intervention.

In South Korea, the most popular messenger app, KakaoTalk,
had 48.2 million active users as of the first quarter of 2015.
KakaoTalk uses the smartphone network to deliver real-time
communication in one-to-one or group chats and can be linked
to services such as Kakao Plus Friend [10]. Although messenger
apps are limited in functional aspects when compared with other
apps, they supplement their limitations through habituation,
convenience, interaction, social presence among network
members, and active emotional exchange. They can therefore
be used as a tool to provide a health behavior intervention that
emphasizes the importance of sustainability and involvement.
It is thus necessary to develop a mobile intervention delivery
method that maintains interest and manages health behaviors
from a long-term perspective. Thus, in this study, we aimed to
assess the efficacy of the Healthy Lifestyle Coaching Chatbot
intervention presented via a messenger app aimed at
stair-climbing habit formation for office workers.

Methods

Study Design
A parallel study design was used for this exploratory trial that
took place for 12 weeks from February to April 2018.
Randomization was used to avoid contamination between the
intervention and control groups. The research plan was reviewed
and approved by the institutional review board of Seoul National
University (IRB No. 1706/003-026), and the clinical trial was
registered with the Clinical Research Information Service
[KCT0004009].

Recruitment
The sample size was calculated based on the power analysis
formula [11]. With a significance level α=.05, power 1–β=0.80,
and medium effect size=0.5 set based on a 1-tailed test, the
minimum number needed for each group was 51. After assuming
a 20% dropout rate, we calculated that each group needed 61
participants for a total of 122 research participants.

Participants were employees whose work was performed in an
office or another administrative setting. We recruited those who
understood the purpose of the research, wanted to participate
voluntarily, and gave written consent. The inclusion criteria
were those aged 24 years and older who could understand and
respond to the survey content and had experience using the
KakaoTalk app.

Participants were recruited from one of the advertising sharing
platforms. With this platform, office workers could get
information on companies, restaurants, events, and various
community content. The recruitment details were uploaded on
the platform event page. Once participants showed interest and
agreed to join the study, they could connect to the KakaoTalk
Plus Friend ID Healthy Lifestyle Coaching Chatbot through a
QR code and click the “add friend” icon to be added as members
automatically. An online consent form and survey link were
then sent. Because only one KakaoTalk ID can be set per mobile
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phone number, it is possible to check the participants from
manager account in real time.

During recruitment, 128 participants who read the research
introduction signed up through QR code. After 7 who did not
answer the questionnaire were excluded, 121 participants were
randomized into 2 groups: 61 in the intervention group (IG) and
60 in the control group (CG). Block randomizations were
performed using the R program (R Foundation for Statistical
Computing). The number of subjects was set as 121, and the
block size was set as 4.

Because performing the first action is important in habit
formation, participants were asked to perform the stair-climbing
and upload a proof shot. A total of 15 participants (4 in the IG
and 11 in the CG) who did not upload a picture were considered
nonexecuters of the first action and were excluded from the
study. A total of 106 participants (57 in the IG and 49 in the
CG) were included in the 12-week intervention program (Figure
1). The intervention was performed from February 1, 2018 to
April 30, 2018.

Figure 1. Flow of study participant enrollment.

Messenger App-Based Intervention
The intervention Healthy Lifestyle Coaching Chatbot was
presented via an app aimed at progressively establishing
stair-climbing habits and increasing physical activity levels.
The most popular messenger app in South Korea, KakaoTalk,
was used as a platform for delivering the intervention. The
functions were designed based on the habit formation model,
including three elements: cue, behavior, and rewards (internal
and external rewards). In addition, an automatically responding
chatbot was developed using the Watson Conversation tool
(IBM Corp), and it was linked to the KakaoTalk Smart Chat

application programming interface (API) through the RESTful
API.

In this study, cue was designed as a push alarm sent
automatically to the participants every day to remind them to
perform the stair-climbing behavior. Participants were asked to
set realistic behavioral goals based on their daily routines, and
their responses were designed as a push alarm. Through the
KakaoTalk administrator messaging system, they can be
individually set and automatically sent to a designated person
at a specified time. The push alarms were composed of five
basic conditions: who, when, where, what, and how much. For

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e15085 | p.194https://mhealth.jmir.org/2020/5/e15085
(page number not for citation purposes)

Piao et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


example, if a participant named John routinely arrives at the
office at 9:00 am and wants to use the company building stairs
to get to the fourth floor, the behavior plan should be set as who:
John, when: 9:00 am, where: company building stairs, what:
stair climbing, how much: fourth floor. The daily push alarm
would then be sent at 8:50 am, 10 minutes before the planned
time, and include the information above as a cue. Push alarms
were designed to be sent from Monday through Friday, official
work days. Rewards were considered reinforcers of cue-response
associations. A fundamental distinction can be drawn between
extrinsic rewards (eg, financial incentives) and intrinsic rewards
(eg, pleasure, satisfaction) [12].

The chat scenario was designed and implemented through the
Watson conversation launch tool to enable the automatic chat
function. It was then linked to the app through API. Because it
was linked to the Plus Friend Smart Chat API, participants could
chat with the chatbot through the KakaoTalk app to receive
feedback based on the behavior performed each day.

Based on the literature, we designed the scenario with two
conditions. For extrinsic rewards, points and coffee coupons
were provided. To encourage positive emotions, coffee coupons

were sent when participants completed the first day goal-directed
action. Also, a message was automatically sent at 8:00 pm every
day. The participants interacted with the chatbot by chatting
about the contents of their performance. If the planned behavior
was completed, participants were provided with 50 points per
day, and if they repeated this behavior more than 3 times a week,
a coffee coupon was sent on Sunday.

For intrinsic rewards, accomplishment and positive
reinforcement were used. Participants were asked to take
pictures once they finished the action and upload them to the
chat room as evidence of the action, after which the chatbot
would automatically send a compliment message providing
positive feedback. Moreover, the pictures posted by other
participants were collected, edited, and sent to participants every
day to acknowledge that many participants joined together to
challenge the mission and receive positive reinforcement. The
intervention differed between the groups. Cues and intrinsic
and extrinsic rewards were provided to the IG for the entire 12
weeks. However, intrinsic rewards were excluded for the first
4 weeks in the CG and added from the fifth to twelfth weeks
(Figure 2).

Figure 2. Screenshots of (a) push alarm reminders and (b) uploaded picture evidence and accomplishment with positive reinforcement as an intrinsic
reward.
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Outcome Measures
Habit is an automatic behavior gained via repetitive process.
Because it was important to measure the habit strength of a
particular action in our study, we measured the outcome using
the Self-Report Habit Index (SRHI) [13]. SRHI is a tool that
quantitatively measures the habit strength of a particular action
and is composed of 12 items. Each item is measured on a 7-point
Likert scale from 1=strongly disagree to 7=strongly agree, and
the total score ranges from 7 to 84 points. Cronbach α reliability
of this tool was .89 [14]. The survey for measuring SRHI was
designed using Google Forms, and the link was sent to the
participants in the messenger app every Sunday for 12 weeks.
Participants could click the link and be taken to the survey
pages.

Statistical Analysis
SPSS Statistics version 21 (IBM Corp) was used for statistical
analysis. The general characteristics of the participants were

analyzed using frequency, percentage, mean, and standard
deviation. Relevant statistical analyses were first performed to
verify proper randomization (independent samples t test,
chi-square test, and Fisher independent sample test). Repeated
measures analysis of variance (ANOVA) with 12 moments was
applied for measuring the changes in SRHI scores to evaluate
the effect of the intervention on the two groups. Changes in
physical activity levels between groups were tested with Fisher
exact tests.

Results

Baseline Characteristics
Testing for homogeneity of general characteristics such as sex,
age, physical activity status, weight control experience, weight,
and hours sitting weekly between the IG and CG showed no
significant differences in any of the baseline characteristics
between the two groups (Table 1).

Table 1. Homogeneity test of general characteristics at baseline.

P valuet test or chi-squareControl group (n=49)Intervention group (n=57)Characteristics

.920.001Sex, n (%)

21 (43)25 (44)Male

28 (57)32 (56)Female

.285.06Age, n (%)

2 (4)9 (16)20-29

29 (59)26 (46)30-39

12 (25)16 (28)40-49

5 (12)6 (11)50-59

.700.72Physical activity status, n (%)

20 (50)22 (42)Low

18 (45)28 (54)Medium

2 (5)2 (4)High

.820.05Weight control experience, n (%)

32 (65)36 (63)Yes

17 (35)21 (37)No

.91–0.1264.47 (14.13)64.15 (14.07)Weight (kg), mean (SD)

.25–1.178.11 (2.58)7.55 (2.21)Sitting hours weekly, mean (SD)

Attrition Rate of Participants
In the IG, 2 participants out of 57 missed the follow-up due to
overseas travel in the third week. In the CG, 11 participants out
of 49 were considered to have dropped out of the study. Two
missed the follow-up in the first week, 3 in the second week, 5
in the third week and 1 in the fourth week. Of them all, one
reported the reason for terminating participation to be overseas
travel, 1 reported hospitalization, and other 9 participants were
automatically terminated due to consecutive weeks of
nonresponse.

Changes of Habit Strength
Over 12 weeks, the SRHI scores increased by an average of
31.38 points in the IG and 21.04 points in the CG on the 84-point
scale (Table 2). Additionally, analysis of the change in SRHI
scores for each group using repeated measures ANOVA showed
statistically significant changes in the scores for both groups
with an increase in the duration of the intervention (P<.001).
In addition, the SRHI scores had significant between-group
differences in the two groups (P=.008; Table 3 and Figure 3).
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Table 2. Self-Report Habit Index characteristics based on group.

Control group, mean (SD)Intervention group, mean (SD)Intervention week

45.08 (14.39)41.44 (15.69)1

48.50 (13.66)47.92 (16.40)2

50.27 (13.66)51.49 (16.47)3

51.50 (13.60)54..97 (16.92)4

50.23 (11.96)60.74 (14.62)5

53.62 (13.33)61.79 (14.53)6

52.96 (16.26)64.15 (14.37)7

56.62 (15.37)67.21 (14.80)8

57.35 (10.39)68.10 (11.64)9

59.35 (10.39)70.56 (10.06)10

63.15 (10.68)71.85 (9.71)11

66.12 (7.15)72.82 (9.77)12

Table 3. Multivariate test results.

SignificanceError dfHypothesis dfaF testValueEffect

Habit

<.001751121.160.815Pillai’s trace

<.001751121.160.185Wilks’ lambda

Habit * Group

.00875112.700.359Pillai’s trace

.00875112.700.641Wilks’ lambda

adf: degree of freedom.

Figure 3. Plots of Self-Report Habit Index (SRHI) automaticity scores.
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Effects of Intrinsic Rewards
After the fourth week of the intervention, the changes in the
SRHI scores between the two groups were compared. The total
change in SRHI scores had increased by 13.54 (SD 14.99) points
in the IG and 6.42 (SD 9.42) points in the CG, and there were
significant differences between the two groups during that period
(P=.04).

After the fifth week, the intrinsic reward was added to the
intervention in the CG, and the same intervention was provided
to both groups from the fifth to twelfth week. We found that

the total change in SRHI scores was 12.08 (SD 10.87) points
in the IG and 15.88 (SD 13.29) points in the CG, with no
significant difference in the changes between the two groups
from the fifth to the twelfth week (P=.21; Table 4). This result
indicated significant differences in SHRI score changes between
the two groups for the first 4 weeks where no intrinsic reward
was provided to the CG. However, all scores increased with no
significant difference between the groups as a result of applying
identical interventions to both groups by adding the intrinsic
rewards to the CG from the fifth week. This indicated that the
intrinsic reward acted as an influencing factor in habit formation.

Table 4. Self-Report Habit Index variation based on the difference of rewards.

t(p)Control group, mean (SD)Intervention group, mean (SD)VariationIntervention duration

2.12 (.04)6.42 (9.42)13.54 (14.99)ΔSRHIa (4–1)Weeks 1 to 4

0.21 (.21)15.88 (13.29)12.08 (10.87)ΔSRHI (12–5)Weeks 5 to 12

aΔSRHI: change in Self-Report Habit Index.

Discussion

Principal Findings
This study shows that the Healthy Lifestyle Coaching Chatbot
program resulted in effective habit formation for stair-climbing
behavior. Forming a habit is challenging, especially when
transforming many things at once. In this study, the participants
were asked to set small goals and take things one step at a time.
Also, the behavior must be carried out repeatedly in the presence
of the same contextual cues. Habit is an automatic behavior
gained via repetition. In this study, most participants tended to
increase the number of repetitions of the behavior and thus
increase the habit strength as the intervention proceeded. This
suggests that, according to the habit formation model hypothesis,
given a consistent context, the repeated occurrence of
cue-behavior-reward chains leads to increases in the strength
of the habit behavior [15].

Based on the literature, a fundamental distinction can be drawn
between extrinsic rewards (eg, financial incentives) and intrinsic
rewards (eg, pleasure, satisfaction) [16]. The reward acts as
motivation for sustaining a new behavior, so is an important
factor in the repeated execution of behavior. However, previous
research has suggested that providing simple financial rewards
has limited success in sustaining motivational inducement.
Although extrinsic rewards elicit motivation in the beginning,
they eventually hinder a particular behavior from becoming
habitual [16]. In this study, the SRHI score was 3.64 points
higher in the CG after the first week oof the intervention.
However, the upward trend until the fourth week was slower
than the IG when only extrinsic reward was applied. Analysis
of the SRHI score changes after the fourth week of the
intervention showed that the changes were greater for the IG
than for the CG at a statistically significant level. Furthermore,
when similar rewards (including intrinsic and extrinsic) were
provided to both groups from the fifth week on, the SRHI score
showed a similar slope and increase without a significant
between-group difference. This result concurs with other studies
that found that extrinsic rewards elicit motivation regarding the

behavior initially, but later the intrinsic rewards played an
important factor for increasing the behavior continuation [17].

Lally et al [5] tracked the formation of healthy habits in a
naturalistic setting, repeating a behavior in the presence of
consistent cues. Based on the results, the habit formation tracked
using SRHI was found to typically follow an asymptotic curve,
and the initial repetitions caused large increases in SRHI scores,
but with each new repetition, the score gains reduced until the
behavior reached its limit of automaticity. Also, the average
time for participants to reach the asymptote of automaticity was
65 days, which is near 10 weeks. In this study, changes in SRHI
scores showed lower for the IG compared to the CG after week
5 even though there was no significant difference between the
groups. We found that for the IG, the SRHI score increased by
an average of 1 point after the tenth week. This result showed
that it was possible for a repeated behavior to reach its maximum
level of automaticity for the IG during the 12-week intervention.
However, for the CG, the SRHI score increased by an average
of 3 points after the tenth week. It is interesting to note that an
intrinsic reward could help participants perform the behavior
consistently enough to achieve habit status. The results of our
study suggest the need for interventions using intrinsic reward
factors to design an intervention program. Furthermore, positive
feedback such as a compliment as an intrinsic reward is a simple
but powerful tool in which the positive value of the reward can
act as a motivational factor [16].

In this study, the messenger app KakaoTalk was used as an
intervention delivery method. The KakaoTalk app uses the
smartphone network to deliver real-time communication in
one-to-one or group chats and can be linked to services such as
chatbots. KakaoTalk has superior habituation, convenience, and
interaction and is a platform in which social presence among
network members and emotional exchanges are actively
occurring [10]. With advancements in digital technology, mobile
apps that help exercise management are being released, and
wearable devices are becoming increasingly diverse. However,
the dropout rate was considered to be high. One of the causes
was continuous motivation that occurs during management.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e15085 | p.198https://mhealth.jmir.org/2020/5/e15085
(page number not for citation purposes)

Piao et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


In this study, 11 participants out of 49 in the CG and 2
participants out of 57 in the IG dropped out during the
intervention; the total dropout rate was 12.26%. Also, all dropout
cases appeared during the first 4 weeks. In comparison with
previous studies in which dropout rates approached 50% at
week 4, our study showed comparatively lower dropout rates.
Although mobile interventions offer a promising way to deliver
related content, dropout rates for this form may be high [18,19].
One potential contributing factor for this dropout rate is the
difficulty in the use of the app, particularly when the app is
designed to be used in a self-guided fashion [20].

This study designed the method of intervention delivery using
a familiar app. Participants did not need to download other apps
and learn how to use them. This delivery method is significant
in that it minimized participant aversion, can provide sustained
motivation, and can form an organic relationship.

For the duration of the intervention period, most participants
dropped out in week 3 and week 4 during which the Lunar New
Year holidays occurred. Based on prior research, lapses have
an important influence on the sustainability of behavior.
Although lapses of approximately 1 to 2 days do not greatly
affect the sustainability of behavior, lapses of approximately 1
week greatly affect the sustainability of behavior and
significantly lower the possibility of future execution of behavior
[5]. We found that research subjects who lapsed for
approximately 1 week due to the Lunar New Year on week 3
also showed high dropout rates in our study as well. This
suggests the need to improve the effectiveness of the program
by including intervention methods to provide motivation so that

lapses do not exceed 1 week by specially managing the research
subjects who are lapsing.

Thus, using a messenger app that allows a continuous
relationship with the research subjects and provides motivation
and professional advice is garnering much interest. Therefore,
the methodology used in our study can contribute to enhancing
the sustainability and effectiveness of care intervention by
developing programs and delivery tools that implement theories
on a wider variety of illnesses or health behaviors.

Limitations
There were limitations in designing the program because the
functionality provided by the current messenger app does not
include direct communication functions, such as informing
colleagues of their commitments and receiving positive support
messages from others. Also, research should be done to
implement different kinds of rewards to identify how the rewards
affect the habits and which ones are the most important to
maintain habits. Furthermore, there could be possible bias in
the results since some studies have shown that participants who
volunteer in these kinds of research are more motivated to be
physically active or develop the habits.

Conclusions
This study provides evidence that the Healthy Lifestyle
Coaching Chatbot program presented via an app can be used to
provide improvements in relevant variables in the long term
and can be useful in producing new healthy habits. This
messenger app as a delivery tool is considered a cost-effective
means to deliver interventions to a large number of people.
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Abstract

Background: Obesity in pregnancy is a growing problem worldwide, with excessive gestational weight gain (GWG) occurring
in the majority of pregnancies. This significantly increases risks to both mother and child. A major contributor to both prepregnancy
obesity and excessive GWG is physical inactivity; however, past interventions targeting maternal weight gain and activity levels
during the antenatal period have been ineffective in women who are already overweight. Pedometer-guided activity may offer a
novel solution for increasing activity levels in this population.

Objective: This initial feasibility randomized controlled trial aimed to test a pedometer-based intervention to increase activity
and reduce excessive GWG in pregnant women.

Methods: We supplied 30 pregnant women with obesity a Fitbit Zip pedometer and randomized them into 1 of 3 groups: control
(pedometer only), app (pedometer synced to patients’ personal smartphone, with self-monitoring of activity), or app-coach
(addition of a health coach–delivered behavioral change program). Feasibility outcomes included participant compliance with
wearing pedometers (days with missing pedometer data), data syncing, and data integrity. Activity outcomes (step counts and
active minutes) were analyzed using linear mixed models and generalized estimating equations.

Results: A total of 30 participants were recruited within a 10-week period, with a dropout rate of 10% (3/30; 2 withdrawals and

1 stillbirth); 27 participants thus completed the study. Mean BMI in all groups was ≥35 kg/m2. Mean (SD) percentage of missing
data days were 23.4% (20.6%), 39.5% (32.4%), and 21.1% (16.0%) in control, app group, and app-coach group patients,
respectively. Estimated mean baseline activity levels were 14.5 active min/day and 5455 steps/day, with no significant differences
found in activity levels between groups, with mean daily step counts in all groups remaining in the sedentary (5000 steps/day)
or low activity (5000-7499 steps/day) categories for the entire study duration. There was a mean decrease of 7.8 steps/day for
each increase in gestation day over the study period (95% CI 2.91 to 12.69, P=.002).
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Conclusions: Activity data syncing with a personal smartphone is feasible in a cohort of pregnant women with obesity. However,
our results do not support a future definitive study in its present form. Recruitment and retention rates were adequate, as was
activity data syncing to participants’ smartphones. A follow-up interventional trial seeking to reduce GWG and improve activity
in this population must focus on improving compliance with activity data recording and behavioral interventions delivered.

Trial Registration: Australian and New Zealand Clinical Trials Registry ACTRN12617000038392;
https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=370884

(JMIR Mhealth Uhealth 2020;8(5):e15112)   doi:10.2196/15112
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Introduction

Obesity in pregnancy is an endemic and growing problem
worldwide. In Australia, 50% of all women who become

pregnant are either overweight (BMI 25-30 kg/m2) or women

with obesity (BMI≥30 kg/m2), corresponding with other
developed countries [1-3]. Excess gestational weight gain
(GWG) above US Institute of Medicine recommendations
(which for women with obesity should not exceed 9 kg) occurs
in the majority of pregnancies, with every kilogram above
recommendations increasing adverse outcomes by 10% [4-6].
Excessive GWG in the presence of preexisting obesity
exacerbates health risks for mother and child, including
increased rates of gestational hypertension and diabetes,
cesarean delivery, perinatal mortality, and neonatal
hypoglycemia, jaundice, and admission to neonatal intensive
care [1].

Although a complex problem, a significant contributor to
prepregnancy obesity and excessive GWG is physical inactivity;
similarly, interventions that have succeeded in increasing
physical activity through exercise have been associated with a
commensurate reduction in GWG in pregnant women. A recent
Cochrane review encompassing over 14,000 women across 49
randomized controlled trials found a pooled reduction of 21%
in excessive GWG with exercise interventions [7-9]. The
evidence for increasing normal physical activity during the day,
however, is less robust. World Health Organization
recommendations for adults include at least 150 min of
moderate-intensity, or at least 75 min of vigorous-intensity,
aerobic physical activity per week, or a combination of both
[10]. During pregnancy, targets for moderate-intensity physical
activity are the same in the absence of contraindications [11,12].
Evidence also suggests pregnant women with obesity are less
active than their pregnant normal weight counterparts; 2 recent
studies using pedometers to examine activity levels in
overweight and pregnant women with obesity, for example,
demonstrated mean activity levels in the sedentary range (5000
steps/day) [13-16].

How to address this increasing problem is not clear.
Frustratingly, despite the benefit of exercise in reducing GWG
presented above, interventions seeking to target an increase in
activity levels during the antenatal period have commonly failed
in reducing GWG in the cohort of women who are already
overweight [7,17]. However, there is emerging evidence that
pedometer-guided activity interventions may be successful in

increasing activity levels in both pregnant and nonpregnant
populations [18]. The latest generation of pedometers also have
the capacity to automatically upload activity information via
smartphone to enable data capture and daily monitoring, which
can be used to provide remote feedback to patients. Increasing
smartphone ownership worldwide means there is scope for broad
population reach, potentially overcoming some of the barriers
to engagement with traditional models of health care, such as
transport, cost, and rigidity of appointment times. What is not
well understood from previous research, however, is the efficacy
of smartphone app, data capturing availability, and biofeedback
provided in the context of interventions to optimize GWG.

Having previously demonstrated the acceptability and utility of
the Fitbit Zip pedometer as a remote activity monitoring device
in a pilot study [19], we conducted a feasibility randomized
controlled trial of a pedometer-based intervention in a cohort
of pregnant women with obesity. In particular, we aimed to
evaluate the feasibility of self-monitoring of activity levels via
the Fitbit Zip pedometer and the additional role of a behavioral
intervention in reducing the incidence of excessive GWG.

Methods

This randomized, controlled feasibility trial was conducted in
the Department of Anesthesia and Pain Management, Sunshine
Hospital, Victoria, Australia. Approval was gained from the
hospital Human Research and Ethics Committee (December
22, 2016, Human Research and Ethics Committee approval
number HREC/16/MH/320), and the trial was registered with
the Australian and New Zealand Clinical Trials Registry
(ACTRN12617000038392, January 10, 2017). Female patients

aged ≥18 years with BMI (weight in kg/height in m2) ≥30 kg/m2

with the availability of a smartphone capable of allowing Fitbit
data uploading (eg, Apple iPhone or Android operating system
equipped phone) were eligible for enrollment between
gestational week 12 and 16. A convenience sample of 30
nonconsecutive patients attending the antenatal clinic was
enrolled between March and May 2017 based on the availability
of study investigators, after written informed consent. Patients
were excluded if they had preeclampsia, twin or multiple
pregnancies, preterm rupture of membranes, incompetent
cervix/cerclage, or if they had a joint or muscle disorder
sufficient to impair walking to a target of 10,000 steps daily.
Patients were randomized to 1 of 3 groups (2 interventional and
1 control) via a computerized random number generator, with
sequentially numbered envelopes used for allocation
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concealment. Because of the nature of the intervention, neither
patients nor study investigators were blind to group allocation.

Intervention
All patients were supplied with a Fitbit Zip pedometer and
instructed to wear it daily on the waistband of clothing during
waking hours. The pedometer measured step counts and minutes
each day spent at various activity levels, characterized as either
sedentary, lightly, fairly, or very active based on the cadence
of steps recorded. Active minutes were commenced once activity
exceeded 3 metabolic equivalents for ≥10 min [20]. Patients in
the app and app-coach groups also had the pedometer synced
to their personal smartphone via the Fitbit app (Fitbit Inc, San
Francisco, California, USA), allowing automatic daily uploading
of activity data. Each patient was registered on this platform
under a de-identified email address. We considered days with
>1000 steps reported as indicative of a day wearing the
pedometer. Days with <1000 steps reported were censored as
missing. Group conduct was as follows: (1) in the control group,
the pedometer display was obscured using tamperproof tape,
blinding patients to daily steps, and active minutes. To further
ensure blinding, pedometers in the control group were not linked
to participants’ smartphones, but instead were synced manually
by study investigators at clinic appointments; (2) in the app-only
intervention group (app group), the pedometer was synced to
patients’ personal smartphones, with patients encouraged to
self-monitor daily step counts and activity minutes via the
pedometer display or the Fitbit app; and (3) in the app and coach
intervention group (app-coach group), in addition to the
intervention in the app group above, patients were administered
a behavioral change program delivered by trained health
coaches. This consisted of an initial 1-hour face-to-face session
between 16 and 20 weeks of gestation at which goal setting for
activity in pregnancy was discussed, including challenges and
barriers to achievement, and specific, measurable, achievable,
relevant, and time-bound [21] objectives were set. Patients then
had 3 follow-up health coach 20-min telephone sessions at 24,
28, and 32 weeks of gestation, during which pedometer activity
levels were reviewed, and strategies to achieve targets
reinforced. This included exploring and resolving ambivalence,
providing encouragement, and ensuring skills were practiced
and action plans completed. The intervention was based on
self-determination theory, including action planning, goal
setting, and self-monitoring, all factors in long-term behavioral
change [22]. The aims were to educate women about the
importance of physical activity and healthy eating during
pregnancy (commensurate with the guidelines below), the
balance between energy intake and expenditure, and removing
misconceptions and increasing confidence about engaging in
physical activity throughout pregnancy (including advice on
activity targets below and reassurance about the safety of
vigorous exercise). In the event of patients not being contactable
for follow-up telephone sessions, a total of 3 attempted phone
calls were made over 2 weeks. The health coaches (CM and
LC) were trained over 2 weeks in the delivery of the
intervention, including motivational interviewing, by the
developer of the program (CLH).

All patients, regardless of group allocation, were provided with
written resources at enrollment, including the Australian

Physical Activity and Sedentary Behavior Guidelines [23], the
guidelines on pregnancy and exercise published by Physical
Activity Australia [12], and Dietary Guidelines for Australian
Adults [24]. General physical activity advice framed around
these guidelines was provided at baseline—at least 30 min of
moderate physical activity most days of the week, or 150 min
per week. Examples given by Physical Activity Australia include
brisk walking, dancing, cleaning windows or sweeping, or
pushing a stroller, equating to a level of physical activity of
fairly or very active as measured by the pedometer. Patients
were also provided with information regarding step count
categorization: a step count <5000 steps/day is classified as
sedentary, 5000 to 7499 steps per day as low activity, 7500 to
10,000 steps per day as fairly active, and >10,000 steps as active
[13]. This guidance was based on advice from the state tertiary
obstetric referral hospital regarding a target of 10,000 steps/day
[25] and evidence in obstetric populations that a step count
exceeding 10,000 steps/day results in a reduction in GWG [9].

Data Collection
Baseline demographic data collected directly from patients
included age, parity, country of birth, educational background,
and household income (previously shown to influence activity
levels in pregnancy) [26]. Weight and height were directly
measured in the antenatal clinic, and baseline BMI calculated.
Activity data collected included daily step counts and daily
active minutes (fairly active plus very active minutes). Absolute
GWG (baseline to 36-37 weeks of gestation) was calculated
from directly measured weights in the antenatal clinic.

Outcomes
The primary aim of this feasibility trial was to refine and test
the trial protocol for a follow-on large, multicenter trial. Specific
feasibility outcomes were recruitment feasibility, engagement
and recruitment rate, maintenance of blinding of the control
group to pedometer step count (concealment of pedometer
display with tamperproof tape), participant compliance with
wearing pedometers (days with missing pedometer data) and
syncing data regularly, participant retention to study conclusion,
and data integrity and completeness of uploaded step counts to
investigators. Further secondary aims to guide a definitive
multicenter trial were to examine efficacy in increasing step
count to a target of 10,000 steps daily in pregnant women with
obesity via feedback from the pedometer, evaluate the added
benefit of investigator feedback compared with participant
self-monitoring alone on the reduction in excessive GWG of
participants, and assess the magnitude of any effect to further
inform sample size calculation for a definitive trial.

Statistical Analysis
Data were summarized using mean (SD), median (IQR), or
number (%) as appropriate. The baseline variables (age, BMI,
and gestation day at recruitment) and outcome variables (steps
and activity level) were first examined for the linearity of
association. Step count and minutes active were analyzed using
a linear mixed model with random intercepts (minutes active)
and multiple linear regression using generalized estimating
equations (step count), as the maximum likelihood estimation
did not converge in the linear mixed model approach for step
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count. Variables were centered around a gestation of 100 days,

BMI of 35 kg/m2, and age of 30 years. The linear mixed-model
approach allowed controlling for activity level at baseline, as
gestational age at enrollment varied between participants. BMI,
age, parity at recruitment, and gestational period (classified into
months of gestation) were also controlled for in the statistical
model. Complete case analysis was used, with observations
containing missing data not included in analyses. Statistical
analyses were performed using Stata 14.1 (Stata Corp).

Sample Size Calculation for Definitive Follow-Up Study
No formal sample size was calculated for this feasibility trial.
A sample of 30 women was considered adequate to provide
data on the feasibility outcomes listed. To test the trial protocol
and feasibility endpoints, we aimed to enroll 30 patients. A
follow-up definitive randomized controlled two-arm trial sample
size was calculated based on the reduction in excess GWG with
exercise interventions in women with overweight and obesity
contained within the aforementioned Cochrane review [7]; 62%
of control patients vs 52% of exercise intervention patients
experienced excessive GWG, with a risk ratio of 0.84 (95% CI
0.73 to 0.95). At a power of 0.90 and an alpha error of .05, 533

patients in each group (1066 patients in total) would be required
in a follow-up interventional trial.

Results

A total of 30 patients (10 per group) were enrolled in the 3
groups (control, app, and app-coach), of whom 2 participants
withdrew without activity data recorded (1 from the control
group and 1 from the app group) and were subsequently
excluded from the analysis. An additional control patient had
a stillbirth at 29 weeks of gestation, with no further data
collection. Outcome data were thus available for a total of 27
patients (Figure 1). In the app-coach group, 2 patients failed to
attend their initial assessments, and no further intervention
contact was made. The initial in-person intervention was
delivered for the remaining 8 app-coach group patients between
gestational week 16 and 20, with 4 patients continuing to
completion of all 3 scheduled telephone calls. Group
demographics were similar at recruitment, with mean BMI in

all groups ≥35 kg/m2 (Table 1). There were no differences in
country of birth, educational background, and household income
between groups.

Figure 1. Flowchart of study participants through the trial.
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Table 1. Baseline characteristics (total enrolled cohort).

App-coach group (n=10), mean (SD)App group (n=10), mean (SD)Control (n=10), mean (SD)Variable

28.4 (5.8)30.0 (5.0)30.2 (5.3)Age at recruitment (years)

37.0 (4.2)36.7 (4.4)35.9 (4.4)BMI at recruitment (kg/m2)

161.2 (8.5)166.0 (6.8)163.2 (6.0)Height (cm)

96.3 (15.6)101.5 (16.0)95.2 (8.4)Weight at recruitment (kg)

112 (19.0)105 (12.0)110 (21.0)Gestation day at recruitment

Feasibility Outcomes
Recruitment and retention rates were feasible, with all 30
participants recruited within a 10-week period, and a dropout
rate of 10% (2 withdrawals and 1 stillbirth). Target population
recruitment feasibility was also adequate, with an annual
caseload of >1000 pregnant women with obesity seen at
Sunshine Hospital. Control group blinding was adequate, with
concealment of pedometer display maintained at each check.
Patient compliance with wearing pedometers was problematic,
with a percentage of days with missing data mean (SD) of 23.4%
(20.6%), 39.5% (32.4%), and 21.2% (16.0%) in control, app,
and app-coach groups, respectively. Over the study duration, 4
pedometers were lost, requiring replacement. Overall, regular
data syncing via automatic mobile phone connection was
feasible in app and app-coach group patients, although required
troubleshooting in 5 women (1 manually and 4 remotely via
telephone).

Activity Data
There was no evidence of a nonlinear association between the
baseline and outcome variables. Therefore, the variables were
entered into the statistical models without transformation.
Results of the linear mixed model investigating activity level
are presented in Table 2. The estimated mean baseline daily
active minutes for a 30-year-old nulliparous control patient with

a BMI of 35 kg/m2 and between 61 and 90 gestational days was
14.5 min. Compared with control patients, there was no
difference in active minutes for patients in the app or app-coach
groups. There were also no significant differences for any group
in activity level trends across the gestational period (Figure 2).

A 1-year increase in age was associated with an estimated
increase in the daily activity of 0.6 min (95% CI 0.1 to 1.2 min,

P=.03, and a 1 kg/m2 increase in BMI was associated with an
estimated reduction in the daily activity of 0.9 min (95% CI 0.3
to 1.5 min, P=.005). The estimated effect for parity was each
previous live birth being associated with a decrease in the daily
activity of 4.5 min (95% CI 0.7 to 8.2 minutes, P=.02).

Table 2. Fixed-effect estimates from the linear mixed model investigating activity level.

95% CIP valueStandard errorCoefficientVariable

−4.46 to 8.68.533.352.11App group

−4.45 to 8.10.573.201.82App-coach group

−1.30 to 0.32.240.41−0.49Gestational month

−1.53 to −0.28.0050.32−0.91BMI

0.08 to 1.20.030.290.64Age

−8.21 to −0.72.021.91−4.47Parity

8.31 to 20.76reference3.1814.54Baselinea

aBaseline represents baseline activity in minutes for an individual in the control group between 61 and 90 gestational days with a BMI of 35 kg/m2, 30
years of age, and with no previous births.
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Figure 2. Line plot showing the average (mean and 95% CI) daily activity in minutes by gestation week and treatment group for the 27 patients who
completed the study. Note missing activity data in the app-coach group between 30 and 34 weeks.

Step Counts
The estimated mean baseline daily step count for a 30-year-old

nulliparous control patient, with a BMI of 35 kg/m2 and between
61 and 90 gestational days was 5455 steps (Table 3). Gestation
day was the only variable with a statistically significant effect
on step count (decrease of 7.80 steps/day for each additional
day of pregnancy; 95% CI 2.91 to 12.69, P=.002), with no
difference in daily step counts between groups. From the 12th
to the 29th gestational week, daily step counts did not vary
between groups. However, a divergence in daily step trajectories

was subsequently observed, with the average daily step count
decreasing for the app group compared with participants in
either the control or app-coach group, although these differences
were nonsignificant (Figure 3). Overall, mean daily step counts
in all groups remained in the sedentary (5000 steps/day) or low
activity (5000-7499 steps/day) categories for the entire study
duration. A step count of over 10,000 daily steps was recorded
on 62 days over the study duration, 15 days by 4 control patients,
9 days by 3 app group patients, and 38 days by 6 app-coach
patients.

Table 3. Results of the statistical model investigating steps.

95% CIP valueStandard errorCoefficientVariable

−1463.94 to 929.90.66610.68−267.02App group

−876.65 to 2199.55.40784.76661.45App-coach group

−12.69 to −2.91.0022.50−7.80Gestational day

−230.84 to 50.03.2171.65−90.40BMI at recruitment

−29.35 to 293.23.1182.29131.94Age at recruitment

−997.85 to 444.01.45367.83−276.92Parity

4572.48 to 6337.30reference450.225454.89Baselinea

aBaseline represents baseline step count for an individual in the control group between 61 and 90 gestational days with a BMI of 35 kg/m2, 30 years of
age, and with no previous births.
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Figure 3. Line plot showing the average (mean) daily steps by gestation week and treatment group for the 27 patients who completed the study with
the corresponding 95% CI. Note missing step data in the app-coach group between 30 and 34 weeks.

Gestational Weight Gain
Mean (SD) GWG was 13.22 (5.91), 7.91 (4.17), and 13.21 (5.73)
kg in control, app group, and app-coach group patients,
respectively. When allowing for the increased weight at baseline
of app group patients, there was no significant difference
between groups in GWG, although accounting for the small

sample size and resultant significant uncertainty around this
estimate, the direction of effect was toward a reduction in weight
gained. The results of the multiple linear regression model are
shown in Table 4. An increase in weight at recruitment of 1 kg
was associated with a further increase in GWG of 0.89 kg (95%
CI 0.72 to 1.06 kg, P<.001).

Table 4. Results of the statistical model investigating gestational weight gain.

95% CIP valueStandard errorCoefficientVariable

−11.51 to 0.59.072.84−5.46App group

−6.37 to 5.57.892.80−0.40App-coach group

0.72 to 1.06<.0010.080.89Weight at recruitment

−0.27 to 0.84.300.260.28Age at recruitment

−7.00 to 0.01.0501.64−3.50Parity

105.87 to 116.47reference2.49111.17Baselinea

aBaseline represents weight at delivery for a participant in the control group with a weight at recruitment of 95 kg, age at recruitment of 30 years, and
no previous births.

Discussion

Principal Findings
This randomized, controlled feasibility trial has demonstrated
the feasibility of activity data syncing with a personal
smartphone in a cohort of pregnant women with obesity.
Challenges were demonstrated, however, in the delivery of the
behavioral intervention and feasibility of aggregating data
because of patient noncompliance with pedometer wearing and
loss of devices. These resulted in high missing data rates.
Inactivity was common, with baseline activity rates less than
half the recommended 30 min/day. Higher BMI in early

pregnancy was associated with lower activity levels, as seen in
past studies, and increased GWG.

Relationship to Prior Literature
We observed a comparable level of inactivity with other
antenatal populations using pedometer data. A 2011 Australian
study examined activity levels of 30 overweight or pregnant
women with obesity between 26 and 28 weeks of gestation,
reporting a mean (SD) daily step count of 4680 (2520) steps/day
[15]. The same group, in the 2014 HeLP-her trial, observed a
baseline mean (SD) step count of 5438 (3145) steps/day in 98
women at 12 to 15 weeks of gestation [14]. A 2010 Danish
study of 338 pregnant women measured comparatively higher
overall mean step counts, although lower in women with obesity:
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6482, 7446, and 4626 steps/day versus 7558, 8865, and 6289
steps/day in normal-weight women at gestational week 13, 21,
and 37, respectively [16]. We observed mean daily step counts
significantly lower than these levels, more in keeping with prior
Australian studies. Such a difference is possibly related to the
high educational levels reported in the Danish study population
with potentially increased activity rates. We also observed stable
step counts across the gestational period. The reasons for this
are unclear but are likely related to already-sedentary baseline
activity levels in early pregnancy in our cohort.

Our study differed from previous pedometer-based activity
interventions in the novel methodology of automated
data-upload, with much-improved data integrity and
completeness (overall mean days with complete data ranging
between groups from 60.5% to 78.9% of all study days)
compared with previous study methods. A randomized follow-up
intervention by the aforementioned Danish group, for example,
randomly allocated 425 pregnant women with obesity to
increased pedometer-guided physical activity, compared with
standard antenatal care [27]. In this study, step counts were
self-recorded and reported; thus, only half of the participants
reported any step count data and only for one-quarter of the
study period. The Australian HeLP-her trial was similarly
constrained, with pedometers being periodically worn for a
specified period only (3-7 days) and the generated data
extrapolated to estimate total physical activity [14]. Although
our study provides a much more comprehensive picture of
activity throughout pregnancy, we also observed considerable
missing data rates because of patients forgetting to wear the
pedometer and loss of the device, both likely related to the small
pedometer size. There is thus the opportunity for future protocol
refinement, such as incorporating modern smartphones directly,
which have inbuilt ability to measure activity data. Recent
studies have demonstrated the validity of these devices in
measuring step counts, which may lead to even greater data
completeness given the likely improved compliance with
carrying and reduced chance of losing a personal smartphone
[28,29].

We observed no difference in step counts, daily active minutes,
or weight gain reduction between groups, although this
feasibility trial was underpowered to assess this. Evidence
suggests a major challenge is improving outcomes in a pregnant
cohort already with obesity. A 2015 Cochrane review of dietary
and exercise interventions in 11,000 women across 49
randomized controlled trials consistently found benefits for
women with normal BMI, but no significant reduction in
pregnancy weight gain for overweight or women with obesity
[7]. A future definitive trial will have to overcome these
challenges, likely through achieving greater engagement with
a behavioral change program than was seen in this initial trial.
More flexibility in the delivery of the intervention, timing to
coincide with regular scheduled antenatal appointments, or
batch-delivery in a group setting are all strategies that could be
explored in improving engagement in a definitive trial. Our
cohort also had more obesity than in the aforementioned
HeLP-her trial, with a mean baseline BMI of 35.9, 36.7, and

37.0 kg/m2 among groups, versus 30.3 and 30.4 in control and
intervention groups in the HeLP-her trial, respectively. This

may explain the disparate finding in our study, of an association
with baseline BMI and increased GWG, compared with an
inverse correlation in the HeLP-her trial. The significantly
reduced activity levels found with increasing BMI in our cohort
may explain this difference, illustrating further challenges if
comparable magnitudes of obesity are observed in a definitive
follow-up study population.

Implications of the Study Findings
The findings of this study imply that wearing a pedometer with
the ability to sync data with a personal smartphone is feasible
in pregnant women with obesity. These findings also imply that
future studies seeking to improve physical activity via wearable
devices should focus on ways to improve compliance and
engagement with the intervention. This study found no benefit
to an additional individualized behavioral intervention from
clinicians, although lower than expected engagement makes
this conclusion uncertain, and this study was not powered to
assess this.

Strengths and Limitations
Strengths of this study include the novel study design using the
combination of cheap and robust wearable devices with mobile
phones, which are ubiquitous in a younger participant cohort
in contemporary Australian society (the overall population
smartphone ownership in 2018 was 89%) [30]. An additional
strength of this study was the ability to successfully deliver the
intervention to those women who engaged with the process. A
major limitation of our study was missing data, potentially
making conclusions around activity, step data, and GWG
endpoints less precise. Encouragingly, data syncing and upload
from patients’ smartphones did not appear to be a factor. Rather,
the combination of lack of pedometer wearing and outright loss
of the pedometer were major contributors, all likely related to
the pedometer’s small size and lack of integration in patients’
daily habits. Refining our trial methodology to step-counts
measured directly by the newer generation of smartphones, with
inbuilt activity apps, would be beneficial. Although phones may
be similarly affected by noncarrying time, it is likely that there
would be less overall missing data using these devices. An
alternative strategy would be the use of reminders that are native
to the smartphone operating systems or embedded within the
fitness apps to prompt participants to sync data more regularly.
Another strategy would be to use such reminders to improve
compliance with pedometer wearing, which could be extended
to direct researcher-participant contact in the event of identified
poor compliance.

A further limitation was our stratification of missing data by
censoring at 1000 steps/day, although there is no accepted,
validated definition in the mobile health literature for what
constitutes a day without appropriate pedometer usage. We note
that <1000 steps/day has been used by previous studies to define
a nonvalid pedometer day [31]. Other studies have used activity
time as a surrogate marker of wearing, defining days with <3
hours of data recorded as missing, and 3 to 8 hours of data as
half-days [14]. This approach, however, has the potential to
erroneously exclude sedentary periods (during which time
activity data are not being recorded, despite the pedometer being
worn effectively). We could have enhanced our missing data
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analysis with pedometer wearing diaries, although we note that
compliance with these has been shown to be poor [14]. Complete
case analysis was also used, meaning observations that contained
missing data were not used. This could potentially have biased
results, though we have no reason to believe that missing data
rates were not distributed randomly among groups or across the
gestational period.

There are also potential inaccuracies inherent in wearable
pedometers, although we note a recent systematic review of
Fitbit pedometers commented favorably on the measurement
of steps in adults with no mobility restrictions, as in our cohort
[32]. The same review did caution against inaccuracies in the
active minutes measured, with a tendency to underestimating
sedentary time. We also did not collect information on diet and
calorie intake, which may have influenced overall GWG,
although we have no reason to believe that this varied between
groups. A final major limitation was the difficulty in delivering

the behavioral change intervention, with only 4 of 10 women
following through to intervention completion. This resulted in
significantly reduced group separation, and limits the
generalizability of our findings, with the possibility that true
differences because of either intervention were not revealed in
this feasibility trial.

Conclusions
This study suggests that activity data syncing with a personal
smartphone is feasible in a cohort of pregnant women with
obesity, although our results do not support a follow-up study
with this design. A future definitive study seeking to reduce
GWG and improve activity in this population must focus on
improving compliance with activity data recording and with the
behavioral intervention delivered. Greater flexibility in
intervention delivery for patients and improvements in activity
monitoring through direct use of participant smartphones are
strategies to explore before a definitive trial.
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Abstract

Background: Interventions to reduce alcohol use typically include several elements, such as information on the risks of alcohol
consumption, planning for sensible drinking, and training of protective behavioral strategies. However, the effectiveness of these
individual intervention elements within comprehensive programs has not been addressed so far, but it could provide valuable
insights for the development of future interventions. Just-in-time interventions provided via mobile devices are intended to help
people make healthy decisions in the moment and thus could influence health behavior.

Objective: The aim of this study was to test the proximal effects of a mobile phone–delivered, just-in-time planning intervention
to reduce alcohol use in adolescents who reported recent binge drinking. The efficacy of this individual intervention element was
tested within a comprehensive intervention program to reduce problem drinking in adolescents.

Methods: The study had an AB/BA crossover design, in which participants were randomly allocated to (1) a group receiving
the planning intervention (A) in period 1 and assessment only (B) in period 2 or (2) a group receiving assessment only (B) in
period 1 and the planning intervention (A) in period 2. The planning intervention included a text message to choose one of two
predetermined if-then plans to practice sensible drinking with friends or when going out and a prompt to visualize the chosen
plan. There was a washout period of at least 1 week between period 1 and period 2.

Results: Out of 633 program participants who recently binge drank, 136 (21.5%) were receptive in both periods of time and
provided data on the proximal outcome, which was the number of alcoholic drinks consumed with friends or when going out.
After the planning intervention, the number of alcoholic drinks consumed was approximately one standard drink lower compared
with the finding without the intervention (P=.01).

Conclusions: A mobile phone–delivered, just-in-time, if-then planning intervention to practice sensible drinking with friends
or when going out is effective in reducing alcohol consumption among adolescents who report recent binge drinking. Based on
the relatively low percentage of participants with self-reported receptivity for the planning intervention, measures to increase the
population impact of similar planning interventions should be implemented and tested in future trials.

Trial Registration: ISRCTN Registry ISRCTN52150713; http://www.isrctn.com/ISRCTN52150713

(JMIR Mhealth Uhealth 2020;8(5):e16937)   doi:10.2196/16937
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Introduction

Alcohol use is a major cause of disease burden in most countries
worldwide and is among the 10 leading risk factors in all Central
European countries [1]. In young people, drinking is associated
with multiple social and interpersonal problems, such as arguing
with friends and parents, engaging in unplanned sexual activity,
drinking and driving, assault, getting into trouble with the law,
academic difficulties, unintended injuries, and suicidal acts
[2,3]. In the long term, individuals with problematic alcohol
use exhibit an elevated risk of developing chronic conditions,
such as heart and liver diseases and alcohol use disorders.

Internationally recognized indicators of problem drinking are
(1) average daily consumption of more than two standard drinks
for men and one standard drink for women [4] and (2) binge
drinking, which is defined as drinking at least five standard
drinks on a single occasion for men and four drinks on a single
occasion for women [5]. In particular, binge drinking prevalence
rates are high in adolescence and young adulthood. In
Switzerland, the binge drinking prevalence on a monthly basis
is 25% in adolescents aged 15 to 19 years and 41% in young
adults aged 20 to 24 years [6]. The prevalence of elevated mean
daily consumption in young people is low (2% at 15–19 years
of age and 8% at 20–24 years of age) relative to binge drinking,
and it almost always occurs in combination with binge drinking
[6].

Interventions, including personalized normative feedback and
drinking reduction strategies, as major intervention elements
show small short-term effects on the reduction of binge drinking
prevalence in young people [2]. These intervention elements
are typically included in comprehensive intervention programs,
which include several elements derived from major
psychological models of health behavior change, such as social
norms, outcome expectations, motivation, self-efficacy, and
planning interventions. Planning interventions, including if-then
plans, are among the most recognized and frequently applied
planning techniques adopted to change health behavior [7].
These strategies, also known as implementation intentions,
require people to specify a critical situation and pair it with a
goal-directed behavioral response (if situation x occurs, then I
will show behavior y). Behavioral responses could be
self-generated or prespecified, as in the intervention of this
study. Laboratory research showed that both prespecified and
self-generated if-then planning interventions were effective to
reduce alcohol use in a representative sample of adults [8] and
in alcohol-consuming adolescents [9]. Beyond laboratory
research, the proximal effects of specific intervention elements
(so called microinterventions like implementation intentions)
might also be tested within comprehensive intervention
programs. Testing the effects of these microinterventions within
traditionally delivered comprehensive intervention programs
allows balancing internal and external validities in a way that
facilitates translation and testing of the basic theory in
multicomponent intervention programs [10]. According to this
approach, the effect of the intervention element could be studied

within real-life conditions and assignment of participants to a
control group without any intervention is not necessary. Unlike
traditional methods of delivering planning interventions, mobile
phones can deliver these microinterventions “just in time” for
when a person is most vulnerable and receptive. These
just-in-time interventions can be activated by users themselves
(user triggered) through prespecified rules (server triggered,
like in this study) or sensors that dynamically monitor a user’s
context (context triggered) [11]. They are intended to support
an individual at the time when most needed [12]. To date,
published studies on the effects of just-in-time interventions are
limited to physical activity and sedentary behavior, with mixed
evidence for intervention effects [13].

In this study, we tested the proximal effects of a mobile
phone–delivered, just-in-time, if-then planning intervention to
reduce alcohol use in adolescents who reported recent binge
drinking. We hypothesized that the number of alcoholic drinks
consumed with friends or when going out would be lower during
the just-in-time planning intervention as compared with
assessment only.

Methods

Study Objectives and Design
The study aimed to determine the proximal effects of a
just-in-time planning intervention to reduce alcohol use in
adolescents who reported recent binge drinking. The study was
registered at Current Controlled Trials International Standard
Randomized Controlled Trials Number (ISRCTN 52150713,
assigned June 2, 2017). The study protocol was approved by
the ethics committee of the Philosophical Faculty at the
University of Zurich, Switzerland (date of approval: April 18,
2017). The trial was executed in compliance with the
Declaration of Helsinki.

Within a randomized controlled AB/BA crossover design, each
participant received the planning intervention (A) and
assessment only (B) in a randomized order. The trial was
conducted in Switzerland, and participants were recruited
between June 2017 and July 2018. Participants were recruited
in vocational and upper secondary schools and participated in
a comprehensive mobile phone–based intervention program to
reduce problem drinking with a duration of 3 months. The
inclusion criteria were (1) ownership of a mobile phone, (2)
recent binge drinking, (3) alcohol consumption in the
evening/night with friends or when going out, and (4) available
data on preferred if-then plans. The just-in-time planning
intervention was based on effective implementation intention
and action planning interventions [7]. On two of their typically
indicated drinking days, participants either received (A) a text
message to choose one of two predetermined if-then plans to
practice sensible drinking with friends or when going out and
subsequently another text message prompting to visualize the
chosen plan or (B) no intervention. There was a washout period
of at least 1 week between A and B as well as B and A.
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Procedure and Participants of the Comprehensive
Intervention Program
Vocational and upper secondary schools in the Swiss cantons
of Zurich and Berne were invited to participate in the
comprehensive mobile phone–based intervention program
named MobileCoach Alcohol by prevention specialist centers.
Sixteen vocational and upper secondary schools, with 108
classes in total, agreed to participate in the program and the
study. Research assistants (psychology master’s degree students
or graduates) invited all of the students in the participating
classes to take part in an online health survey during a regular
school lesson reserved for health education. Online screening
was conducted using tablet computers provided by the research
assistants or the students’own smartphones. Demographic data,
alcohol consumption, smoking status, and mobile phone
ownership were assessed. The only inclusion criterion for
participation in the comprehensive program was ownership of
a mobile phone. A total of 1710 students were present in the
school classes. Out of these, 1676 participated in the online
screening and 1419 (83.0% of the students present in the classes)
consented to participate in the MobileCoach Alcohol intervention
program and provided their mobile phone number. Program
participants were informed about data protection, the aims of
the program and study, assessments, and reimbursement.
Informed consent was obtained online from all program and
study participants. The automated intervention program included
online feedback provided immediately after the baseline
assessment and individually tailored text messages provided
over 3 months. The online feedback included normative
feedback based on the social norms approach [14]. The text
messages for binge drinking participants focused on (1)
motivation to drink within low-risk limits, using individual data
concerning positive outcome expectancies [15]; (2)
alcohol-related problems, established using individual data on
previous alcohol-related problems; (3) peak blood alcohol
concentration and related risk calculated using data concerning
sex, body weight, and maximum number of drinks consumed
on a single occasion in the preceding month; and (4) strategies
to resist alcohol when going out or when being with friends.
Additionally, three text message assessments were performed
during the intervention period. First, a quiz on the metabolism
of alcohol, for which participants received immediate
individualized feedback on their answers, and if they did not
respond within 48 hours, they were sent the correct responses.
Second, a contest that required participants to create a text
message to motivate other participants to drink within low-risk
limits. The best text message, rated weekly by an alcohol
prevention specialist from the Swiss Research Institute for
Public Health and Addiction, was sent anonymously to all other
participants after 48 hours. Third, an assessment of binge
drinking within the preceding week, which included immediate
individualized feedback. The text messages typically contained
150 to 300 characters and were delivered via SMS text
messaging. Several text messages also included web links to
thematically appropriate video clips, pictures, and websites.
Except for the text messages providing the planning intervention,
which were typically sent on Fridays and Saturdays at 5 pm
(mentioned below), messages were typically sent on Tuesdays
at 6 pm.

Procedure and Participants of the Planning
Intervention Study
The participants for this study to test the proximal effects of the
mobile phone–delivered, just-in-time, alcohol planning
intervention were selected automatically by a computer
algorithm within the MobileCoach Alcohol intervention program
(Figure 1).

The computer algorithm selected recent binge drinking
adolescents with alcohol consumption in the evening or night
when going out or when being with friends and with available
data on preferred if-then plans. A total of 633 (44.6%) of the
1419 MobileCoach Alcohol intervention program participants
fulfilled the inclusion criteria and were randomly allocated to
(1) a group receiving the planning intervention (A) in period 1
and assessment only (B) in period 2 or (2) a group receiving
assessment only (B) in period 1 and the planning intervention
(A) in period 2. The randomization sequence with a 1:1 ratio
was created using computerized random numbers.

The assessment questions and the text messages of the planning
intervention are depicted in Figure 2.

The data necessary for the provision of the just-in-time planning
intervention were assessed within the baseline assessment. This
assessment was also performed during the school lesson
immediately after the online screening and informed consent
procedure for the comprehensive intervention program
(mentioned above). It included (1) selection of the typical
drinking day in the course of the week when going out or when
being with friends, (2) selection of the typical drinking time
when going out or when being with friends, and (3) selection
of two out of nine favorite if-then plans providing strategies to
drink little or no alcohol with friends or when going out. One
reason to select only two out of nine if-then plans was that these
plans were also presented within SMS text messages, which are
restricted in their length and number of characters. Another
reason was not to overstrain the participant within this situation.
Regarding the typical drinking days, we did not include Monday,
Tuesday, and Wednesday, as previous studies [16,17] on this
program showed that practically nobody chose these days.
Furthermore, we wanted to prevent temporal overlap of the
just-in-time intervention elements (presented Thursday to
Sunday) and the other intervention elements of the program,
which were typically sent on Tuesdays. The text
messaging–based part included (1) assessment of the state of
receptivity on the individually indicated drinking day at 5 pm,
(2) the actual planning intervention comprising a text message
to choose one of two predetermined if-then plans to practice
sensible drinking with friends or when going out and another
text message prompting to visualize the chosen plan, and (3)
assessment of the proximal outcome (the number of alcoholic
drinks consumed on the previous day with friends or when going
out). The assessment-only condition solely included (1) and (3).
The planning intervention was designed considering the latest
recommendations for research and practice on planning and
implementation intentions in health contexts [7].

As the entire intervention program had a total duration of 12
weeks and we considered a washout period of 1 week as
appropriate between period 1 and 2, assessments of the state of
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receptivity and potential provision of the subsequent planning
intervention were possible six times during the intervention (in
weeks 1, 3, 5, 7, 9, and 11). In order to obtain a maximum
sample size for this crossover trial, the state of receptivity was
assessed in as many weeks as possible until a participant was
receptive twice, that is, there were up to six chances for the
period 1 assessment, and the remaining assessments after
responding to the period 1 assessment were for period 2. After

being receptive twice, the participants no longer received this
state of the receptivity assessment. The time interval for
responding to the state of the receptivity assessment was 6 hours.
Participants who did not respond within this time period and
those who indicated that they did not meet with friends or go
out did not receive the subsequent messages of the planning
intervention and the outcome assessment.

Figure 1. Flow of study participants.
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Figure 2. Assessments and planning intervention from participants' perspective.

Sample Size Calculation
The estimation of the effect size was based on the results of a
controlled study testing the effectiveness of implementation
intentions to reduce alcohol use in a sample of the general
population [8], using an online power calculator for crossover
studies provided by the Biostatistics Center of Massachusetts
General Hospital [18]. Within this study [8], the participants
randomized to the experimenter-provided implementation

intention condition were presented with a choice of three
implementation intentions, from which they chose the one they
thought would work best for them and wrote it down.
Participants with high alcohol intake under this condition
reduced their alcohol intake from baseline to a 1-month
follow-up by 1.3 standard drinks per day, whereas this reduction
was 0.1 drinks in the passive control group. Using this minimal
detectable difference in means of 1.2, a standard deviation within
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participants of 3.0, a power of 80%, and a noncentral t function
(α=5%, one-sided), the study required a total of 79 participants.

Assessments and Outcomes
The online baseline assessment included the following variables:
sex, age, immigration background, tobacco smoking, the Alcohol
Use Disorders Identification Test (AUDIT) [19], and binge
drinking. We assessed the countries of birth for students’parents
to identify a potential immigrant background. Based on this
information, participants were assigned to one of the following
categories: (1) neither parent born outside Switzerland, (2) one
parent born outside Switzerland, and (3) both parents born
outside Switzerland. In the analysis, we combined one- and
two-sided immigrant backgrounds into a single category and
compared it with a nonimmigrant background.

Tobacco smoking was assessed using the following question:
“Do you currently smoke cigarettes or have you smoked in the
past?” The response options were as follows: (1) I smoke
cigarettes daily; (2) I smoke cigarettes occasionally but not
daily; (3) I smoked cigarettes in the past, but I do not smoke
anymore; and (4) I have never smoked cigarettes or have smoked
less than 100 cigarettes throughout my life. In the analysis, we
combined categories (1) and (2) as smokers and categories (3)
and (4) as nonsmokers. Alcohol use was assessed through the
consumption items of the AUDIT (AUDIT-C) [19]. The
AUDIT-C assesses drinking quantity, drinking frequency, and
binge drinking frequency, and it has a potential range from 0
to 12, with higher values representing higher alcohol use. Binge
drinking prevalence in the preceding 30 days was assessed by
asking participants to report the number of standard drinks
consumed on the heaviest drinking occasion in the preceding
30 days. Examples of standard drinks containing 12 to 14 g of
ethanol were provided for beer, wine, spirits, alcopops, and
cocktails, along with conversion values (eg, three 0.5 L cans of
beer equals six standard drinks). Binge drinking was defined
as drinking at least five drinks on a single occasion in males
and four drinks on a single occasion in females [5].

The primary outcome of this planning intervention study was
the number of alcoholic drinks with friends or when going out
on the day of the intervention. This proximal outcome was
assessed 24 hours after assessment of the state of receptivity,
that is, at 5 pm on the day following the individual indicated
drinking day. The secondary outcome of this planning
intervention study was binge drinking, which was defined as
drinking at least five drinks in males and four drinks in females
with friends or when going out on the individual indicated
drinking day.

Data Analysis
We initially examined the data of the primary outcome, which
was based on the self-reported number of alcoholic drinks
entered as free text. Based on a visual inspection of the
distributions and the recommendations of Osborne and Overbay
[20], outliers were identified at more than 3 standard deviations
above the mean and adjusted to 3 standard deviations above the
mean.

We used chi-square tests for categorical variables and t tests for
continuous variables to evaluate baseline differences between

the analyzed sample and the sample of participants not
responding or receptive in both periods of time in order to
examine the representativeness of the sample.

Intervention effects of the planning intervention were tested
following the recommendations of Wellek and Blettner [21] on
proper data analysis in clinical trials with a crossover design.
These recommendations include the following: (1) participants
are assigned randomly to the two sequence groups AB and BA;
(2) the crucial variable for analysis is the within-subject
difference in outcome between the two study periods, tested by
a valid test for independent samples comparing the values of
this variable between the sequence groups; and (3) an
assumption that the washout phase is long enough to rule out a
carryover effect, which should be checked by another test for
independent samples.

Following the latter recommendation and to rule out that the
treatment effects were confounded by time effects or a carryover
effect, as the washout phase was not long enough, we calculated
the sum of the number of drinks consumed in the two periods
for each subject and compared it across the two sequence groups
by a t test for independent samples.

To test for the effects of the alcohol planning intervention, we
used a t test for independent samples for the primary outcome
(number of alcoholic drinks on the previous day with friends
or when going out) and a chi-square test for the binary secondary
outcome (binge drinking on the previous day with friends or
when going out). All outcome analyses were based on a
complete-case dataset, which included participants who were
receptive in periods 1 and 2 and had outcomes assessed in both
time periods. Results with a type I error rate involving a P value
<.05 in two-sided tests were considered statistically significant,
with the exception of the proximal outcome that was tested
one-sided, as the study hypotheses and power calculations were
also based on one-sided tests. Analyses were performed using
SPSS, version 22 (IBM Corp, Armonk, New York, USA).

Results

Study Participation
Figure 1 depicts the participants’ progression through the trial.
A total of 633 binge drinking participants for the MobileCoach
Alcohol intervention, who consumed alcohol in the evening or
night when going out or when being with friends and who had
available data on preferred if-then plans, were randomly
allocated to the sequence group AB (n=311) or the sequence
group BA (n=322). Out of these 633 participants, 136 (21.5%)
were receptive twice and provided data on the proximal outcome
at both time points. Our analyses on the effectiveness of the
just-in-time alcohol planning intervention were based on these
136 participants.

This analyzed group did not differ from participants who could
not be assessed (n=497) with respect to the following baseline
characteristics: age, immigration background, tobacco smoking
status, AUDIT-C, typical drinking day, and typical drinking
time on the indicated drinking day. However, the nonreceptive
participants or nonresponders were more likely male (51.5% vs
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40.8%, χ2
1=4.9; P=.03) and in upper secondary than vocational

schools (45.5% vs 32.4%; χ2
1=7.5; P=.006).

Characteristics of the analyzed study sample (n=136) and the
two sequence groups (AB/BA) are shown in Table 1.

Table 1. Baseline characteristics of the study sample.

Total (n=136)Sequence: control–intervention
(BA) (n=70)

Sequence: intervention–control
(AB) (n=66)

Variable

Sex, n (%)

70 (51.5%)35 (50.0%)35 (53.0%)Male

66 (48.5%)35 (50.0%)31 (47.0%)Female

17.1 (1.1)17.2 (1.3)16.9 (1.0)Age, mean (SD)

Immigration background, n (%)

72 (52.9%)42 (60.0%)30 (45.5%)No immigration background

64 (47.1%)28 (40.0%)36 (54.5%)One or both parents born outside Switzerland

Type of school, n (%)

44 (32.4%)24 (34.3%)20 (30.3%)Upper secondary school

92 (67.6%)46 (65.7%)46 (69.7%)Vocational school

Tobacco smoking status, n (%)

65 (47.8%)34 (48.6%)31 (47.0%)Daily or occasional cigarette smoking

71 (52.2%)36 (51.4%)35 (53.0%)Nonsmoking

6.4 (1.7)6.7 (1.7)6.2 (1.6)AUDIT-Ca, mean (SD)

Typical drinking day, n (%)

1 (0.7%)0 (0%)1 (1.5%)Thursday

55 (40.4%)27 (38.6%)28 (42.4%)Friday

80 (58.8%)43 (61.4%)37 (56.1%)Saturday

0 (0%)0 (0%)0 (0%)Sunday

Typical drinking time on the indicated typical drinking day, n (%)

0 (0%)0 (0%)0 (0%)Morning or afternoon

9 (6.6%)5 (7.1%)4 (6.1%)Between 6 pm and 8 pm

72 (52.9%)40 (57.1%)32 (48.5%)Between 8 pm and 10 pm

55 (40.4%)25 (35.7%)30 (45.5%)After 10 pm

aAUDIT-C: consumption items of the Alcohol Use Disorders Identification Test

Test for Period Effects
To rule out that the treatment effects were confounded by time
effects or carryover effects, we calculated the sum of the number
of drinks consumed in the two periods for each subject and
compared it across the two sequence groups by a t test for
independent samples. This test did not suggest that any time or
period effects were present (t=−1.19, P=.24).

Effects of the Alcohol Planning Intervention
As shown in Table 2, in the AB and BA sequence groups, the
mean numbers of alcoholic drinks consumed on the previous
day with friends or when going out were 2.79 and 3.43,
respectively, after receiving the planning intervention and 3.68
and 4.21, respectively, without the intervention. The
within-subject differences of 0.89 and −0.79 between the

sequence groups were statistically significant (t=2.31, P=.01),
showing that the planning intervention is effective to reduce
the mean alcohol use on typical drinking days in young people
by about one standard drink.

Concerning the secondary outcome (binge drinking on the
previous day with friends or when going out), in the AB and
BA sequence groups, the prevalences were 30% (20/66) and
36% (25/70), respectively, after receiving the planning
intervention and 35% (23/66) and 36% (25/70), respectively,
without the intervention. A chi-square test comparing the
number of participants who did not change between period 1
and period 2, who reported binge drinking in period 2 but not
in period 1, and who reported binge drinking in period 1 but
not in period 2, showed no statistically significant difference

between the two sequence groups (χ2
2=1.34, P=.25).
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Table 2. Effects of the alcohol planning intervention.

P valueTest
value

Sequence: control–intervention (BA) (n=70)Sequence: intervention–control (AB) (n=66)Variable

Within-subject differ-
ence (period 2−peri-
od 1)

Period 2 (A)Period 1 (B)Within-subject differ-
ence (period 2−peri-
od 1)

Period 2 (B)Period 1 (A)

.012.31a−0.79 (4.69)3.43 (3.85)4.21 (3.67)0.89 (3.71)3.68 (3.62)2.79 (3.09)Number of alcoholic
drinks on the previ-
ous day with friends
or when going out,
mean (SD)

.251.34b0 (0.0%)25 (36%)25 (36%)3 (5%)23 (35%)20 (30%)Binge drinking on
the previous day
with friends or when
going out, n (%)

at test for independent samples for the comparison of the within-subject difference between the condition sequences.
bChi-square test for the comparison of binge drinking change in period 2 compared with period 1 between the condition sequences.

Discussion

This study aimed to test the proximal effects of a just-in-time
planning intervention for reducing alcohol use in adolescents
who reported recent binge drinking. To the best of our
knowledge, this is the first study to test the effects of a
just-in-time intervention for reducing alcohol consumption. The
study revealed the following three main results, which are
discussed below: (1) It is feasible to test the proximal effects
of single intervention elements like implementation intentions
within a comprehensive multicomponent intervention program
if the program is delivered via a mobile phone and has a
minimum duration; (2) An if-then alcohol planning intervention
is effective to reduce the mean alcohol use on typical drinking
days in young people by about one standard drink; (3) A large
proportion of adolescents is not receptive to the just-in-time
planning intervention, when the state of receptivity is assessed
via text messaging and a reply within a limited response time
is required for triggering the intervention.

This study underlines that the proximal effects of specific
intervention elements like just-in-time implementation intentions
could be tested in a randomized controlled crossover design
within a comprehensive intervention program, if some
requirements are met as follows: (1) The intervention program
is provided automatically (eg, via a mobile phone that allows
server-triggered just-in-time interventions); (2) The duration of
the program is long enough to assess receptivity for the
intervention several times in order to have at least two time
points for comparison; and (3) The intervention element is
presented after a long enough time (wash-out period) from the
other elements or contents of the program in order to reduce
confounding. Another requirement, which was hardly met in
previous trials on just-in-time interventions, is an adequate
sample size to have enough statistical power [13]. Currently
published trials in the areas of physical activity and sedentary
behavior typically have much smaller sample sizes than this
trial, although the state of receptivity and proximal outcomes
were often assessed automatically and unobtrusively via
smartphone sensors or activity trackers [22].

The result that a single if-then planning intervention is effective
to reduce alcohol consumption is in line with previous findings
derived from laboratory research [8,9] and extends the insights
to that effect that the planning intervention could also be
provided digitally without any personal contact, as well as
just-in-time on the individually indicated drinking day. Owing
to different follow-up intervals, the achieved reduction in alcohol
use could not directly be compared with other interventions.
However, to enable a rough estimation, a traditional if-then
planning intervention in adolescents resulted in an average
reduction of 2.5 g of alcohol per day (one-fifth of a standard
drink) at a 2-month follow-up [9]. An earlier version of the
digital MobileCoach Alcohol intervention program resulted in
an average reduction of 0.4 standard drinks per day at a 6-month
follow-up [17].

Although the just-in-time delivery of the alcohol planning
intervention might be partly responsible for its effectiveness, it
remains unclear whether the population impact (number of
participants reached multiplied by effectiveness [23]) of the
provided planning intervention might have been greater if
selection of the preferred if-then plan would have taken place
within a longer timeframe before the drinking day (eg, the whole
day before) or an initially preferred if-then plan would have
been sent irrespective of the state of receptivity. Both options
may be able to increase the impact of this planning intervention
as compared with the procedure implemented in this trial, where
an active reply on receptivity via text messaging within a limited
response time was required. However, direct comparisons of
different delivery options or qualitative participant interviews
are necessary for a better understanding of the limited reach.
Additional analyses of the replies to the receptivity question
“Are you meeting friends or going out today?” showed that a
substantial part of the lack of receptivity was due to the denial
of this question; in weeks 1 and 3 when all study participants
received this question, 231 out of 492 (47.0%) denied meeting
friends or going out that day. These data suggest that half of
adolescents are not receptive because they are not at risk for
binge drinking on a predetermined day. Correspondingly,
measures to update or adapt the drinking day during program
delivery might be promising to increase receptivity.
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Several limitations of this study should be mentioned. First, the
number of alcoholic drinks consumed was self-reported, and in
contrast to the baseline assessment, no examples of standard
drinks were provided within the text messaging–based
assessment of the proximal outcome. Second, although the
crossover design applied has several advantages (eg, it avoids
problems of comparability of the study and control groups
because each participant is his/her own control and the required
sample size is low), carryover effects might have confounded
part of the intervention effects, although the respective finding
was not relevant. Third, the sample analyzed within this study
systematically differed from all participants randomized, with
respect to sex and type of school, which limits the external
validity of the results. Fourth, we solely used baseline data for

tailoring the intervention time. The possibility of updating or
adapting the intervention time periodically might increase
intervention effectiveness.

In conclusion, this study shows that just-in-time interventions
could be tested and implemented in the area of addiction and
that digitally provided alcohol planning interventions could
reduce alcohol use in adolescents who report recent binge
drinking. Future studies should focus on increasing the reach
and outcome of just-in-time alcohol planning interventions by
testing other delivery formats or by sensor-triggered intervention
delivery, which, for example, dynamically monitors a
participant’s context and provides support when high-risk
environments, such as areas with many nightlife locations and
social situations, are sensed [24,25].
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Abstract

Background: In clinical practice, it is difficult to convey the benefits of sustained physical activity to adult patients with excess
weight or obesity. For this purpose, a goal-setting walking prescription may be an effective strategy.

Objective: This study aimed to determine the efficacy of the intervention of a pedometer app in setting a goal to reach 10,000
steps per day in adults.

Methods: Overweight adults (n=98; mean body mass index 32.53 [SD 4.92] kg/m2) were randomized to one of two conditions
(control or intervention). Both groups downloaded a pedometer app that recorded their daily step counts and were given a daily
walking goal of 10,000 steps. Subjects participated in a 24-week in-person behavioral weight control program and were asked
to monitor their daily levels using the pedometer app. Baseline data were recorded and followed up weekly. Only the intervention
group had structured information delivery, a personalized physical activity prescription, and follow-up on number of steps per
day.

Results: The results show that regardless of sex or age, prescribing walking increased the number of steps per day by 4806 step
on average (standardized β coefficient=–0.813, SE=427.586, t=–11.242, P<.001).

Conclusions: These results could have implications for improving self-monitoring in overweight adults during periods of weight
loss. Health professionals should analyze the implementation of tools that permit them to prescribe, follow up, and encourage
the achievement of a goal of physical activity in overweight or obese patients.

Trial Registration: ClinicalTrials.gov NCT03845478; https://clinicaltrials.gov/ct2/show/NCT03845478

(JMIR Mhealth Uhealth 2020;8(5):e16999)   doi:10.2196/16999

KEYWORDS
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Introduction

Three in four adolescents and one in three adults in the world
do not perform at least 30 minutes of physical activity (PA) per
day as recommended by the World Health Organization [1].
This represents a severe public health problem, given that
physical inactivity is the fourth leading risk factor for global

mortality and plays a role in the development of obesity and
metabolic syndrome [2,3]. Increasing PA should be a priority
in the treatment of weight loss in overweight and obese subjects.
Walking is a solution to overcoming physical inactivity [4] due
to its low impact, in which the person can control its intensity,
duration, and effort in order to reduce the risk of injury [5]. A
recent review has deepened the knowledge of the psychosocial
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factors that increase adherence to a PA protocol, and social
support and self-evaluation are presented as critical elements
[6]. The prescription of PA by the health professional to
sedentary people suffering from obesity, diabetes, or
hypertension is defined as the delivery of an individualized
exercise prescription for a limited time [6].

Despite efforts in many countries to facilitate access to leisure
centers so people can increase PA [7], lack of adherence remains
the main problem [8].

Monitoring PA by counting steps per day offers the possibility
of standardizing evaluation and follow-up [9]. Although the
goal of 10,000 steps a day may not be appropriate for all ages
and levels of physical conditioning, it is considered a reasonable
and motivating goal for healthy adults, and previous studies
have demonstrated its effectiveness in weight loss programs
[9,10].

The term mHealth is defined as “public health and medical
practices compatible with mobile devices, including smart
mobile phones, patient monitoring gadgets, personal digital
assistants (PDA), and other wireless devices” [11]. The use of
this technology is pervasive, and, in developed countries, the
level of penetration reaches almost 100% of the adult population
[11]. Mobile apps provide tools, processes, and communications
used to support and provide medical care to patients and the
general public [12]. Apps monitoring PA are objective and
automated, allowing the user to carry a device that tracks their
movements [13].

Different methods are available to measure PA, but there is no
definite gold standard to measure PA in various clinical settings.
Accelerometers and pedometers have been developed for
research use because they are easy to wear and portable.
Accelerometers can provide quantification and recording of PA
[14]. A important issue with accelerometers is how to select
cutoff points to define activity intensities. Despite proposed
cutoffs for some devices, there is currently no consensus [15],
and this inconsistency in the use of accelerometers to delineate
exercise makes it difficult to compare findings of different
studies [16].

Pedometers are capable of counting the number of steps; they
became popular more than a decade ago as a meter gauge and
motivator of daily exercise [17]. Their use today has grown

significantly thanks to the development of apps capable of
collecting and storing information on daily PA concerning
walking or running. This technology has been proven to be
effective in the strategy to encourage and motivate patients to
execute and even increase the number of steps per day [18].
The review by Mansi et al [19] concluded that interventions
based on the use of a pedometer were more effective when
combined with additional behavioral strategies (eg, setting goals
and facilitating access to the information generated).

The main objective of this study was to evaluate the efficacy
of prescribing versus recommending PA in a sedentary adult
population with overweight or obesity. Another aim of the study
was to measure the improvement of body composition in both
scenarios. This study sought to extend the findings of Glynn et
al [20] by examining the feasibility of this approach of using
the Accupedo-Pro pedometer app (Corusen LLC) intervention
to promote PA in an overweight adult sample. The hypothesis
is that encouraging, following, and involving patients in the use
of this app through the establishment of objectives and
self-monitoring would significantly increase the number of steps
executed per day, thus affecting the amount and quality of
weight loss, and we can measure this by comparing total body
weight, body fat and overall muscle mass, and body mass index
(BMI).

Methods

Recruitment
Participants were recruited from private health clinics and sports
centers through social network advertisements and direct actions
in the centers in the area of Cádiz, Andalusia, Spain. The
exclusion and inclusion criteria are listed in Textbox 1.
Participants were interested in losing weight and owned a
smartphone. Participants attended an orientation session to
complete a consent form and baseline questionnaires, including
the International Physical Activity Questionnaire and
demographic questions. The study protocol complied with the
Declaration of Helsinki for medical studies, it was approved by
the bioethical committee of Córdoba University and the
department of health at the regional government of Andalusia
(Act no. 284, ref. 4156), and the study was retrospectively
registered with ClinicalTrials.gov [NCT03845478] on February
19, 2019.
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Textbox 1. Selection criteria.

Inclusion:

• Aged 18 years and older

• Overweight or obese (body mass index 25 to 49.9 kg/m2)

• Own smartphone with Android or iOS operating system and internet access

• Lead sedentary lifestyle

• Have not been on a diet to lose weight within 6 months of the start of the study

Exclusion:

• Diabetes treated with oral medications or insulin

• Pregnant

• Chronic renal insufficiency

Randomization Groups
The number of daily reference steps counted was collected in
all the subjects using the Accupedo app for 7 days before
randomization. Patients did not receive any information or
comments at the time of app installation. Subsequently, subjects
were randomly assigned (1:1) using a computerized random
number generator, and Accupedo was installed on phones in
both groups. In their initial interview, members of the two
groups received information on the importance and benefits of
walking 10,000 steps a day, but only the intervention group
(IG) received follow-up and monitoring to reach this total.
Patients in both groups were instructed to use the pedometer
daily during all their waking hours. Each week, a member of
the research team checked the data on participant apps and
recorded the average daily steps taken during the week and
month in the computer system. The IG had individualized goal
settings, instructions on counting steps for self-assessment, and
educational and motivational content to improve
self-management. The control group (CG) received a
recommendation to count steps, without any reproach in the
case of not increasing their PA.

Push Notifications
Push notifications permit the delivery of timely updates and
customized reminders to users. This functionality offers auditory
and visual alerts to inform users about an incoming message
and invites them to act, even if the app sending the notifications
is not currently in use. The methodology we used is explained
in greater detail elsewhere [21].

Outcome Assessments

Physical Activity
After randomization, the number of daily steps was averaged
each week if the subject’s pedometer was used on three or more
days during that week. The difference between the average daily
step count and the baseline one was determined for weeks 12
to 24, inclusive. The strata proposed by Tudor-Locke and Bassett
were used [9], establishing the following ranges based on the
evidence available for classifying PA according to the data
provided by the pedometer:

• Fewer than 5000 steps per day can be used as a sedentary
lifestyle index

• 5000 to 7499 steps per day is considered not very active
• 7500 to 9999 probably includes some volitional activities

(or high demands for occupational activity) and could be
considered active

• 10,000 steps or more per day indicates the point used to
classify people as quite active

Dietary Intervention
The daily energy requirements were determined by estimating
the resting energy expenditure using the formula proposed by
Harris-Benedict [22]:

• Women: basal metabolic rate = 655.1 + (9.563 × weight in
kg) + (1.850 × height in cm) – (4.676 × age in years)

• Men: basal metabolic rate = 66.5 + (13.75 × weight in kg)
+ (5.003 × height in cm) – (6.755 × age in years)

and multiplying the value obtained by a factor of 1.5 in those
patients performing PA [23].

Through 24 weeks, all patients followed a diet with the
following allocation of macronutrients: 25% to 30% protein,
40% to 45% carbohydrates, and 30% to 35% fat. The menu was
hypocaloric with a reduction of 500 kcal/day during the
treatment period to achieve a weekly weight loss of 400 grams.
After being included in the study, patients participated in a
1-hour seminar in which the dietitian-nutritionist instructed
them on how to make a suitable selection of food. The menu
proposed was valid for one week and was given to participants
in the weekly revision appointment as the protocol for the next
week. The energy and nutritional intake was evaluated by the
program Dietowin and the weighing method by Dietowin 8.0
(Dietowin SL) [24].

Anthropometrics and Body Composition Measurements
Body fat, muscle mass, and percentage of water, considered as
result variables, were monitored by multifrequency electrical
impedance (BWB-800A, Tanita Corp), which has been
previously validated [25]. This method is based on a
3-compartment model capable of evaluating body fat, muscle
mass, and bone mineral content. The independent variables
collected were age (years), height (cm), weight (kg), and BMI
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(kg/m2). The anthropometric measurements were taken
following the recommendations of the standardized
anthropometry handbook [26] by experienced personnel to
reduce the coefficient of variation. Each measurement was taken
3 times, and the mean value was calculated. All quantitative
variables were measured with the precision of 0.1. A stadiometer
(Seca 213, Seca) was employed to measure height.

Statistical Analysis

Power Calculation
A similar previous 6-month trial was used to conduct sample
size calculations (α=.05 and power β=80%) based on the
expected differences between groups in the use of the pedometer
to increase PA and body weight modification in obese adults
[27].

Statistics
Quantitative variables have been presented with the mean and
standard deviation, and qualitative variables in frequencies and
percentages. To contrast goodness of fit with a normal
distribution of data from quantitative variables, the
Kolmogorov-Smirnov test with Lilliefors correction was used.
For the bivariate hypothesis, the Student t test was performed
for 2 means, while for the qualitative variables, the chi-square
and Fisher exact tests were employed. For analysis of 3 or more
means, analysis of variance of repeated means determined the
effects of the intervention at the basal moment at 3 and 6

months, and the correlation between the quantitative variables
was verified by the coefficient of Pearson correlation (r). Finally,
if the normality or homoscedasticity criterion was not met for
analysis of variance, the Kruskal-Wallis test was performed.
To adjust the possible impact of PA on body composition and
its possible role as a confounding factor, adjusted linear
regressions were made for each body composition variable
(body fat and muscle mass) and weight, calculating the
standardized β coefficients. To determine goodness of fit of the
models, the standard error, adjusted coefficient of determination,
F statistic, linearity, and residuals were analyzed. For all
statistical analyses, an α error of less than 5% was accepted
(P<.05) and a 95% confidence interval was calculated. Statistical
analysis was performed using SPSS Statistics software version
22.0 (IBM Corp).

Results

Characteristics of the Population Studied
Between January 2016 and December 2018, 98 participants
were randomly registered and assigned to the groups (Figure
1). No significant differences were found in the baseline data
between the groups, to which the patients were assigned
randomly (P>.05 for all; Table 1). The attrition rate was 6.12%
at 3 months and 31.63% at 6 months and did not differ between
groups at either 3 (chi-square = 0.33, P=.29) or 6 (chi-square =
0.54, P=.09) months.
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Figure 1. Consolidated Standards of Reporting Trials diagram.
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Table 1. Baseline body mass index and demographics of study participants.

P valueIGb (n=35)CGa (n=32)Total (n=67)Variable

.3540.26 (11.63)42.88 (10.91)41.51 (11.29)Age in years, mean (SD)

.12Gender, n (%)

—20 (57)24 (75)44 (66)Female

—15 (43)8 (25)23 (34)Male

.24Education, n (%)

—8 (23)9 (28)17 (25)Without studies

—10 (29)15 (47)25 (37)Ninth grade

—7 (20)3 (9)10 (15)High school diploma

—10 (29)5 (16)15 (22)University students

.01Occupation, n (%)

—3 (9)1 (3)4 (6)Unemployed

—14 (40)18 (56)32 (48)Service occupation

—3 (9)6 (19)9 (13)Technical, sales, administrative

—9 (34)6 (9)15 (22)Executive, professioanl specialty

—0 (0)4 (13)4 (6)Retired

—3 (9)0 (0)3 (5)Student

.7091.35 (16.36)89.65 (19.32)—Initial weight (kg), mean (SD)

.7532.34 (4.28)32.72 (5.56)—BMIc (kg/m2), mean (SD)

.1636.76 (8.85)39.66 (7.59)—Body fat (%), mean (SD)

.2854.92 (13.18)51.35 (13.38)—Muscle mass (kg), mean (SD)

.1346.07 (5.66)44.10 (4.58)—Water (kg), mean (SD)

aCG: control group.
bIG: intervention group.
cBMI: body mass index.

Weight Modification and Body Composition Depending
on Physical Activity Prescription or Not at 3 and 6
Months
Examining both groups together, participants lost significant
weight at both 3 (–6.84 [SD 3.97] kgs; P<.001) and 6 months
(–7.92 [SD 3.93] kgs; P<.001). Weight loss over the study

period was significantly different between the groups at 3 and
6 months (Table 2). These results are extrapolated to BMI and
loss of total body fat in the cited period. Change in muscle mass
was not significant at 3 or 6 months. For body composition,
focusing on body fat loss, prescribing PA resulted in losing fat
significantly at 3 months (9.56% in IG compared with 6.13%
in CG; P<.18) and 6 months (15.60% in IG versus 7.04% in
CG; P<.001).
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Table 2. Weight loss, body mass index, and body composition of participants.

P valueIGb (n=35), mean (SD)CGa (n=32), mean (SD)Variable

Weight change (kg)

<.001–8.06 (2.59)–5.63 (2.60)3 months

<.001–10.80 (3.31)–6.29 (2.63)6 months

BMIc change (%)

.003–8.02 (2.73)–5.91 (2.84)3 months

<.001–10.92 (3.74)–6.32 (2.79)6 months

Body fat (%)

.0233.24 (8.32)37.38 (8.06)3 months

<.00131.12 (8.62)36.94 (7.66)6 months

Muscle mass (kg)

.6553.54 (12.59)50.27 (12.78)3 months

.6453.44 (12.43)50.30 (12.98)6 months

Body water (%)

.0348.41 (5.62)45.45 (5.26)3 months

.00550.07 (5.54)46.14 (5.18)6 months

aCG: control group.
bIG: intervention group.
cBMI: body mass index.

Increase in Average Number of Steps Depending on
the Prescription or Not of Reaching 10,000 Steps a Day
Figure 2 illustrates the change for average daily steps from the
start of the study to weeks 12 and 24. In week 12, subjects who
only followed the recommendation to complete a certain number
of steps had an average change from the baseline data of 2615
(SD 1849) steps, compared with an increase of 5679 (SD 4015)

steps in the group of patients receiving the prescription. It is
interesting to observe that, at 24 weeks, the CG maintained the
number of daily steps, with an increase of only 106 (SD 74)
steps compared with the IG that achieved 10,028 average daily
steps (SD 1307). At 3 months, IG participants recorded an
average of 8179.77 (SD 1815.66) steps, which is significantly
higher than the average recorded by the patients in the CG
(5115.25 [SD 1200.54]) steps (P<.001).
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Figure 2. Graph showing interaction effect between time and condition.

Weight Modification and Body Composition Depending
on the Range of Steps Executed
Independently of the intervention or control group, we analyzed
the results in weight and body composition according to the
range of steps executed. The results (Table 3) show that a higher
number of steps resulted in a more significant loss of body
weight and BMI at 3 months (P<.001) and 6 months (P<.001),
the highest BMI lost, with identical statistical results.

Focusing again on the results obtained in body fat, we found
that, like weight and BMI, the difference was significant for
participants in all 4 step ranges (P<.001). We observed that in
the second period (weeks 13 to 24), patients who walked fewer

than 5000 steps per day did not lose additional weight (–4.37
kgs [SD 2.3] in the first 12 weeks and –4.58 [SD 1.75] at 24
weeks). Also, in this range of steps, (<5000 per day), patients
in the second period (weeks 13 to 24) began to regain the fat
lost in the first 12 weeks (–6.65% [SD 4.54] in the first quarter,
and –4.87% [SD 6.13] in the second). This threshold of steps
per day is considered to be of concern and might be the reason
for not losing weight or fat. The influence of the group assigned
was endorsed by the results offered by the linear regression

model, adjusted for age and sex (R2 adjusted=.655, F=126.386;
P<.001). This showed how, regardless of sex and age, being
incorporated into the prescription group (standardized β
coefficient=–0.813, SE=427.586, t=–11.242; P<.001) raised
the number of steps per day at 6 months to 4806.
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Table 3. Participant anthropometrics and body composition per step range.

P value<5000 steps, mean (SD)5001-7499 steps, mean (SD)7500-9999 steps, mean (SD)>10,000 steps, mean (SD)Variable

Weight change (kg)

<.001–4.37 (2.30)–6.61 (2.42)–8.30 (1.93)–9.97 (2.48)3 months

<.001–4.58 (1.75)–7.39 (2.38)–10.51 (3.48)–11.89 (2.88)6 months

BMI change (%)

<.001–4.91 (3.15)–6.62 (2.42)–7.92 (1.58)–10.45 (2.83)3 months

<.001–4.52 (1.70)–7.49 (2.57)–10.80 (3.66)–11.97 (3.59)6 months

Body fat (%)

.07–6.65 (4.54)–6.83 (5.41)–6.92 (3.44)–15.14 (7.84)3 months

.97–4.87 (6.13)–9.27 (6.03)–14.19 (11.45)–17.13 (9.62)6 months

Muscle mass (kg)

.08–0.08 (3.41)–2.74 (2.95)–3.96 (3.89)–1.51 (4.86)3 months

.02–1.65 (3.78)–2.18 (3.64)–2.45 (4.28)–2.35 (5.11)6 months

Body water (%)

—2.66 (4.25)3.79 (3.31)3.29 (3.19)9.00 (6.77)3 months

.053.63 (4.03)5.52 (6.29)9.17 (6.37)9.82 (6.51)6 months

aCG: control group.
bIG: intervention group.
cBMI: body mass index.

Discussion

Principal Findings
Although performing exercise regularly has been associated
with the prevention of a wide range of pathologies in the
developed world, the correlation between walking daily and
completing a certain number of steps and its percentage
quantification in weight loss, fat, and BMI is not clear. This
study uses an objective measure of PA through a goal-setting
mechanism and its comparison with a control group to elucidate
the improvement in body composition in overweight or obese
adults.

Comparison With Prior Work
Our results show that PA prescription, together with the
establishment of setting a goal for participants, improves the
count of steps at 6 months compared with the use of a pedometer
without a goal being fixed. We observed a decrease in the
number of average daily steps during the second quarter, after
a substantial initial increase. In the CG, a stagnation occurred,
while in the IG, it was possible for participants to reach the goal
proposed. The reminder messages sent through push
notifications and work in the weekly face-to-face consultation
increased the effectiveness of Accupedo. The subjects of both
groups showed a better commitment, increasing their number
of steps. Prescribing versus recommending, self-control, and
reinforcement in face-to-face consultations seem to have been
effective in promoting and maintaining the number of steps
achieved daily. These results in a cohort of patients with obesity
referred to a nutrition consultation, in addition to confirming
previous findings in studies of similar duration and population,
broaden our understanding of the beneficial mechanisms of

implementing prescription strategies in a personal consultation
with each patient [10,28].

The amount of weight loss in the IG can be considered clinically
relevant. Helping subjects establish a realistic goal is a vital
part of the success of the program. The motivation to lose weight
and adding a component of PA produces a more significant fat
loss and BMI adjustment in addition to increasing the degree
of adherence [29].

The critical differences between the groups led us to think that,
in addition to IG participants burning more calories due to the
fact per se of walking more, this stimulus would cause more
considerable changes in the individual. With the same diet,
walking results in percentage fat losses of 15.40% in the IG
compared with 7.65% in the CG. This fact may be due to a
significant improvement in the regulation of the energy balance
and better general functioning of the organism (ie, precise
control of body homeostasis) [30]. It seems logical to propose
an active lifestyle as a measure to influence the body
composition of overweight or obese subjects, highlighting the
impact it can have on the loss of total body fat. The results of
our study confirm data obtained previously in which performing
moderate PA resulted in weight and fat loss and better body
composition of overweight or obese people [31,32].

We found a significant inverse relationship between the number
of steps executed and BMI. Our data corroborate those obtained
by Wayne et al [33] aimed at the study of this relationship in
the young population, as well as those trials on middle-aged
people of Thompson et al [34] or elderly ones by Krumm et al
[35]. It makes sense that performing a more significant number
of steps results in better body composition and BMI. However,
we observed diminishing performance over time. When it comes
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to making a general recommendation regarding the number of
steps necessary to reduce body fat and body weight, our results
confirm the range proposed by Tudor-Locke [36] (ie,
maintaining a level of 8000 to 10,000 steps per day).

Our findings have implications in the field of public health.
There is a positive correlation between number of steps taken
and amount of body fat loss. Although decrease in BMI can be
considered positive, it is a marker that today presents great
controversy when interpreting its scope due to the limitations
it presents [37]. However, there is consensus on the negative
impact that an increase in body fat has on health as it is
associated with the risk of cardiovascular disease [38], obesity
[39], and an increase in general mortality [40].

Our data on steps counted show the essential objectivity of the
established prescription. The review by Kang et al [41] found
that pedometer use led to an increase of 2000 to 2500 steps per
day, an average figure that coincides with the increment of steps
achieved by the CG in our study. However, to reach 10,000
average steps per day, the pedometer per se seems to be
ineffective, and some authors have suggested the need to
reinforce patient behavior with self-control tools, goal setting,
and follow-up to significantly increase the PA performed [42].
We corroborate these results and find them also consistent with
those reported by Samdal et al [43], where a definite
improvement is observed in the number of steps executed in
the IG (through goal setting and in-person counseling) during
the first-trimester intervention [43]. We speculate that a period
longer than 12 weeks may be necessary for a sedentary and
obese person to reach a volume of steps equivalent to 10,000
per day, an aspect that must be taken into account in establishing
an objective when prescribing and monitoring PA.

There are several reasons why IG patients lose more weight
than CG patients. First, there is self-management, a mechanism
that has allowed IG participants to keep a record of
self-weighing and monitor themselves to modify their behaviors
to achieve goals. Another reason could be motivation and its
relationship with behavior change techniques are used to
encourage physical activity. The theory of motivation has been
defined as being a critical mechanism in the construction process
that determines intensity and direction of the action of human
behavior [44,45]. The relationship with PA maintenance seemed

to be influenced by the presence of an objective establishment
and an active follow-up, aspects corroborated in previous trials
[46].

Limitations
Strengths of our study include randomized design, weekly
control of PA in all subjects in a face-to-face consultation,
demographic data, and the study of body composition. Due to
the voluntary nature of the study, a limitation could be the
possible self-selection occurring for highly motivated
populations. We have been able to improve the degree of
adherence to the prescription of PA, but we understand that 6
months, although it is a prudential period, cannot be considered
definitive to confirm a change in behavior and that more time
is necessary in order to confirm the effectiveness of the
prescription. In addition, a 25% attrition rate was expected at
6 months, and the study saw attrition of 30%. While attrition
was greater that intended, it was similar to what has been
observed in other weight loss interventions [25,47]. No
differential attrition rates were observed between groups in our
study.

Conclusion
Establishing goal-setting and feedback mechanisms on PA can
increase the effectiveness of prescribing it in people who are
overweight or obese. We are aware that the recommendations
of the official bodies, the World Health Organization among
others, to do PA are not fulfilled, and that people’s sedentary
lifestyle is a real problem. Establishing achievable objectives
and developing a monitoring system capable of tracking PA
and thus being able to help change sedentary habits is feasible
and could be more so with the help of technology. The ease of
use of the pedometer installed in the smartphone makes this
tool an ally for the health care professional, who can, at no cost,
have access to patient mobility data on a day-to-day basis. The
application of these measures in groups of patients can be
investigated in future studies. We have found advantages in
short-term adherence (the first 6 months) to PA in patients with
a prescription, but we do not know what happens when they
leave this follow-up. Studies are needed to determine if the
behavioral change persists with the passage of time or patients
return to sedentary habits once they have no professional
follow-up.
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Abstract

Background: African American men are at a higher risk of developing and dying from prostate cancer compared to white men.
The serum prostate-specific antigen (PSA) screening test has a high risk of false-positive results and overdiagnosis; therefore, it
is not routinely recommended. Rather, men are encouraged to make individualized decisions with their medical providers, after
being fully informed about its potential benefits, limitations, and risks.

Objective: This study aimed to describe the development and pilot testing of an interactive Web-based decision aid (DA;
Prostate Cancer Screening Preparation [PCSPrep]) for African American men, designed to promote informed decision making
for prostate cancer screening.

Methods: Four focus groups (n=33) were conducted to assess men’s reactions to DAs developed in prior studies and gather
information to modify the content and format. The pilot test employed a pre-posttest evaluation design. A convenience sample
of 41 men aged 45-70 years with no history of prostate cancer was recruited from community settings. Participants completed
online surveys before and after using PCSPrep that assessed prostate cancer screening knowledge, decision self-efficacy, decisional
conflict, and preparation for decision making.

Results: Use of PCSPrep was associated with a significant increase in prostate cancer knowledge (49% vs 62% correct responses;
P<.001), and men also experienced less decisional conflict (24 vs 15 on a scale of 0-100; P=.008). No changes in self-efficacy
about decision making or screening preferences were observed. Most men (81%) reported that using PCSPrep prepared them to
make informed decisions in partnership with their provider.

Conclusions: PCSPrep was an acceptable DA that improved men’s knowledge, reduced decisional conflict, and promoted the
perception of being prepared for shared decision making. Further research is needed to test the DA in a larger randomized trial.

(JMIR Mhealth Uhealth 2020;8(5):e15502)   doi:10.2196/15502
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decision support techniques; prostate neoplasms; early detection of cancer; decision making (shared); men’s health; minority
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Introduction

Background
Prostate cancer is the most common (noncutaneous) cancer
among men in the United States [1]. Screening with the serum
prostate-specific antigen (PSA) test is the main early detection
method; it is widely utilized [2] yet remains controversial [3].
At the current time, most medical organizations advise against
routine screening because of the potential risks of false-positive
test results, overdiagnosis, and overtreatment. Instead, guidelines
emphasize the importance of educating men about the potential
risks, benefits, and harms of screening and engaging them in a
process of shared decision making (SDM) with their providers
[4-8]. SDM involves a discussion between the patient and the
provider about the best available evidence as well as the
consideration of patient preferences and values related to the
screening decision [9]. However, national studies show that
many patients do not experience SDM in the context of prostate
cancer screening decisions [10,11]. SDM is often difficult to
accomplish in clinical practice, given the short duration of
clinical visits, the need to address competing health priorities,
and the communication challenges between patients and
providers [12].

For African American men, decision making about prostate
cancer screening is particularly complex, as they are 60% more
likely to be diagnosed with and nearly 2.5 times more likely to
die from prostate cancer compared with white men [13]. African
American men are also diagnosed at younger ages and in later
stages of disease. No race-based screening guidelines are
currently endorsed, and most prostate cancer screening studies
have been conducted primarily among white men [14]. However,
black race is acknowledged as a significant risk factor for the
disease [4]. In light of this, some guidelines recommend that
prostate cancer screening be made available to African American
men between the ages of 45 to 50 years, but only after they are
fully informed about screening [5,7].

Decision aids (DAs) are a promising means to prepare men to
engage in SDM and can be administered before a clinical visit.
These educational tools provide accurate and unbiased
information to inform patients about the potential outcomes of

a decision. DAs have generally been found to be effective in
increasing patients’ knowledge regarding the disease entity and
screening test in question, promoting patients’ sense of
self-efficacy with regard to participating in SDM across a wide
variety of medical decisions [15]. Over the past decade, there
has been a proliferation of DAs for prostate cancer screening
[16]. Taken together, these studies demonstrate that DAs are
associated with increased knowledge, increased confidence in
the ability to engage in decision making and reduced decisional
conflict. The majority of these studies were conducted among
white men in clinical settings [16].

Objective
There is a need for DAs for African American men that
incorporate disease risk assessment and can be administered in
community settings or made available online [17]. This paper
describes the development and pilot testing of an interactive,
individually tailored Web-based DA designed specifically for
African American men (Prostate Cancer Screening Preparation
[PCSPrep]).

Methods

Conceptual Framework
The Ottawa Decision Support Framework (ODSF) [18], a
mid-level theory that guides many decision support studies,
provided the framework for the development and evaluation of
our DA. The ODSF integrates tenets of multiple theories,
including social cognitive theory, social psychology, and
decision support to specify modifiable factors that can improve
decision making [19]. It addresses an individual’s decision needs
(eg, knowledge) and articulates the components of decision
support (eg, values clarification) that result in high-quality
decisions that are both informed and value-based. Furthermore,
the ODSF suggests a step-by-step approach for the
decision-making process, which includes identification of
available options, acquisition of information and skills necessary
for informed decision making and SDM, clarification of values
relevant to the decision, and development of a plan for action
[18]. See Table 1 for examples of ODSF constructs and how
they were addressed in our DA.
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Table 1. Sample of Ottawa Decision Support Framework constructs, content, and format addressed in Prostate Cancer Screening Preparation decision
aid.

Format/presentationProstate Cancer Screening Preparation contentConstruct

Knowledge •• Video: Doctors presenting information modeled after
a popular television show. Fictionalized audience
members “call in” to pose questions, which are subse-
quently answered by the doctors.

Factual information about prostate cancer incidence and
mortality among African American men; potential bene-

fits, risks, and harms of PSAa screening; methods for
diagnosing and treating prostate cancer, etc.

• Thermometer indicates risk relative to other men of the
same age (ie, greater than, similar to, or less than aver-
age).

• Users are provided access to a section that assesses indi-
vidual risk based on the risk factor information input by
the user.

Decision self-efficacy •• On-screen text with one page per step.Users are led through decision-making steps specified
by the Ottawa Decision Support Framework, including
identifying options, addressing information needs, and
clarifying values.

Clarification of values •• Users presented with common “pros” and “cons,” which
are rated by users.

Consideration of the potential advantages and disadvan-
tages of PSA screening.

aPSA: prostate-specific antigen.

Decision Aid Development Process
The DA development process followed steps and criteria set
forth by the International Patient Decision Aid Standards
(IPDAS) Collaboration. IPDAS is an international body that
offers guidance to enhance the quality and effectiveness of DAs.
Guidelines recommend that DAs be (1) developed with feedback
from the target audience, (2) provide unbiased and detailed
information in lay terms, (3) elicit information about patient
needs, and (4) offer structured guidance for deliberation and
communication [20]. Steps in our DA development process are
described in the sections below.

Step 1: Obtain Feedback From the Intended Audience
We conducted 4 focus groups with African American men
(n=33) recruited from community settings (eg, churches and
barbershops) through fliers and word of mouth (data not shown).
Groups were facilitated by a trained African American male
moderator. Focus group objectives were to assess men’s
reactions to DAs developed in prior studies [21], gather
responses to educational messages, and assess preferences for
communication strategies (eg, print, video, and online).
Participants were men older than 45 years with no prior history
of prostate cancer. Focus group audiotapes were professionally
transcribed. We performed a thematic analysis including a
hybrid of inductive and deductive approaches. First, members
of the research team (JA and AR) independently reviewed each
transcript and identified initial codes, based on the constructs
in the interview guide. Next, team members compared codes,
and through an iterative group process, they divided these codes
into superordinate and subordinate categories. Following
discussion and consensus, team members independently
conducted line-by-line coding by compiling themes and
descriptive quotes into Microsoft Excel spreadsheets. These
documents were reviewed and compared. When there was a
disagreement regarding the meaning of a specific quote,
members of the team returned to the transcript and/or audiotape
to review and come to consensus. Detailed analysis of these
data is beyond the scope of this paper. Key themes included a
desire for information and graphics specifically targeted for

African American men, a preference for African American
actors, a need for information, and skills to facilitate engagement
in decision making with providers. Physicians and female family
members were identified as credible information sources. Of
the formats presented (print, video, and online), most men
preferred an online tool that included video segments. Delivery
on the internet and mobile phones was seen as acceptable among
most men.

Working with a team of health communications specialists,
Web developers, and experts in prostate cancer screening, we
developed storyboards to test 2 potential story lines each of
which used an ‘edutainment’approach [22]. The first was based
on a sports show with a known African American sports
celebrity. The second was based on a popular network television
show in which doctors talk about health issues and invite
fictional audience members to ask questions. An additional 2
focus groups were conducted (k=2; n=15) to gather reactions
to storyboards. Men’s reactions to the television show concept
were more positive than for the sports theme. Many felt that the
latter was “not serious enough” and there was no need for a “big
celebrity” to highlight the importance of the issue for African
American men. Therefore, we proceeded with the talk show
story line. The name of the DA, PCSPrep, was deemed
acceptable in focus groups.

Step 2: Provide Unbiased and Detailed Information in
Lay Terms
The content of the DA was based on information covered in our
prior DAs [21] as well as a DA developed by the Centers for
Disease Control and Prevention titled “Is prostate cancer
screening right for you? A decision guide for African
Americans” [23], and it included a graphic from the National
Cancer Institute [24]. Information was provided through video,
on-screen text, and graphics. Topics addressed included the
location and function of the prostate gland, incidence of prostate
cancer among African American men, risk factors, methods for
early detection, potential advantages and disadvantages of
screening, the recommendations of major medical organizations
that men make individualized decisions, meaning of an elevated
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PSA test, and methods for diagnosis of prostate cancer. All
information was in lay terms, and the on-screen text required
only a sixth-grade reading level.

The first section of PCSPrep was a 5-min video in a talk show
format hosted by 2 African American doctors (actors). Although
men were able to navigate back and forth between DA segments,
this video segment could not be bypassed. This was to ensure
that men had all the factual information needed for an informed
decision. After viewing the video, men were then able to
navigate freely between any of the three remaining segments,
which are described below.

Step 3: Elicit Information About Patient Needs
The second segment of PCSPrep was titled “Learn More.” Here,
users could select from a variety of topics to gain more in-depth
information (eg, risk of false positive result). The “Learn More”
section also included a personalized risk assessment for prostate
cancer based on the Your Disease Risk Index [25]. Users input
data in response to questions about prostate cancer risk factors
(eg, age, family history) and were provided with an on-screen
graphic of their risk relative to other men (greater than average,
average, less than average) presented as a thermometer, with
higher “temperatures” indicating higher risk.

Step 4: Provide Structured Guidance for Deliberation
and Communication
In the third section (“Decide Now”), men were led through steps
of decision making based on the ODSF. Steps included

identifying decision options (screen/no screen/decide later),
identifying the potential need for additional information (eg,
go back to the “Learn More” section or link out to relevant
medial websites), and clarifying personal values (ie, “what is
most important to me?”). Values clarification included an
exercise where men were presented with commonly cited pros
and cons of screening (eg, “Screening could give me peace of
mind” or “I don’t want to have a PSA test if the results could
be wrong”). They were then asked to assign a relative weight
to each statement, and their responses were pictorially presented
as a scale, with pros on one side and cons on the other. This
information was used to guide decision making; if a man had
a stated preference to undergo screening but rated the “cons”
of screening more heavily than the “pros,” he was told that his
decision did not align with his stated values and was encouraged
to revisit earlier segments of the DA to get more information
and further clarify his values. The fourth segment was titled
“Next Steps.” This section included suggestions and tips about
how to communicate one’s preference and concerns to a provider
as well as information about how to access screening if not
otherwise available. It also included a list of questions that one
might ask his provider, and a printout of this was given to users.
See Figure 1 (depicting television show) and Figure 2 (step in
individualized risk assessment).

Figure 1. The Check-Up Show.
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Figure 2. Individualized Risk Assessment.

Pilot Test of Prostate Cancer Screening Preparation
Men eligible to participate in the pilot test were aged 45 to 70
years, self-identified as African American, had no prior history
of prostate cancer, and had not participated in focus groups. We
aimed to recruit a total of 50 participants over a 3-month period.
Recruitment fliers were placed in a variety of community-based
organizations, including churches, barbershops, public housing,
and social service agencies. Those interested in participating
were screened for eligibility by phone by research assistants.

Eligible men provided written informed consent before data
collection and DA use. Men completed online surveys and the
DA on a study iPad in a setting that afforded privacy (eg, a
meeting room). A research assistant was available to answer
questions or provide assistance during survey completion and
DA use. Surveys were completed immediately before and
following use of the DA. The pretest took approximately 25
min to complete; the posttest took approximately 10 min. The
average time spent using PCSPrep was 20 min. Men were
provided with a US $50 gift card for their participation. Data
collection and intervention administration took place in the
summer and fall of 2015. Study procedures were approved by
the Institutional Review Boards at the Dana-Farber Cancer
Institute and Tufts University.

Measures
Recognition of the PSA test was assessed with a standard item
(“The prostate-specific antigen test (PSA) is a blood test that is

used to find prostate cancer. Before now, had you ever heard
of the PSA test?”). Subsequently, men were asked about their
history of PSA testing (“Have you ever had a PSA test?” and
if so, “When did you have your last PSA test?”). Assessments
of the primary informed decision-making outcomes are
described below. All scales with multiple survey items assessing
latent constructs had good internal reliability in this sample
(Cronbach alphas ranging from 0.70 to 0.91; see Table 2).

Prostate cancer knowledge was assessed with 14 questions from
a validated prostate cancer knowledge scale [26]. Questions
included the incidence of prostate cancer, risk factors, screening
modalities as well as their limitations (false positives), diagnostic
procedures, and potential treatment-related complications. The
proportion of correct responses was divided by 14 to create a
0-100% scale, with higher scores indicating greater knowledge.

Decision self-efficacy, or confidence in the ability to make an
informed decision and to participate in the decision making at
a personally desired level, was assessed with the 11-item
Decision Self-Efficacy Scale [27]. Questions ask the respondent
to reflect about how confident they feel about various aspects
of the decision-making process (eg, “I feel confident that I can
get the facts that I need to make an informed choice”), with 3
response options including “very confident,” “somewhat
confident,” and “not at all confident.” Scores are summed,
divided by the total number of items, and multiplied by 25, to
arrive at a range of scores from 0 (low self-efficacy) to 100
(high self-efficacy).
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Table 2. Characteristics of study participants in the Prostate Cancer Screening Preparation pilot study (n=41).

Value, n (%)aCharacteristics

Age (years)

16 (43)45-54

15 (41)55-64

6 (16)65-70

Household income (US $)

12 (29)Less than $25,000

8 (20)$25,000-$49,999

13 (31)$50,000-$74,999

8 (19)More than $75,000

Marital status

21 (51)Not married

20 (49)Married/living as married

Educational level

2 (5)Less than high school

10 (23)Some college or 2-year degree

17 (41)4-year college degree

12 (29)More than a 4-year college degree

Prior prostate-specific antigen screening

35(85)Yes

Computer skills

24 (59)Very good/good

17 (41)Fair/poor

aTotal varies because of missing responses; percentages may not total to 100% because of rounding.

Value of screening was assessed with 8-items from our prior
studies [21,28]. Participants were asked to rate their extent of
agreement with statements about potential advantages (eg, “I
will have peace of mind if I have prostate cancer screening”)
and disadvantages of screening (eg, “I do not want to have a
PSA test unless doctors are reasonably certain that it can save
lives”) on a 4-point Likert scale (strongly agree to strongly
disagree), with higher values indicating stronger agreement.
Before standardizing the values scale (0-100), negative items
were reverse coded such that high scores indicate a greater value
placed on screening.

The Decisional Conflict Scale includes items that assess the
degree to which an individual feels informed to make a decision
consistent with his values, experiences uncertainty in choosing
options (eg, feeling uninformed and unclear about personal
values), and is likely to implement the decision. We used the
low-literacy version of the scale, with 10 items, which has
demonstrated good reliability and validity [29]. Questions
include “Are you clear about the best choice for you?” and “Are
you clear about which benefits matter most to you?” (yes/no/I
don’t know). Scoring is such that 0 represents no conflict and
100 reflects the highest level of conflict.

Preparedness for decision making, asked only at posttest,
included a validated scale with 8 items assessing the degree to

which the DA helped to provide information to make an
informed decision [30]. For example, men were asked the extent
to which PCSPrep helped them to recognize that a decision
needed to be made about screening and whether they felt
prepared to talk with their provider about their values related
to screening. Response options were rated on a 5-point scale
from “a great deal” to “not at all,” with standardized higher
scores (0-100) indicating greater preparedness.

We also assessed the perceived risk of prostate cancer because
the DA highlighted elevated risk among African American men.
This was assessed with 2 items from prior studies [31]. The first
inquired about overall risk: “How likely do you think it is that
you will develop prostate cancer in the next 5 years?” (very
likely to very unlikely). The second asked, “Compared to the
average man your age, would you say that you are...?,” with
response options including “more,” “less,” and “the same”.

Decisional status was assessed by asking “If you had to decide
now, what would you choose?,” with response options including
“I have decided to be/not to be screened” and “I don’t know.”
Demographic characteristics, screening history, and access to
health care were also assessed, using standard items from the
Behavioral Risk Factor Surveillance Surveys [32].
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Analysis
Descriptive statistics were calculated to assess participants’
sociodemographic characteristics and prostate cancer screening
behaviors. Paired t tests were performed to assess changes in
continuous variables (eg, knowledge and decision self-efficacy)
between pretest and posttest. The McNemar test was used to
assess changes in decisional status (decided or undecided) and
screening preference. The Wilcoxon signed-rank test was used
to assess changes in perceived risk between pretest and posttest.
Cronbach alpha was used to assess the internal reliability of
multi-item scales that assessed latent constructs. Effect sizes
were calculated as observed average difference (delta=post
minus pretest scores) divided by the standard deviation of the
difference.

Results

Characteristics of the Study Sample
A total of 41 eligible men were recruited to the study over a
3-month period, 82% of our recruitment goal. Participants were
aged between 45 and 70 years. About half the participants were
married or living as married and had annual household incomes
of less than US $50,000. More than two-thirds of the participants
had completed a college degree or higher. A majority of the
participants had heard of the PSA test and reported that they
had undergone PSA screening in the past (85%). Most (78%)
of the participants who had undergone PSA testing reported
that they knew the results of testing, with only 7% (n=1)
reporting that their PSA level had been above the normal range.

About two-thirds (61%) of the participants had heard of the
digital rectal exam, and 74% of the participants had undergone
one in the past. Over half of the participants reported that their
computer skills were “good” or “very good,” and none of the
participants required assistance with use of PCSPrep from the
research assistant. See Table 2.

Changes From Pretest to Posttest
Effect sizes for changes in knowledge, decisional conflict, and
perceptions about the value of screening were moderate. Results
are presented in Table 3. Specifically, knowledge about prostate
cancer and available screening methods was very low at pretest
and improved significantly after the use of PCSPrep (49% to
62%, P=.001; effect size=0.56). Confidence in the ability to
make an informed decision (self-efficacy) was high at baseline
and did not change after use of the DA (86 vs 88; P=.84). After
using PCSPrep, men reported having lower levels of decisional
conflict about screening (24 vs 15 on a scale of 0-100; P=.008;
effect size=−0.44). Men’s perceptions about the advantages of
screening were high but decreased after the use of the DA (74
to 71 on a scale of 0-100; P=.02; effect size=−0.38). At posttest,
fewer men rated their risk of developing prostate cancer to be
lower than men of the same age, but this was only marginally
significant (75% to 67%; P=.08).There was no change in the
percentage of men who believed that they were “certain” or
“very likely” to develop the disease in the next 5 years (data
not shown). Most men (81%) reported that using PCSPrep
prepared them “very well” or “well” to make informed decisions
in partnership with their provided (data not shown).

Table 3. Changes in informed decision-making outcomes from pretest to posttest in the Prostate Cancer Screening Preparation pilot study (n=41).

Effect sizeChange, P valuePosttest, mean (SD)Pretest, mean (SD)Internal reliability Cronbach
alpha

Informed decision-making outcomes

0.56.001 a61.94 (19.97)49.45 (21.52).77Knowledge (0-100)

N/Ab.8488.51 (16.89)86.12 (18.60).90Decision self-efficacy (0-100)

−0.44.008 a14.8 (19.52)23.8 (26.6).86Decisional Conflict Scale (r 0-100);
Cronbach alpha=.86

−0.38.01 a70.67 (15.73)75.7 (13.96).75Value of screening (0-100)

aP<.05.
bN/A: not applicable.

Screening Decision and Preferences
There were no changes in men’s screening preferences before
and after using PCSPrep; at pretest, 46% of men said that they
had made a definitive decision, and 47% of men reported this
to be the case at posttest. The vast majority of men preferred to
be screened (86%), and this did not change between test pre-test
and posttest (data not shown).

Discussion

Principal Findings
DAs have been found to be effective interventions to
complement patient/provider engagement in SDM by providing
patients with information needed to assess their options and

examine their values as they relate to those options. Indeed, the
Centers for Medicare and Medicaid Services now requires SDM
for some preference-sensitive conditions [33]. One way to
achieve this is through the use of DAs. However, the
development of DAs and use among African American men is
incompletely understood. For African American men, the
decision to undergo or forgo screening poses challenges, given
their elevated risk for the disease and the controversial nature
of the PSA test. It has been suggested that offering DAs for
prostate cancer screening outside of a clinical setting may be
particularly important for African American men who report
difficulty communicating with medical providers and may have
a high level of medical mistrust [34].

To our knowledge, this is the first interactive, online DA
developed specifically for African American men that provides
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individualized risk assessment. We found PCSPrep to be feasible
to administer in community settings, even among those who
reported low levels of computer skills. Moreover, men reported
high levels of agreement when asked the extent to which
PCSPrep helped prepare them to organize their thinking, make
decisions, and have conversations about screening with their
providers (ie, “preparedness for decision making”).

After using PCSPrep, men had significantly greater knowledge
about prostate cancer screening. However, improvements in
knowledge did not translate into changes in screening
preferences. Our finding of increased knowledge is consistent
with other DA interventions among general audiences [35,36]
and among African American men [28,37,38]. Our finding of
an average 13 percentage point increase in prostate cancer
knowledge is in line with these previous reports [28].
Nevertheless, having the knowledge deemed necessary to make
an informed decision was still suboptimal after using the tool.
Prior studies of prostate cancer screening knowledge among
African American men have similarly found low levels of the
knowledge required for informed decision making [28,37].

We also found that the DA did not change men’s self-efficacy
about making informed decisions. Men had very high levels of
confidence in their ability to make informed decisions before
using the DA, despite having relatively low levels of knowledge.
Knowledge scores were not correlated with decision
self-efficacy (Pearson r=−0.25; P=.12). We believe that further
attention to the relationship between knowledge and decision
self-efficacy is warranted in future studies.

After engaging with PCSPrep, men perceived fewer advantages
of screening, a phenomenon that has been consistently reported
[16]. Despite this, overall opinions about screening were
universally favorable, with the majority valuing the benefits
over the potential risks and harms. Similarly, other studies have
also found that men tend to prefer prostate cancer screening
even in light of its limitations. Indeed, few people are aware of
the concept of over detection or can identify potential harms of
screening [39,40], and few people decline screening even when
provided with information about risks of false-positive test
results [41,42].

We found that men had less decisional conflict after using
PCSPrep, which is also consistent with prior DA studies [35,36].
Presumably, improvements in knowledge and clarification of
preferences reduces men’s ambivalence about decision making
and improves decision quality. A study using structural equation
modeling found that increased knowledge after DA use had an
indirect effect on decisional conflict by increasing the perceived
risk and decreasing anxiety about decision making [43]. In our
study, men gained significant knowledge and were more likely
to perceive themselves to be at a higher risk compared with men
of the same age. At the same time, decisional conflict was
reduced. However, we did not find knowledge to be significantly

correlated with decisional conflict at posttest (Pearson r=−0.24;
P=.13). Future research should examine other intraindividual
factors, such as cultural barriers and decision-making
preferences, that may play a role in decisional conflict.

Strengths and Limitations
This study has limitations that must be acknowledged. First, we
used a quasi-experimental design with a small convenience
sample with no control group. We cannot rule out alternative
explanations for findings nor can we generalize these results to
the broader population of African American men. Moreover,
we did not assess actual screening behaviors, men’s actual
discussions with their providers, or long-term retention of
knowledge or skills. These are limitations in the existing
literature, and these longer-term outcomes warrant further study.
We also acknowledge that men in this sample were more highly
educated than the general US population [44], with two-thirds
of the men having completed at least a bachelor’s degree.
Although we designed the DA for a population with a
sixth-grade reading level, we cannot assume that it would have
the same impact in a sample with lower levels of education.

Despite these limitations, we believe that this study can offer
some new insights for prostate cancer screening DAs. This is
among the first DAs designed for African American men that
integrate personalized risk estimates and other interactive
functions, including values clarification exercises. We also
specifically addressed the issue of false-positive test results in
the DA, which has been called for in two recent systematic
reviews of prostate screening DAs [35,36]. These features may
enhance attention to messages, increase understanding and
recall, and potentially lead to improved quality of decisions. If
the DA is ultimately found efficacious in a larger randomized
controlled trial, the online format has the potential to reach
broad, geographically dispersed populations.

Moreover, this paper is responsive to the recent calls for the
explicit articulation of theoretical underpinnings for DA
interventions [45]. The application and testing of theoretical
models could enhance the understanding of the mechanisms
through which DAs operate and ultimately improve their
efficacy. We observed that fewer men believed that their risk
of developing prostate cancer compared with men in the same
age group increased but their perceived risk of developing the
disease in the next 5 years was unchanged. This suggests that
decision support may improve the accuracy of disease risk
among this population, and at the same time, enable men to
make decisions without undue internal conflict. Future research
is needed to determine if existing conceptual models for decision
support interventions, which tend to emphasize knowledge
acquisition, can have a greater impact on other decision-making
outcomes, including actual screening decisions and engagement
in SDM with providers.
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Abstract

Background: The incidence of obesity among adolescents is increasing. Text messages are a primary communication form for
adolescents and potentially a scalable strategy for delivering population health interventions.

Objective: This study aimed to determine the effectiveness of text message interventions in reducing BMI in adolescents and
describe characteristics that are common to effective interventions.

Methods: This systematic review included randomized controlled trials of text message lifestyle interventions involving
adolescents aged 10 to 19 years with outcomes focused on obesity prevention or management. Primary outcome was objective
or self-report change in BMI.

Results: In total, 4362 records were identified, and 215 full-text articles were assessed for eligibility. A total of 8 unique studies
were identified, including 767 participants, mean age 14.3 (SD 0.9) years, BMI 29.7 (SD 1.6) kg/m2 and 53.1% (407/767) female
(31/101, 30.7%-172/172, 100.0%). All interventions were multicomponent. The median active intervention period was 4.5 months.
During the active and extended intervention phases, text messages accounted for >50% (8 studies) and >85% (3 studies) of contact
points, respectively. Text messages were heterogeneous, with a median of 1.5 text messages sent per week (range: 1-21). A total
of 4 studies utilized two-way text message communication with health professionals Of the 8 studies, 7 demonstrated reductions
in BMI or BMI z-score in the intervention group compared with the control at the end of the final follow-up. The effect was only
statistically significant in 1 study at 6 months. Over 6 months, reductions in BMI (kg/m2) ranged from 1.3% to 4.5% and BMI
z-score ranged from 4.2% to 28.1%. Overall quality of the studies was low.

Conclusions: Further research is required to elucidate the effectiveness and potential impact of text message interventions on
weight and weight-related behaviors in adolescents.

(JMIR Mhealth Uhealth 2020;8(5):e15849)   doi:10.2196/15849

KEYWORDS

adolescent; text message; obesity; overweight; prevention; mHealth

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e15849 | p.248http://mhealth.jmir.org/2020/5/e15849/
(page number not for citation purposes)

Partridge et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

mailto:stephanie.partridge@sydney.edu.au
http://dx.doi.org/10.2196/15849
http://www.w3.org/Style/XSL
http://www.renderx.com/


Introduction

Background
The prevalence of overweight and obesity among children and
adolescents is now estimated to be 18% globally, with the
prevalence of overweight increasing by 47% over the last four
decades [1]. Lifestyle risk factors, namely, suboptimal diet,
physical inactivity, and overweight and obesity are well
established during adolescence [2-4], making this second decade
of life (10-19 years) [5] a critical period for the development
of lifelong health trajectories [6]. Weight gain during
adolescence is associated with earlier onset type 2 diabetes
mellitus and cardiovascular disease (CVD) [2,7]. Compared
with adolescents without obesity, adolescents with obesity have
increased levels of circulating free fatty acids, which reduce
insulin sensitivity, potentially contributing to impaired insulin
secretion [7]. Moreover, adolescents who gain weight and
maintain a high BMI into adulthood have higher odds of
developing hypertension, dyslipidemia, and systemic
inflammation [2]. More short-term adverse health outcomes
associated with adolescent overweight and obesity include
weight stigma [8] and reduced quality of life and self-esteem
[9]. Interventions to prevent obesity, including combinations
of both physical activity and diet interventions have so far
remained mainly school based and with limited evidence of
effectiveness on BMI [10]. Therefore, for health systems to
impact population overweight and obesity, interventions need
to be personalized, low cost, and scalable with a broad reach to
engage all adolescents at risk of obesity.

The ubiquity of mobile phones has given rise to new ways of
delivering health care through mobile health (mHealth) [11].
mHealth has the potential to provide personalized, low-cost,
and population-wide behavior change programs for obesity
prevention and management, particularly for adolescents who
are digital frontrunners [12]. Adolescent mobile phone
ownership is high in both developed and developing countries.
For example, over 90% of adolescents in Australia and the
United States own a mobile phone [13,14] and the average age
to first own a mobile phone was 10.4 years in Korean children
[15]. Moreover, adolescents spend on average more than 3 hours
per day using a mobile phone, with their device always nearby
[16], and text messaging remains a primary means of
communication [13]. As such, text message interventions have
the potential to be a wide-reaching and engaging mode of health
care delivery for adolescents.

There is evidence which indicates that text messaging
interventions in adults can promote improvements in lifestyle
behavior change for weight loss, smoking cessation, physical
activity, management of chronic disease and CVD risk, blood
pressure lowering, and diabetes care [17-22]. Text messages
are a feasible and acceptable form of communication for
adolescents with obesity [23,24]. Features of text messages that
are well suited to dietary and physical activity behavior change
interventions for adolescent weight management include
two-way communication between participant and health
professional; direct communication with participants (ie, not
required to actively log on to a smartphone app or website for

support); and the ability to prompt and reward the repetition of
positive behavior change in real time.

A critical step to translate and disseminate mHealth obesity
prevention and management programs for adolescents is to
understand the effectiveness and acceptability of the mHealth
intervention components, which may help improve the
integration of evidence-based practices into health systems.
Previous systematic reviews have found limited studies utilizing
text messages for improving diet and physical activity behaviors
of adolescents [25,26]. However, Rose et al [26] did identify
successful behavior change strategies for improved nutrition
and physical activity behaviors, namely, education, goal setting,
and self-monitoring, which are feasible for delivery via text
message. Another review investigating mobile technologies for
the prevention and treatment of pediatric obesity found
considerable heterogeneity in the three included studies utilizing
text messages [27].

Objective
In recent years, evidence on the effectiveness of interventions
delivered via text messages for adolescent weight management
have been accumulating but not yet consolidated. Moreover,
the collective evidence on text message development and
process evaluation data, such as how adolescents engage with
and use the text messages, have not been synthesized. Therefore,
the aim of this systematic review was (1) to evaluate the effect
of interventions delivered via text messages on weight outcomes
in an adolescent population and (2) to understand intervention
characteristics that are common to effective interventions
delivered by text message.

Methods

Protocol and Registration
This systematic review was conducted and reported following
the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) statement guidelines [28] (Multimedia
Appendix 1) and followed the predetermined methods
documented in a protocol. The review was registered in the
International Prospective Register of Systematic Reviews
(PROSPERO; registration number: CRD42018109197).

Eligibility Criteria
Studies were included that met the following criteria: (1)
randomized controlled trials (RCTs) that included lifestyle
interventions of any duration which included mobile phone
SMS or text message. Only RCTs were included as they provide
the strongest evidence for the benefits of a health care
intervention [29]; (2) participants were adolescents, defined by
the World Health Organization as the second decade of life, 10
to 19 years [5], both girls and boys, not pregnant and free of
acute illness or chronic disease, as some conditions may
influence body weight outcomes or ability to change lifestyle
behaviors; (3) only studies focused on obesity prevention or
management were included; and (4) studies with interventions
of any duration that involved the delivery of text messages via
a mobile phone device, including multicomponent interventions
that were delivered in part by text message. Studies with
interventions that use at least any two of the behavioral
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techniques (BCTs) to achieve behavior change, for example,
goal setting, were included. BCTs are defined as a mechanism
of action in an intervention that contributes to positive behavior
change [30]. The mode of text message delivery included
standard SMS or messaging apps like WhatsApp (studies were
excluded if they included text messages that are only
appointment or other reminders); (5) all study settings were
included, that is, health care, community, home, or school based;
(6) a comparator group of participants receiving standard care
(no messages or some form of control text message); (7) a study

outcome of change in body weight measured in BMI or BMI
z-score (also called BMI standard deviation scores); (8) studies
published in any language were considered; and (9) studies
published after 2005 were considered. The cut-off date of 2005
was selected as the current generation of adolescents
(Generation Z) appeared in the population after 1995, and the
oldest of this generation were 10 years old in 1995. The criteria
for included studies in this review are summarized in the
Population, Intervention, Comparator, Outcomes, and Setting
format in Table 1.

Table 1. Summary description of Population, Intervention, Comparator, Outcomes, and Setting (PICOS) components.

DescriptionPICOS components

Individuals (adolescents, 10-19 years) of any demographic backgroundPopulation

Interventions that include mobile phone SMS or texting interventionIntervention

Intervention vs usual careComparator

Changes in body weight measured in terms of BMI and/or BMI z-scoreaOutcomes

Randomized controlled trials conducted in any settingSetting

aUnits BMI is above or below average BMI for age- and sex-specific reference values.

Information Sources and Searches
A total of 10 major electronic databases (Pre-Medline,
MEDLINE, Cochrane, Cochrane Central Register of Controlled
Trials, Excerpta Medica Database, Cumulative Index of Nursing
and Allied Health Literature, Allied and Complementary
Medicine Database, Informit, Scopus, and Web of Science)
were systematically searched until January 21, 2019, and hand
searching was conducted until July 12, 2019. The database
searches were developed in collaboration with a librarian. Search
terms included combinations, truncations, and synonym of the
following: (1) adolescent; (2) phone text messaging (mHealth
or telemedicine or tele-medicine or mobile phone or mobile
phones or cell phones or cell phone or cell phones or SMS or
short message service or short message or texting or text
message or text messages or text messaging or text messaged
or text messaging or txt or text); and (3) weight loss or weight
maintenance (diet, reducing or weight reduction programs or
weight loss or weight maintenance or weight loss or weight
management or weight and loss or manage* or maintenance or
maintain or maintain*). Appropriate RCT filters were used to
maximize the identification of RCTs. Additional articles were
obtained through a hand search of reference lists, conference
proceedings, key journals in the field, abstracts, clinical trial
databases, and by contacting experts in the field. Full electronic
search strategies for each database and screenshots of all search
results are available in Multimedia Appendices 2 and 3.

Study Selection
One author (SP) carried out all electronic database searches.
Search results across databases were merged using reference
management software, Endnote X8 (Camelot UK Bidco Limited,
Clarivate Analytics, United Kingdom), and duplicate records
of the same study were removed. Study selection followed the
process described in the Cochrane Handbook of Systematic
Reviews and PRISMA statements. Two researchers (SP and
RR) independently screened titles and abstracts to remove

irrelevant studies to identify studies that met the inclusion
criteria described above using a predetermined eligibility
assessment form. Any disagreements were discussed and
resolved by consensus between two authors (SP and RR), and
a third author was consulted (AS) in the case of unresolved
disagreement.

Data Collection Process
For studies meeting the inclusion criteria, information was
extracted using a predesigned electronic data extraction table
based on PRISMA statement [28] and data items required for
the Cochrane Collaboration’s risk of bias tool [29] that was
developed and test-piloted for this review. One author extracted
(SP) the data, and a second author (RR) independently
cross-checked a random 20% of the data for accuracy. Extracted
data included data items on study characteristics (design, aim,
sample size, active intervention duration, extended intervention
duration, follow-up time points, attrition, comparison of
dropouts, and recruitment methods), participant characteristics

(age, weight, BMI (kg/m2) and/or BMI z-score at baseline,
gender, and ethnicity), intervention characteristics (components,
theoretical underpinning, BCTs using the behavior-specific
taxonomy of 40 BCTs for physical activity and healthy eating
behaviors [CALO-RE taxonomy] [30], setting, peer support,
personnel interaction, text message details, and comparators),
study outcome measures (method of assessment, changes in

body weight measured in BMI change in kg/m2, and/or BMI
z-score change in units during the intervention and all follow-up
period[s], changes in diet, physical activity and/or psychosocial
well-being if reported or collected, measures of error, and
statistical significance), and adherence measures (number, type,
and definition of adherence measures). When two or more
articles reported results from the same study, all articles were
considered together for complete data extraction. Authors were
contacted for missing, incomplete, or unclear data.
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Data Synthesis and Analysis
The key characteristics of the included studies were summarized
in text form and tabulated using the information collected from
the data extraction form. The primary outcome of interest was

the change in body weight measured in BMI change in kg/m2

or BMI z-score change in units. Where possible, for all study
arms, the mean or median change was recorded at baseline,
postintervention, and any additional follow-up(s). Measures of
error were standard error or standard deviation and associated
P values for change between groups at follow-up(s), and
overtime were recorded if available. The clinical significance
of outcomes was also considered. Modest reductions in BMI
z-score (0.01-0.15) in adolescents with overweight or obesity
have been associated with improvements in several
cardiovascular risk factors and considered to be clinically
meaningful [31]. More significant improvements in
cardiovascular risk can be seen with BMI z-score reductions of
>0.25 in adolescents with obesity [32]. Interventions were
heterogeneous; only 5 studies reported the mean change in BMI,
only 4 studies reported the mean change in BMI z-score, and
all were at varying follow-up time points. This heterogeneity
rendered the sample size too small for a meta-analysis of these
outcomes to be conducted at each follow-up time point [33].

Risk of Bias Assessment

Cochrane Risk of Bias Assessment
The Cochrane Collaboration’s tool was used to assess the risk
of bias at the individual study level [29]. The primary sources
of systematic bias in trials were assessed including the selection
of participants (random sequence generation and allocation
concealment methods); performance (blinding of participants
and personnel); detection (blinding of outcome assessment);

attrition (incomplete outcome data); and reporting (selective
reporting of study outcomes). Two authors (SP and RR)
independently evaluated each study for risk of bias and permitted
a judgment of low risk, high risk, or unclear risk. A third author
(AS) was consulted in the case of unresolved disagreement.

Quality of Evidence Assessment

Grading of Recommendations Assessment, Development,
and Evaluation Assessment
The quality of the body of evidence was determined using the
Grading of Recommendations Assessment, Development and
Evaluation (GRADE) system [34]. In total, 5 categories were
considered to ascribe a quality rating: limitations in study
designs; consistency of results; the directness of the evidence
concerning study populations, intervention design, and outcomes
measured; the precision of outcomes; and the presence of
publication biases. Two authors (SP and RR) independently
evaluated the quality of the body of evidence. A third author
(AS) was consulted in the case of unresolved disagreement.

Results

Study Selection
The search found 4362 articles from all electronic database
searches and an additional 4 articles through hand searching of
reference lists (Figure 1). After exclusion of duplicates, 3418
articles were screened by title and abstract, and 3203 were
excluded. A total of 215 full-text articles were assessed for
edibility, and 201 were excluded with reasons outlined in Figure
1 and Multimedia Appendix 4. Eight unique studies [35-42]
from 13 publications were included in this review
[24,35-41,43-47].
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) flow diagram of included studies. RCT: randomized
controlled trial. CINAHL: Cumulative Index of Nursing and Allied Health Literature; AMED: Allied and Complementary Medicine Database.

Effectiveness of Interventions

Body Mass Index

All studies measuring BMI (kg/m2) measured height and weight
in person by trained personnel using standardized procedures
and calibrated equipment (Table 2). The 5 studies calculating
BMI z-score specified the country of origin for the age- and
sex-specific reference values [37,39-42]. Of the 8 studies, 7

demonstrated reductions in BMI or BMI z-score in the
intervention group compared with the control at the end of the
final follow-up (Table 3). The effect was only statistically
significant in 1 study at 6 months [37]. Significant time by group
effects were observed in 3 studies [36,37,40]; 2 studies reported
the effect of the intervention on both BMI and BMI z-score
[37,40], 3 studies reported the effect of the intervention on BMI
only [35,36,38], and 3 studies reported the effect of the
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intervention on BMI z-score only [39,41,42]. A decrease in
BMI ranged between 1.3% and 4.5% in the intervention group
compared with the control at 6 months, with the exception of
1 study, which saw an increase in BMI of 3.8% in the

intervention group compared with the control group at 6 months
[38]. The 3 studies which reported BMI z-score change at 6
months varied with a decrease of 28.1%, 4.2%, and 4.5% in the
intervention group compared with the control [37,41,42].

Table 2. Method of BMI and BMI z-score assessment (n=8).

Method of assessmentParameter, author, year, country

BMI

Height and weight measured in person, by a trained researcher using standard procedures and cali-
brated equipment

Abraham et al, 2015, China [35]

Height and weight measured in person by a trained researcher in duplicate using standard procedures
and calibrated equipment

Bagherniya et al, 2018, Iran [36]

Height and weight measured in person, by trained research assistant who was blinded to group as-
signment

Chen et al, 2017, the United States [37]

Height and weight measured in person with shoes off, repeated twice by study staffLove-Osborne et al, 2016, the United States
[38]

Height and weight measured in person by a trained researcher using standard procedures and cali-
brated equipment

Nguyen et al, 2012, Australia [40,46]

BMI z-score

BMI z-scores based on age- and sex-specific reference values (US reference data)Chen et al, 2017, the United States [37]

BMI z-scores based on age- and sex-specific reference values (US reference data)Jensen et al, 2019, the United States [42]

BMI z-scores based on age- and sex-specific reference values (Italian reference data)Mameli et al, 2018, Italy [39]

BMI z-scores based on age- and sex-specific reference values (US reference data)Nguyen et al, 2012, Australia [40,46]

BMI z-scores based on age- and sex-specific reference values (US reference data)Patrick et al, 2013, the United States [41]
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Table 3. Mean change in BMI or BMI-z score at follow up(s) (n=8).

Mean difference between
groups over time

Mean difference

between groups

Level of effect

sizea
Effect size (%)Mean difference

within groups (SD)
Author, year, citation, outcome, follow-
up timepoint (months), and study arms

Abraham et al, 2015, China [35]

BMI

NRbP=.14+0.6 decrease3

0 (NR)ITc

0.4 (NR)sLMPd

0.2 (NR)Ce

NRP=.07+1.3 decrease6

−0.1 (NR)IT

−0.5 (NR)sLMP

0.3 (NR)C

Bagherniya et al, 2018, Iran [36]

BMI

3.5

NRNRNRNRNRIf

————gNRC

7

P<.001P=.13+3.9 decrease−0.7 (NR)I

————0.4 (NR)C

Chen et al, 2017, the United States [37]

BMI

3

NRNR+3.3 decrease−0.4 (NR)I

————0.46 (NR)C

6

−0.58 (SE 0.13, 90% CI
−0.84 to −0.40); P=.001

−1.05 (SE 1.22, 90% CI
−3.09 to 0.95); P=.39

+ +4.5 decrease−0.44 (NR)I

————0.83 (NR)C

BMI z-score

6

−0.12 (SE 0.03, 90% CI
−0.16 to −0.07); P=.001

−0.15 (SE 0.15, 90% CI
−0.40 to 0.09); P=.001

+ + +28.1 decrease−0.18 (NR)I

————0.26 (NR)C

Jensen et al, 2019, the United States [42]

BMI z-score

6

NRNot statistically signifi-
cant, P value, NR

+4.2 decrease−0.09 (NR)I

————−0.03 (NR)C

Love-Osborne et al, 2016, the United States [38]

BMI z-score

6-8
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Mean difference between
groups over time

Mean difference

between groups

Level of effect

sizea
Effect size (%)Mean difference

within groups (SD)
Author, year, citation, outcome, follow-
up timepoint (months), and study arms

NRNR+3.8 increase1.2 (NR)I

————0.0 (NR)C

Mameli et al, 2018, Italy [39]

BMI z-score

3

0.01 (95% CI −0.15 to
0.18); P=.87

0.00 (95% CI −0.11 to
0.12); P>.05

NRNRNRI

————NRC

Nguyen et al, 2012, Australia [40,46]

BMI

2

NRNRNRNRNRI

————NRC

12

0.1 (95% CI −0.3 to 0.4);
P>.05

0.1 (95% CI −1.2 to 1.3);
P>.05

+1.9 increase0.6 (NR)I

————0.0 (NR)C

24

0.8 (95% CI 0.2 to 1.4);
P<.05

0.1 (95% CI −1.2 to 1.3);
P>.05

+3.2 decrease0.0 (NR)I

————1.0 (NR)C

BMI z score

2

NRNRNRNRNRI

————NRC

12

−0.09 (95% CI −0.12 to
−0.06); P<.001

−0.00 (95% CI −0.11 to
0.10); P>.05

+1.0 increase−0.06 (NR)I

————−0.08 (NR)C

24

−0.13 (95% CI −0.20 to
−0.06); P<.05

−0.01 (95% CI −0.11 to
0.10); P>.05

+ +5.4 decrease−0.2 (NR)I

————−0.09 (NR)C

Patrick et al, 2013, the United States [41]

BMI z score

6

P=.93NR+ +4.5 decrease−0.1 (NR)Wh

————0.0 (NR)WGi

————−0.1 (NR)WSMSj

————0.0 (NR)C

—NR+ +4.5 decrease12

−0.1 (NR)W

−0.2 (NR)WG
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Mean difference between
groups over time

Mean difference

between groups

Level of effect

sizea
Effect size (%)Mean difference

within groups (SD)
Author, year, citation, outcome, follow-
up timepoint (months), and study arms

−0.1 (NR)WSMS

0.0 (NR)C

a+ denotes effect size 0%–4%; + + denotes effect size 5%–9%; + + + denotes effect size ≥10%.
bNR: not reported.
cIT: Internet intervention group.
bNR: not reported.
dsLMP: Simplified Lifestyle Modification Program intervention group.
eC: Control.
fI: Intervention.
gNot applicable.
hW: website only.
iWG: website + group.
jWSMS: website + text messages.

At 3 months, Abraham et al [35] investigated the mean

difference in BMI (kg/m2) between the intervention and control

groups and found no effect (P=.04) on BMI (kg/m2). At 6
months, 3 studies investigated the mean difference in BMI
between the intervention and control groups and found no effect
[36-38]. Two studies found significant group by time effects

for mean decreases in BMI (kg/m2) from baseline to 6 months
[36,37]. Chen et al [36] reported a decrease in BMI of 0.58

kg/m2 (SE 0.13; 90% CI −0.84 to −0.40; P=.001) [37] and the
other study reported only a value of P<.001 [36]. Nguyen et al
found that the intervention with adjunctive electronic contact
including text messages (once per month from 2 months)
compared with group-based behavioral lifestyle intervention

only had no effect at 12 (BMI 0.01 kg/m2; 95% CI −1.2 to 1.3;

P>.05) [40] or 24 months (BMI 0.01 kg/m2; 95% CI −1.2 to
1.3; P>.05) [46]. From baseline to 24 months, there was a
significant group by time effect for BMI, with a mean decrease

between the intervention and control groups of 0.8 kg/m2 (95%
CI 0.2 to 1.4; P<.05) [46].

At 3 months, Mameli et al [39] found comparable mean
decreases in BMI z-score between the intervention and control
groups (−0.03 units, 95% CI 0.14 to 0.09 vs −0.04 units, 95%
CI 0.16 to 0.08, respectively), which were not significantly
different (P>.05) and no time effect from baseline to 3 months
was observed (P=.87). At 6 months, Chen et al [37] found a
significant mean difference in BMI z-scores between groups of
−0.15 units (SE 0.15; 90% CI −0.40 to 0.09; P=.001) and a
significant decrease in BMI z-score over time between groups
(−0.12 units; SE 0.03; 90% CI −0.16 to −0.07; P=.001). Jensen
et al [42] found that BMI z-score did not differ across the
intervention and control groups at 6 months (P value not
reported). However, participants in the intervention group
significantly decreased BMI z-score by 0.32 units compared
with baseline values (P<.01), whereas the control group
participants did not decrease BMI z-score over the 6 months
(P=.63). Similar to the results for BMI, Nguyen et al [40,46]
found no significant difference in BMI z-score between groups
at 12 and 24 months (P>.05). However, from baseline to 12 and
24 months, there was a significant group by time effect for BMI

z-score, with a mean decrease between the intervention and
control groups of 0.09 units (95% CI −0.12 to −0.06; P<.001)
and 0.13 units (95% CI −0.20 to −0.06; P<.05), respectively.
Patrick et al [41] found no difference in BMI z-score from
baseline, 6, and 12 months between groups (P=.93).

Lifestyle Outcomes
There was limited overlap in secondary outcomes between
studies, which limited comparisons. In total, 3 studies measured
blood pressure, and no consistent significant differences were
shown between the intervention and control groups. Abraham
et al [35] found no decrease in systolic or diastolic blood
pressure between the intervention and control groups. Chen et
al [37] found a significant reduction in diastolic blood pressure
of 2.66 mmHg over 6 months between the intervention and
control groups (90% CI −4.02 to −1.31; P=.001). Whereas
Nguyen et al [40] found the intervention group had a mean
higher systolic blood pressure difference of 3 mmHg at 12 and
24 months only after adjusting for sex, age, and perceived
athletic ability. Bagherniya et al [36] and Nguyen et al [40]
found no effect of the intervention on waist circumference at 6
months or 12 and 24 months, respectively. A total of 4 studies
measured physical activity using different instruments, including
a 0 to 10 scale of physical activity validated in Chinese youth
[35], a short question adapted from the California Health
Interview Survey [37], and a 7-day physical activity recall
interview [41] or physical activity questionnaire [36]. Chen et
al [37] observed a significant increase of 0.40 physical activity
days per week in the intervention group compared with the
control group over the 6 months (90% CI 0.15 to 0.66; P=.01)
[37] and Bagherniya et al [36] found the intervention group
significantly increased daily minutes of physical activity
compared with controls at 6 months (P<.001). Two studies
assessed the quality of life using the Impact on Weight Quality
of Life–Kids [42] and the pediatric quality of life inventory
[41]. Jensen et al [42] found no between-group difference in
the weight-related quality of life. However, both groups
demonstrated significant improvements in parent-report scores
(Ps<.05) [42], and Patrick et al [41] found positive correlations
between physical functioning quality of life and behavior change
strategies in girls. Body fat percentage was measured in 2 studies
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at 6 months, and no differences were observed [35,41]. Dietary
intakes were measured in 2 studies via short self-report questions
on fruit, vegetable, and sugar-sweetened beverage intake [37]
or by a food frequency questionnaire [41] at 6 months, and no
differences were observed. Other outcomes included
waist-to-height ratio, stress, depression self-efficacy, and social
support for behavior change, of which none were consistent
between studies.

Study Characteristics
All RCTs included in the review were published in English
[35-41]. The median sample size was 75 participants (range
40-172 participants), with a total of 767 participants (Table 4).
In all, 2 studies recruited participants from obesity clinics
[35,39], 3 studies recruited from primary care [37,41,42], 2
studies recruited from schools [36,38], and the remaining study
utilized several recruitment strategies [40,45] (Table 5).
Participants ranged in age from 12 to 18 years, with a mean age

of 14.3 years (SD 0.9). All participants had overweight (BMI
on 85th-95th percentile) or obesity (BMI>95th percentile) with

a mean BMI of 29.7 kg/m2 (SD 1.6). One study reported the
mean participant BMI percentile for age and sex at baseline,
which was 91.5 (SD 4.2) [42]. On average, 53% of participants
were female (range 27%-100%). Overall, 6 studies reported
participant ethnicity [35-38,41,42], with 2 studies recruiting
100% of participants who were Chinese [35,37]; in 1 study,
100% of the participants were Persian [36]; in 1 study, 64% of
the participants were white [42], and the samples in the
remaining 2 studies were predominately Hispanic [38,41]. In
all, 5 studies with a follow-up at 2 to 3 months had a median
attrition rate of 6.8% (range 0%-30.4%) [35-37,39,40]. The
median attrition rate increased for each subsequent follow-up:
15% at 6 to 8 months (range 0%-38.5%, n=6 studies)
[35-38,41,42]; 26.9% at 12 months (range 12.3%-46.2%, n=2
studies) [40,41]; and 38.5% at 24 months (range 25.9%-41.1%,
n=1 study) [40].
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Table 4. Characteristics of included studies (n=8).

Dropouts com-
pared

Attrition at follow-
up(s) (%)

Follow-up(s)
(months)

Extended

(months)b
Active

(months)b
C (n)Ia (n)Total

(n)
Study
design

Author, year,
country

Not applicable3 months: 0; 6
months: 0

3, 63316ITd: 16;

sLMPe: 16

48RCTcAbraham et al,
2015, China [35]

Not reported3.5 months: I: 10.3;

Cf: 2.4; 7 months: I:
16.1; C: 4.7

3.5, 7078587172RCTBagherniya et al,
2018, Iran [36]

Not reported3 months: I: 0; C: 0;
6 months: I: 8.7; C:
11.8

3, 633172340RCTChen et al, 2017,
the United States
[37]

No difference6 months: I: 34; C:
33

606182947RCTJensen et al,
2019, the United
States [42]

No differenceI: 5; C: 116-806-883TMg: 38;

NTMh: 44

165RCTLove-Osborne et
al, 2016, the
United States
[38]

No differenceI: 30.4; C: 25303202343RCTMameli et al,
2018, Italy [39]

No difference2 months: I: 6.8; C:
11.5; 12 months: I:
12.3; C: 15.4; 24
months: I: 41.1; C:
35.9

2, 12, 242227873151RCTNguyen et al,
2012, Australia
[40,46]

No difference6 months: W: 31.0;
WG: 38.5; WSMS:
22.7; C: 37.5; 12
months: W: 31.0;
WG: 46.2; WSMS:
22.7; C: 33.3

6, 1201225Wi: 26; WGj:

26; WSMSk:
24

101RCTPatrick et al,
2013, the United
States [41]

aI: intervention.
bIntervention duration.
cRCT: randomized controlled trial.
dIT: Internet intervention group.
esLMP: Simplified Lifestyle Modification Program intervention group.
fC: control.
gTM: text message.
hNTM: no text message.
iW: website only.
jWG: website + group.
kWSMS: website + text messages.
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Table 5. Characteristics of participants from included studies (n=8).

Ethnicity, other

SESa factors (%)

Female (%)BMI (kg/m2),
mean (IQR or
SD)

BMI rangeAge (years),
mean (IQR or
SD)

Age range,
years

Recruitment of popula-
tion

Author, year, country

Chinese: 100; Parent
tertiary education:
27

39.6IT: 29.3c

(26.7-30.9);

sLMP: 31.5c

(29.8-33.7);

C: 30.1c

(28.4-32.3)

>95thITb: 14.9c

(13.7-16.2);

sLMPd: 14.1c

(13.5-15.3);

Ce: 14.3c

(13.5-15.8)

12-18Obesity clinicAbraham et al, 2015,
China [35]

Persian: 100; Parent
tertiary education:
100

100I: 29.2 (3.9);
C: 27.2 (2.9)

≥85thIf: 13.5 (0.7);
C: 13.4 (0.6)

12-16Government and private
schools

Bagherniya et al,
2018, Iran [36]

Chinese American:
100; Parent mean
years of education:
10

42I: 27.4 (3.3);
C: 28.4 (4.4)

≥85thI: 15.0 (1.7);
C: 14.8 (1.6)

13-18Primary care providersChen et al, 2017, the
United States [37]

Hispanic: 23;
African American: 2

7991.5 (4.2)
(BMI %)

≥85th; <9515.0 (1.5)12-18Primary care pediatric
practices

Jensen et al, 2019, the
United States [42]

Hispanic: I: 88 and
C: 89

I: 58; C: 46I: 31.9 (6.2);
C: 31.6 (6.5)

≥85thI: 15.7 (1.5);
C: 16.0 (1.5)

12-18Public schoolsLove-Osborne et al,
2016, the United
States [38]

Parent tertiary educa-

tion: 17g
I: 31g; C:43gI: 29.6 (3.3g);

C: 28.6 (2.6g)

≥95thI: 12.6 (1.7g);

C: 12.4 (2.2g)

10-17Obesity clinicMameli et al, 2018,
Italy [39]

Not reported27I: 30.8 (4.2);
C: 30.8 (3.5)

1.0-2.5hI: 14.0 (0.9);
C: 14.2 (1.0)

13-16Media, schools, health
professionals and commu-
nity organizations

Nguyen et al, 2012,
Australia [40,46]

Hispanic: 7463W: 2.2 (0.07)l;
WG: 2.2

(0.07)l;
WSMS: 2.2

(0.07)l; C: 2.2

(0.07)l

>85thWi: 14.1 (1.4);

WGj: 14.3
(1.5);

WSMSk: 14.3
(1.8); C: 14.5
(1.5)

12-16Pediatric primary carePatrick et al, 2013, the
United States [41]

aSES: socioeconomic status.
bIT: Internet intervention group.
cMedian age and BMI (IQR).
dsLMP: Simplified Lifestyle Modification Program intervention group.
eC: control.
fI: intervention.
gCompleters-only data
h95% confidence intervals
iW: website only.
jWG: website + group.
kWSMS: website + text messages.
lBMI z-score (standard error).

Intervention Characteristics
A total of 5 studies were two-arm RCTs [36,37,39,40,42], 2
were three-arm RCTs [35,38], and 1 a four-arm RCT (Table 5)
[41]. The median active intervention period was 4.5 months
(range 2-12 months) and 2 studies had an extended intervention
period of 3 months [35,37], and 1 had 22 months [40]. In all, 5
studies followed up participants at 2 to 3 months [35-37,39,40],
6 studies at 6 to 7 months [35-38,41,42], 2 studies at 12 months
[40,41] and 1 study at 24 months [40]. All interventions were

multicomponent, and no interventions were delivered solely via
text messages (Table 6). Two studies had intervention groups
consisting of Web-based educational modules delivered via a
website and text messages [35,41]; 2 studies had intervention
groups which provided participants wearable devices and access
to smartphone apps and text messages [37,39], and the remaining
4 studies had intervention groups which involved in-person
individual or group sessions with health professionals and text
messages [36,38,40,42]. In all, 4 studies were grounded in the
social cognitive theory [35-37,40]. Overall, 2 studies were
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primarily set in an obesity clinic [35,39], 2 in high schools
[36,38], 3 in primary care [37,40,42], and 1 was mostly online
[41]. The majority of studies encouraged peer support from
parents, and all studies included interactions with research and
health professionals. Control conditions consisted of usual care,
with 6 of the 8 studies including control conditions with
in-person educational or information sessions [35,36,39-42].

The median number of text messages sent each week was 1.5
(range 1-21 text messages; Table 7). One study specified that
3 text messages were sent each day; however, it was not
specified if this was every day [42]. In this study, control
participants also received a form of control text messages, and
both groups demonstrated reductions in BMI z-score [42]. In
all, 4 studies used one-way text messages (participants unable
to reply) [36-39] and 4 studies used two-way text messages
(participants able to respond) [35,40-42]. A total of 4 studies
had personalized text messages [38,39,41,42], 2 studies had
semipersonalized text messages [35,40], and 2 studies did not
have personalized text messages [36,37]. Overall, 6 studies
utilized text messages in the active intervention phase, ranging
from 17% to 100% of the intervention contact points
[35,36,38,39,41,42]. In all, 2 studies utilized text messages only
in the extended intervention phase accounting for 100% [37]
and 60% [40] of the intervention contact points. Both studies
with text messages only in the extended phase had significant
between-group differences in BMI or BMI z-score at the end
of follow-up [37,40]. The 4 studies, which personalized the text
messages, had text message content–related individual
behavioral goals [35,38] or utilized data from wearables [39]
or self-reported text messages [42] to provide personalized
feedback on lifestyle behaviors. All 4 studies did not
significantly affect BMI outcomes. The BCTs used in the text
messages are presented in Multimedia Appendix 5. The number
of domains ranged from 3 to 5, with all text messages in each
study utilizing goals and planning and credible source. The
number of BCTs ranged from 4 to 8, with all text messages in
each study using goal setting for behaviors and credible source.

A total of 3 studies provided details about the development of
the intervention content broadly [37] or text messages
[24,35,42]. Abraham et al [35] conducted focus groups with 11
Chinese American adolescents asking open-ended questions
about the use of text messages in the program, and adolescents
agreed that individualized weekly text message reminders could
be a good way to enhance motivation to adopt healthy behaviors.
No further details about the text message development were
provided. Chen et al [37] formed an advisory group consisting
of two primary care physicians and four adolescents and
consulted other adolescents (n=10) via a focus group. The
advisory group identified the purpose and goals of the
intervention and focus groups and piloted the procedures and
appropriateness of the intervention content. Adolescents liked
the program and minor changes were made. No specific details
relating to text message development were provided. In a

separate publication, Jensen et al [24] detailed the process of
text message development. The iterative process involved the
development of an evidence-based text message bank by the
research team, which was then tested in a pilot study with 20
adolescents (mean age 14 years, 85% female, 77% white) who
received 1 text message per day for 3 months [24]. Feedback
was provided at monthly intervals and at the end of the study.
Overall, participants liked the text messages, liked receiving
them after school, and they could recall topics the text messages
addressed. The most popular text messages were recipe ideas,
followed by testimonials and messages with pictures. Most
found the messages personally relevant, and messages helped
them to make healthy choices and kept them focused on weight
management. A greater variety of messages were suggested.
The findings informed the RCT.

In total, 6 studies provided results related to the rates of replies
of text messages during the intervention. Abraham et al [35]
found 78.3% of participants responded to text messages about
diet goals and 77.5% of participants responded to text messages
about exercise goals. In a study by Nguyen et al [40], response
rates were lower, with messages about healthy eating and
booster session reinforcement having the highest reply rates
(42% and 34%, respectively), whereas text messages about
self-esteem or stress management had the lowest response rates
(4%). Jensen et al [42] found over 6 months that intervention
participants sent self-monitoring text messages on 47% of
intervention days compared with only 22% control participants
[42]. Intervention participants demonstrated significantly higher
self-monitoring adherence (P<.01) than control participants.
The 3 text messages per day were helpful for 85% of
intervention participants. However, 69% of intervention
participants found the text message content annoying and
repetitive. Over half (54%) would prefer fewer and more
personalized text messages.

Love-Osborne et al [38] sent an average of 12 personal
goal-related text messages and 12 text messages to remind
participants to return log sheets about their weekly weight and
lifestyle behaviors. However, it was reported that only few
adolescents turned in log sheets in either group. Only 1 study
asked participants to rate the helpfulness of text messages, with
27 of 39 adolescents rating the messages somewhat helpful or
very helpful [40]. One study, which included Fitbit and website
education resource in addition to text messages, found that the
100% of participants would recommend the program to others
and 91% shared the Fitbit data with their primary care provider
[37]. Only 1 study detailed that text messages were sent from
an automated computer system capable of tailoring the text
messages using an algorithm based on participant feedback via
text message [42]. No other studies provided details about the
system or infrastructure used to deliver the text messages. One
study reported a research assistant spent 2 hours per week
sending personalized text messages [35].
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Table 6. Characteristics of interventions (n=8).

Comparator personnel
interaction

Comparator descrip-
tion

Intervention personnel
interaction

Peer supportSettingTheoryAuthor, year, country, and in-
tervention description

Abraham et al, 2015, China [35]

3 in-person sessions for
adolescents with their
parent(s)

Usual care: physician
check-ups with obesi-
ty counselling

IT: usual careParentsObesity clinic;
website; mo-
bile phone

TTMb;

SCTc
ITa: usual care + 12 web-
site lessons + text mes-
sages

sLMP: usual care + 4
in-person counselling

ParentsObesity clinicSCTsLMPd: usual care+ 4
counselling sessions

sessions with nutrition-
ist

Bagherniya et al, 2018, Iran [36]

3 in-person educational
classes for adolescents;

Control group: educa-
tion classes, lectures,
printed handbook

I: 14 in-person sport
group workshops (per-
sonnel not specified) +
7 in-person sports

Parents;
teachers

School; local
gyms; mobile
phone

SCTIe: 14 sports workshops
+ 7 counselling sessions
+ up to 60 fun exercise
sessions + up to 60 com-

2 in-person lectures for
parents/teachers

counselling sessionspetitive sports sessions +
(personnel not speci-up to 3 family activity

sessions + text messagesf fied) + up to 56 fun
group exercise sessions
with specialist in physi-
cal education

Chen et al, 2017, the United States [37]

NilControl group: pe-
dometer, paper food

I: In-person demonstra-
tions on how to access

NilPrimary care;
mobile phone

SCTI: Fitbit Flex monitoring

device + APPg for self-
and activity diary, 8Fitbit data and iSmartmonitoring diet, physical
module online pro-
gram

8-module online educa-
tion program

activity + iStart Smart 8-
module online education
program with in-app
messages + text mes-
sages (extended interven-
tion only)

Jensen et al, 2019, the United States [42]

1 in-person MI sessionControl group: In-per-
son MI session + self-

I: Single in-person MI
session with a clinical

NilPrimary careMII: Single in-person 50

min MIh session + self-
monitoring text mes-
sages

physiologist doctoral
student designed to
elicit motivation for

monitoring and adaptive
text messages

change, assess potential
barriers to change, and
reinforce weight-related
behavior change talk
and education on Stop-
light Eating Plan

Love-Osborne et al, 2016, the United States [38]

Not reportedNot reportedI: Up to 8 in-person
visits with health educa-
tor

NilSchool; mo-
bile phone

MII: Health Educator visits
+ paper-based self-moni-
toring log sheet + text

messages (TMsi sub-
group of intervention

group)j

Mameli et al, 2018, Italy [39]

1 in-person baseline in-
formation session

Control group:
Mediterranean diet
advice + instruction to

I: In-person training
session on how to use
WB and APP

ParentsObesity clinic;
mobile phone

Not re-
ported

I: Participants provided a

WBk + APP and asked to
record the real-time food
intake increase physical activ-

ity and decrease
sedentary time

Nguyen et al, 2012, Australia [40,46]
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Comparator personnel
interaction

Comparator descrip-
tion

Intervention personnel
interaction

Peer supportSettingTheoryAuthor, year, country, and in-
tervention description

Active phase, 7 in-per-
son group sessions with
trained dietitians + Ex-
tended phase, 7 in-per-
son group sessions with
trained dietitians

Control group: Loozit
Program only

I: Active phase, 7 in-
person group sessions
with trained dietitians +
Extended phase, 7 in-
person group sessions
+ 32 emails or text
messages + 14 TC ses-
sions all with trained
dietitians

ParentsPrimary care;
hospital; mo-
bile phone

SCTI: Loozit group program
of seven 75-min group
sessions during active
phase + seven 60-min
group sessions during

extended phase + ATCl

including 32 emails or

text messages+ 14 TCm

sessions

Patrick et al, 2013, the United States [41]

Up to 3 in-person group
nutrition sessions

Control group: printed
educational material
+ encouraged to at-
tend three 60-min
group nutrition ses-
sions at local hospital
+ monthly mailed tip
sheets

WSMS: communication
with health counsellor
via text message

NilWebsite; mo-
bile phone

BDMp;
TTM

WSMSn: Wo + text mes-
sages

Not reportedNot reportedWG: In-person group
sessions with health
counsellor

ParentsWebsiteBDM;
TTM

WGq: W + 12 90-min
group sessions + 24
health coaching calls

Not reportedNot reportedW: communication with
health counsellor via
email

NilWebsiteBDM;
TTM

W: wkly check-in emails
+ monthly mailed tip
sheets + access to pro-
gram website + website
tutorials

aIT: Internet intervention group.
bTTM: transtheoretical model.
cSCT: social cognitive theory.
dsLMP: Simplified Lifestyle Modification Program intervention group.
eI: intervention.
fIn addition, parent text messages and newsletters and increased sports equipment in schools.
gAPP: smartphone app.
hMI: motivational interviewing.
iTMs: text messages group.
jAll participants in the intervention group (TMs and NTMs) were offered text messages during the second school semester.
kWB: wristband.
lATC: additional therapeutic contact.
mTC: telephone coaching.
nWSMS: website + text messages.
oW: website only.
pBDM: behavioral determinants model.
qWG: website + group.
rSeparate sessions for adolescents and parents or caregivers.
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Table 7. Text message details of included studies (n=8).

Intervention (%)aContentPersonalizedDirectionDuration, nAuthor, year, country

Active: 46; Extended:
100

Individual diet and exercise goalsSemiTwo-way1/weekAbraham et al, 2015,
China [35]

Active: 17Main goals of program, strategies to overcome
barriers

NoOne-way1/weekBagherniya et al,
2018, Iran [36]

Active: 0; Extended:
100

Reinforced adoption and maintenance of healthy
lifestyles and weight management practices

NoOne-way2/weekChen et al, 2017, the
United States [37]

Active: 100Self-monitoring text messages: participants sent
text messages reporting 4 behaviors; Adaptive text
messages: Evidenced-based intervention content
delivered in a gain-frame format (indicating what
might be gained from adopting healthier behaviors)

YesTwo-way3/dayJensen et al, 2019, the
United States [42]

Active: 93One individualized goal-related text message and
one reminder to return self-monitoring log sheet

YesOne-way2/weekLove-Osborne et al,
2016, the United
States [38]

Active: 100Using previous 7-day WBb and app data, feedback
about dietary compliance and quality, energy gap,
sedentary time, physical activity and suggestions
on how to reach each of 5 goals

YesOne-way1/weekMameli et al, 2018,
Italy [39]

Active: 0; Extended:
60

Reinforce key healthy lifestyle principles covered
during the active phase and extended phase group
sessions

SemiTwo-way1/monthNguyen et al, 2012,
Australia [40,46]

Active: 75Related to weekly challenges and intervention goalsYesTwo-way3/weekPatrick et al, 2013, the
United States [41]

aPercentage of intervention delivered by text message was determined by (number of text message contact points ÷ total number of contact points)×100.
Each in-person session, website session, or text message is counted as one contact point.
bWB: wristband.

Risk of Bias Assessment

Cochrane Risk of Bias Assessment
Overall, the majority of studies were classified as having a low
or unclear risk of bias across all main sources of bias (Figure 2
and Multimedia Appendix 6). In all, 5 studies described a
random component in the sequence generation process,
permitting a judgment of low risk of bias for random sequence
generation [35,37,39,40,42]; 5 studies provided insufficient
information to determine if the allocation was adequately
concealed [36-39,41]; and 7 studies did not provide adequate

information to determine if there was blinding of participants
and personnel to the intervention [35-38,40-42]. One study
stated that there was no blinding and was classified as high risk
[39]. One study has blinded outcome assessment [36], 1 study
had no blinding of outcome assessment [39], and the remaining
studies were unclear [35,37,38,40-42]. A total of 7 studies
adequately addressed incomplete data permitting a judgment
of low risk of bias [35,37-42]. Overall, 4 studies were rated low
risk of bias for selected reporting as they provided a study
protocol or trial registration which prespecified all outcome
[35-37,40].
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Figure 2. Risk of bias assessment summary.

Grading of Recommendations Assessment, Development,
and Evaluation Overall Assessment
The search attempted to identify all interventions for weight
loss or management in adolescents delivered via text messages

to answer the research question. In the body of studies identified
(n=8), there were limitations in study design, variant
populations, complex interventions, and potential publication
bias resulting in an overall low-quality rating (Table 8).

Table 8. Overall assessment of quality in 8 studies (767 participants in total) of weight loss or weight management interventions in adolescents delivered
via text message using the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) system.

Rating with reasonCategory

−2 quality levels due to very serious limitationsStudy limitations

No subtraction in levelsConsistency

−1 quality level, as the interventions are indirectDirectness

No subtraction of levels due to good precisionPrecision

−1 quality level, as publication bias cannot be ruled outPublication bias

Low: our confidence in the effect estimate is limitedOverall quality

Study Limitations
All 8 included studies were RCTs. However, within each of the
primary sources of bias, there was insufficient information to
permit judgments. In all, 3 studies did not provide sufficient
detail on the random sequence generation [36,38,41], and 5
studies did not provide adequate detail on the allocation
concealment to permit judgment based on selection bias
[36-39,41]. A total of 7 studies did not provide sufficient detail
of blinding methods for participants and personnel
[35-38,40-42], and 1 study did not blind participants and
personnel [39]. The blinding of the outcome assessment was
unclearly described in 6 studies [35,37,38,40-42], and 1 study
did not blind participants or personnel to the outcome assessment
[39]. Attrition bias was rated as low risk in 7 studies, and the
median attrition rate was below 20% at 3 and 6 months
[35,37-41]. However, attrition rates increased above 20% for
the 2 studies with 12- and 24-month follow-ups [40,41].
Reporting bias was rated as low risk in 4 studies [35-37,40] and
unclear in 4 studies due to insufficient information reported in

the publication [38,39,41,42], further limiting the quality of the
body of evidence.

Consistency
Overall, 4 of the 5 studies found the interventions with text
messages did not significantly decrease BMI in intervention
participants compared with control participants. Of 5 studies,
3 found the interventions with text messages did not significantly
decrease BMI z-score in intervention participants compared
with control participants. This result suggests a trend toward
no effect. However, no studies reported any subgroup analyses
on the effect of text messages only. Therefore, it cannot be
determined if text messages were responsible for the intervention
effect on BMI or BMI z-score.

Directness
Comparisons between the control and intervention arms were
direct for the included interventions; variations in the study
design, populations, and interventions resulted in the overall
body of evidence were indirect. The population of all
interventions were adolescents, 10 to 19 years. However, 3
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studies recruited all adolescents who were Chinese [35], Chinese
American [37], or Persian [36], 2 studies recruited adolescents
who were predominately Hispanic [38,41], 1 study recruited
adolescents who were predominately white [42], and 2 studies
did not report ethnicity of adolescent participants [39,40]. Only
4 studies reported the parents’education level (range 17%-100%
with tertiary education) [35-37,39]. The population is not
representative of the broader adolescent population.

This review allowed for the inclusion of studies that used text
messages as a component of a multicomponent intervention.
Consequently, all studies used text messages in combination
with other intervention components. In addition, 2 studies only
used text messages during the extended intervention phase
[37,40], and no studies evaluated the effectiveness of only the
text message intervention delivery with respect to BMI. All
studies measured BMI according to standardized procedures.
However, the overall evidence is an indirect representation of
the effect of weight management or weight loss interventions
delivered via text messages on BMI.

Precision
A total of 6 studies reported power calculations and 3 studies
were pilot or feasibility studies. All power calculations were

based on the primary outcome of BMI (measured as BMI kg/m2

or BMI z-score). Sample size varied from 40 to 172 participants,
with a total of 767 participants, which is considered a sufficient
body of evidence for addressing the research question.

Publication Bias
A comprehensive search was conducted to ensure that all the
available literature was retrieved. This search included major
electronic databases, hand searching of reference lists, clinical
trial databases and the gray literature, and contacting authors
for additional information. Also, as text messages often formed
part of larger multicomponent interventions, a conservative
approach for full-text screening was adopted to ensure all
possible studies were included. However, we may have missed
unpublished interventions with insignificant results or negative
findings. Therefore, publication bias cannot be ruled out.

Discussion

Principal Findings
In this review, we assessed 8 studies that investigated the
effectiveness of interventions delivered by text messages for
weight management in adolescent populations with overweight
or obesity. Of the 8 studies, 7 demonstrated reductions in BMI
or BMI z-score in the intervention group compared with the
control group at the end of the final follow-up. The effect was
only statistically significant in 1 study at 6 months [37].
Significant time by group effects were observed in 3 studies
[36,37,40]. The intervention characteristics were heterogenous
and multicomponent. However, in the 8 studies, text messages
accounted for over 50% of intervention contact points during
the active phase, and for the 3 studies with an extended
intervention phase, text messages accounted for over 85% of
the intervention contact points. Despite text messages accounting
for large proportions of the intervention, it cannot be determined

if the effects are attributable to the text messages, as no studies
utilized a factorial study design and limited process evaluation
data to elucidate the characteristics and effects of only text
message intervention delivery on BMI outcomes. Also, the
overall quality of the body of evidence was rated as low, and
this restricts the conclusions that can be drawn. Taking these
findings together, this review found that there is limited
high-quality evidence for the effectiveness of text messages for
weight management in adolescents with overweight or obesity;
we, therefore, propose suggestions for improved research design.

Comparison With Prior Work
There were only 8 RCT studies included in this review, which
utilized text messages for weight management intervention
delivery in adolescent populations. The small evidence base
may indicate that digital research strategies in this area is in its
infancy. However, it also well-recognized that investments into
research for adolescent obesity prevention have not kept pace
with population growth [48]. Many of the successes in childhood
obesity prevention over recent times have been the result of
targeted investment in interventions benefiting younger children
[49,50]. Investing in obesity prevention and management
interventions into adolescence is critical to consolidating these
successes. A 2019 Cochrane review of 153 RCTs testing the
effectiveness of a range of interventions that include diet or
physical activity components, or both, designed to prevent
obesity in children found only 20% (31/153) of studies targeted
adolescents aged 13 to 18 years [10]. Over 50% (85/153) of
interventions were targeted at children aged 6 to 12 years. The
review concluded that strategies for changing diet or physical
activity levels, or both, of children to help prevent them from
becoming overweight or obese are effective in making modest
reductions in BMI z-score in children aged 6 to 12 years. Similar
to the finding of the current systematic review, the Cochrane
review found limited evidence for adolescents aged 13 to 18
years, and the diet and physical activity strategies given to them
in the studies did not reduce their BMI z-score [10].
Interventions to prevent obesity, including combinations of both
physical activity and diet interventions, have so far remained
mainly school based and with limited evidence of effective
digital intervention strategies. A 2017 systematic review, which
focused on digital interventions for improving the diet and
physical activity behaviors of adolescents, identified only 4 text
message interventions [26]. The 4 interventions were
heterogenous and were ineffective at improving physical activity
and dietary behaviors [26].

The interventions included in this review were also
heterogenous, and in the most part, text messages formed a part
of larger, complex, and multicomponent interventions. A
systematic review by Moores et al [51], which included all study
types of community-based interventions for the treatment of
overweight and obesity in adolescents, found that digital
technology was utilized in less than half of the 21 included
interventions for adolescents, and text messages were only
utilized as a part of larger interventions in 4 studies in total. The
authors concluded that the inclusion of digital technology did
not improve program effectiveness. Similar to the studies
included in this review, the interventions were evaluated in
traditional RCTs as an aggregation of components. As the
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traditional RCT evaluates the intervention only as a whole, this
evaluation did not enable the isolation of the individual effects
of the text messages. Greater consideration in intervention
design is required to understand individual user preferences and
their engagement with the different intervention components,
particularly newer digital technologies. In future studies, this
may be achieved through the creation and evaluation of an
adaptive intervention using factorial research designs, such as
the sequential multiple assessment randomized trial study
designs [52]. Post hoc process evaluations were conducted in
5 of the 8 studies included in this review, which allowed some
understanding of individual user preferences and how
adolescents engaged with and used the text messages. The 3
studies which involved adolescents in the text message
development found high adherence rates measured by text
message responses and high overall approval ratings [35,37,42].

Adolescents are digital frontrunners and their lack of input into
digital technologies to manage their health and well-being is
likely to result in ineffective levels of engagement and,
subsequently, ineffective interventions [48]. Only 3 of the 8
studies included in this review engaged adolescents in the text
message development [35,37,42]. The most comprehensive text
message development with adolescents was conducted by Jensen
et al [42], who before the start of the intervention, tested the
text messages in a 3-month feasibility study and surveyed
adolescents about the text message content, timings, and
interactivity at monthly intervals and semistructured interviews
at the end of the study [24]. This participatory development
process allowed the researchers to develop a text message bank
that was engaging for participants in the intervention study,
with 85% of participants finding the text messages helpful.
Similarly, another feasibility study utilized extensive
participatory methods with adolescents to develop 300 healthy
lifestyle messages and a delivery protocol [53]. The participatory
partnership with adolescents allowed researchers to understand
adolescents’ preferred text message tone and appreciate
adolescents’ sensitivity to the language. For example, messages
that used an authoritarian tone were strongly disliked by
adolescents. This finding was also highlighted in a process
evaluation of a 6-month maintenance text message intervention
with adolescents with overweight or obesity [54]. The text
message program, which followed an 8-week in-person
intervention, was developed without adolescent consultation,
and the adolescents described a sense of shame when receiving
the text messages and parents perceived the text messages as
impersonal. Thus, co-design may increase the likelihood of
acceptable text messages and, subsequently, may result in
effective engagement in future interventions for adolescents.

Other characteristics related to text message intervention
engagement include dose and interactivity. Of the 8 interventions
in the current review, 4 had a low dose of text messages of once
per month [40] or once per week [35,36,39]. Moreover, only 4
of the included studies utilized two-way text message
communication, which allowed participants to have varying
levels of interaction with research staff or health professionals
[35,40-42]. Jensen et al [42] requested both groups self-report
behaviors to the research team via text message [42].
Participants in the intervention group, who also received

adaptive text messages (evidenced-based intervention content
delivered in a gain-frame format indicating what might be gained
from adopting healthier behaviors), demonstrated significantly
greater self-reporting adherence compared with the control
group (P<.01). Comparably, a text messaging program on
adolescent reproductive health, which compared one-way text
messages with reproductive health information vs interactive
text messages with reproductive health quizzes, found interactive
text messages increased reproductive knowledge by 24% vs
11% in the one-way text message group [55]. The interactive
text message group was instead sent one multiple-choice quiz
question each week. When the participant responded, they
immediately received a confirmatory text message informing
them whether they answered correctly along with the correct
answer and additional information, which corresponded to the
information provided in the unidirectional text message.
Moreover, a momentary ecological assessment using text
messages to assess the adolescent’s health information needs
found adolescents are willing to use text messaging to report
their health information in real time [56]. The research team
sent 3 text messages per week asking adolescents if they had
any questions about their health and where did they look for
the answer. Adolescents responded to 90% of the 3 text
messages sent each week by the research team. Adolescents’
most frequently reported questions were about diet and exercise,
and adolescents had heightened awareness and health
information needs regarding issues related to obesity.
Importantly, this sample of adolescents was from a lower
socioeconomic status, and text messages showed promise for
engaging at-risk and hard-to-reach populations. Future
interventions may consider interactive two-way text messages
as an intervention delivery strategy for adolescent populations
given the demonstration of acceptability in formative research.
Unlike other digital technologies, such as online websites and
smartphone apps, text messages are inexpensive to develop and
to send and receive, and they do not require an internet
connection.

To determine the effectiveness of text message interventions
for adolescent weight management, consistent outcome measures
of body weight are required. Moreover, consistency in secondary
outcome measures is essential for behaviors that underlie weight
management, such as diet and physical activity behaviors, which
have independent effects of their own on health [57]. In the 8
included studies, the primary outcome of interest was weight
change measured either using BMI z-score or BMI. BMI z-score
is a widely accepted way of assessing a child’s weight status
using measures of relative weight adjusted for child age and
sex in their country. Of the 5 studies which reported BMI
z-score, 2 studies provided insufficient details (groups means
at baseline and follow-up time points) to determine an effect
size [39,42] and 3 studies only reported BMI [35,36,38]. In
growing adolescents, BMI varies with age and sex. As a result,
for BMI to be meaningful in adolescents, it must be compared
with a reference-standard that accounts for child age and sex
[58]. Studies which report outcomes in BMI usually have small
effect sizes compared with studies reporting BMI z-scores
[51,59]. For example, Chen et al [37] had a BMI effect size of
4.5% at 6 months and BMI z-score effect size of 28.1% at 6
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months [37]. This difference in outcome measures limits a
quantitative comparison in effect between studies.

Strengths and Limitations
The strengths of this systematic review include the use of a
comprehensive search strategy, developed in conjunction with
an experienced librarian. A thorough full-text search was
undertaken as text messages often form part of larger
multicomponent interventions and all publications in any
language were considered. Moreover, a comprehensive quality
assessment was undertaken using the Cochrane Risk of Bias
tool and GRADE tool. Emails were sent to corresponding
authors to obtain missing details and for clarification of text
message implementation and outcome measures. Hence, more
information was obtained than was published. However, several
methodological limitations in this review restrict the conclusions
that can be drawn. No studies were identified, which were text
message–only interventions. This limited the conclusions that
were drawn from the review. The risk of bias and
methodological quality of the studies in the review was low and
reflected the exploratory nature of text message–delivered
interventions as research in this area is in its infancy. Only RCTs

were included in the current review, and small uncontrolled
studies were excluded, which may bias the results. Moreover,
due to heterogenous intervention designs and missing outcome
data, the sample size was too small for a meta-analysis of these
outcomes to be conducted at each follow-up time point.

Conclusions
This review demonstrates that there is limited evidence to
suggest text messages are an effective tool to deliver
interventions for weight management in adolescents with
overweight or obesity. Interventions delivered by text message
for adolescent weight management were heterogeneous, and
the small number of studies indicates research in this area is in
its infancy. Although very little high-quality research has been
done in the adolescent population, there is high-quality research
in adult populations that suggests text messages are an effective
tool for the delivery of chronic disease management programs.
Further research is required to elucidate the effectiveness and
potential impact of only text message interventions on weight
and weight-related behaviors in adolescents. Specifically,
high-quality studies that evaluate text messages as the only
modality of intervention delivery are required.
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Abstract

Background: Workplace bullying has been measured in many studies to investigate its effects on mental health issues. However,
none have used web-based computerized adaptive testing (CAT) with bully classifications and convolutional neural networks
(CNN) for reporting the extent of individual bullying in the workplace.

Objective: This study aims to build a model using CNN to develop an app for automatic detection and classification of nurse
bullying-levels, incorporated with online Rasch computerized adaptive testing, to help assess nurse bullying at an earlier stage.

Methods: We recruited 960 nurses working in a Taiwan Ch-Mei hospital group to fill out the 22-item Negative Acts
Questionnaire-Revised (NAQ-R) in August 2012. The k-mean and the CNN were used as unsupervised and supervised learnings,
respectively, for: (1) dividing nurses into three classes (n=918, 29, and 13 with suspicious mild, moderate, and severe extent of
being bullied, respectively); and (2) building a bully prediction model to estimate 69 different parameters. Finally, data were
separated into training and testing sets in a proportion of 70:30, where the former was used to predict the latter. We calculated
the sensitivity, specificity, and receiver operating characteristic curve (area under the curve [AUC]), along with the accuracy
across studies for comparison. An app predicting the respondent bullying-level was developed, involving the model’s 69 estimated
parameters and the online Rasch CAT module as a website assessment.

Results: We observed that: (1) the 22-item model yields higher accuracy rates for three categories, with an accuracy of 94%
for the total 960 cases, and accuracies of 99% (AUC 0.99; 95% CI 0.99-1.00) and 83% (AUC 0.94; 95% CI 0.82-0.99) for the
lower and upper groups (cutoff points at 49 and 66 points) based on the 947 cases and 42 cases, respectively; and (2) the 700-case
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training set, with 95% accuracy, predicts the 260-case testing set reaching an accuracy of 97. Thus, a NAQ-R app for nurses that
predicts bullying-level was successfully developed and demonstrated in this study.

Conclusions: The 22-item CNN model, combined with the Rasch online CAT, is recommended for improving the accuracy of
the nurse NAQ-R assessment. An app developed for helping nurses self-assess workplace bullying at an early stage is required
for application in the future.

(JMIR Mhealth Uhealth 2020;8(5):e16747)   doi:10.2196/16747

KEYWORDS

nurse bullying; NAQ-R assessment; receiver operating characteristic curve; convolutional neural network; computerized adaptive
testing

Introduction

Background
Over the past several decades, prevalence rates of workplace
bullying have been addressed in a wide range of different studies
to investigate bullying’s potential effects on mental health [1-4].
Despite all of this attention on workplace bullying, the
classification of bullying levels has still not, to this date, reached
a consensus in the literature.

NAQ-R Assessment Used for Examining Workplace
Bullying
The 22-item Negative Acts Questionnaire-Revised (NAQ-R)
[2,4-7] is one of the most popular tools used for examining
individuals who deal with workplace bullying. Using cutting
points at –0.7 and 0.7 (or <30 and <60 in the summed score),
this test has been proposed to assess nurses to identify their
bullying grade from one of three levels (high, moderate, and
low) [4]. However, the assessment accuracy for classifying
individual bullying levels is challenging and requires
improvement due to type I and type II errors.

Convolutional Neural Networks
Convolutional neural networks (CNNs) have had a significant
impact within the field of health informatics [8,9]. Its
architecture can be described as an interleaved set of
feedforward layers implementing convolutional filters followed
by reduction, rectification, or pooling layers [10-12]. For each
layer, the CNN creates a high-level abstract feature. The CNN,
a famous deep learning method, can improve prediction accuracy
up to 7.14% [12] in classification. Accordingly, the 22-item
NAQ-R, combined with the CNN technique for improving the
prediction accuracy of workplace bullying, is worthy of study.

Computerized Adaptive Testing With CNN
Computerized adaptive testing (CAT) is based on item response
theory (IRT) that adapts to an examinee’s ability level [4]. The
computer follows an IRT-based algorithm that provides the
examinee with the next item, which can be not too hard or not
too easy, for answering the next question. As such, each patient
needs to answer the fewest possible items, resulting in less
respondent burden and even more accurate outcomes [2]. As
with all forms of web-based technology development, there has
not been an online NAQ-R CAT assessment combined with
CNN to assess individual workplace bullying available until
now. The issue of missing responses in CAT affecting the CNN
computation is one of the problems that limit the development

of CAT with CNN. Another limitation for CAT is the numerous
parameters within CNN, which are harder to program computer
routines than traditional predictive methods, such as multiple
regression analysis or logistical regression, which only have a
few independent variables in their prediction models.

Online Assessment Using Smartphones is Required
As the age of digital technology approaches, advances in mobile
health (mHealth) and health communication technology are
rapidly increasing [13]. Till now, there has been no app for
smartphones that measures nurse bullying levels in health care
settings. It is not only the complexity of the CAT procedure
with multimedia illustrations embedded into the web-based
module, but also the difficulty of the model’s CNN parameters
that need to be transformed into the probability of classification
types when the individual bullied-levels are assessed by the
NAQ-R CAT. A web-based CAT with CNN app could more
accurately alert individuals to alleviate their mental strain before
it becomes a serious bullying-victim problem.

Study Aims
The aims of the current study are to: (1) estimate the model’s
parameters on the NAQ-R responses by the nurses; and (2)
design an app for smartphones based on a website-based
assessment of nurse bullying levels.

Methods

Data source
The study sample was recruited from three hospitals (Hospital
A: 1236-bed medical center; B: 265-bed local hospital; and C:
877-bed region hospital) in southern Taiwan in August 2012.
No incentive for participation was offered. A total of 960 copies
of the bullying questionnaire were validated, with a return rate
of 96.3% [4]. This study was approved and monitored by the
Research Ethics Review Board of the Chi-Mei Medical Center.
Demographic data were anonymously collected: gender, work
tenure in hospitals of all types, age, marital status, and education
level.

Featured Variables
Featured variables include the 22 items in the NAQ-R in which
a higher response denotes a more serious bullying problem. The
input layer for each case, with 36 elements as a 6×6 image, was
constructed with the 22 featured variables and the sequentially
repeated responses (eg, the elements from 23 to 36 are followed
from the beginning till to the end). The 960 participants were
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then split into training and testing sets in a proportion of 70:30,
where the former was used to predict the latter. The data are
shown in Multimedia Appendix 1.

Unsupervised and Supervised Learnings
Unsupervised learning indicates agnostic aggregation of
unlabeled data sets yielding groups or clusters of entities with
shared similarities that may be unknown to the user before the
analysis step [14,15] (eg, clustering dimensionality reduction
using principal component analysis or k-mean clustering). The
k-mean clustering aims to partition n observations into k
clusters, in which each observation belongs to the cluster with

the nearest mean [16]. Two sets of two and three categories
each were clustered in comparison to this study. In contrast,
supervised learning employs “labeled” training data sets (defined
by the previous approach of k-mean clustering) to yield a
qualitative or quantitative output through the CNN algorithm
[14,17].

In this study, the k-mean was used as unsupervised learning
for: (1) clustering participants into two classes (eg, the three
categories of suspicious mild [n=918], moderate [n=29], and
severe [n=13]). CNN was applied as supervised learning to
build a bully prediction model for estimating the 69 parameters.
See Figure 1 and 2 for more detailed information.

Figure 1. Interpretation of the CNN algorithm in Microsoft Excel. CNN: convolutional neural network.

CNN Applied to This Study
CNN is a variant of the standard multilayer perceptron, and it
is especially used for pattern recognition compared with
conventional approaches [18] due to its capability to reduce the
dimension of data, extract a feature sequentially, and classify
one structure of the network [19]. The basic CNN model was
inspired in 1962, from the visual cortex proposed by Hubel and
Wiesel [18]. To simplify the CNN concept and process, we
present it in Figure 1 (see Multimedia Appendix 2 for more
detailed information on interpretation).

Tasks for Performing CNN
Task 1 is the comparison of prediction accuracies in the
tree-category model. Two sets of categories (ie, 2 and 3) on 960
cases were mirrored to compare, first, the prediction accuracies
(eg, the sensitivity, specificity, receiver operating characteristic
(ROC) curve, and area under the curve [AUC]) using k-mean
clustering. Task 2 is validation compared to the training and
testing sets. We used the known responses and their
corresponding labels (ie, suspicion of bullying levels) to build

a model for predicting the unknown label of the specific
responses. The 960 cases were split into training and testing
sets in a proportion of 70:30, with the former used to predict
the latter. The accuracy rates in these two sets were compared.
Finally, task 3 is the app detecting bullied levels for a web-based
assessment. A 22-item self-assessment app using mobile phones
was designed to predict bullying levels using the CNN algorithm
and the model parameters [20]. The resulting classification was
based on the 22-item model.

Statistical Tools and Data Analysis
MedCalc 9.5.0.0 for Windows (MedCalc Software, Ostend,
Belgium) was used to calculate the sensitivity, specificity, and
corresponding AUC using logistic regression when the observed
labels and the predicted probabilities (ie, the a2 calculated by
the sigmoid function in the output layer) were applied. A visual
representation displaying the classification effect was plotted
using the Rasch category characteristic curve (CCC) [21,22].
The study flowchart and the CNN modeling process are shown
in Figure 2 and Multimedia Appendix 2, respectively.
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Figure 2. The study flowchart. CNN: convolutional neural network.

Results

Demographic Data of the 960 Cases
A sample of 960 nurses was obtained for the study. The mean
age of the participants was 32.7 (SD 5.8) years old, 96% (n=922)

were female, and more than 57.5% (n=553) were unmarried
(Table 1).
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Table 1. Demographic data of the study sample.

n (%)Variables

Hospital

542 (56.4)Hospital A

323 (33.6)Hospital B

95 (10)Hospital C

Gender

38 (4)Male

922 (96)Female

Education

6 (0.6)High school

464 (48.3)College

474 (49.3)University

16 (1.8)Graduate school

Marriage

553 (57.5)Unmarried

403 (42.1)Married

4 (0.4)Divorced

Nursing grade

34 (3.5)N0

281 (29.3)N1

316 (32.9)N2

243 (25.3)N3

86 (8.9)N4

Title

772 (80.3)Nurse

158 (17.7)Chief

8 (0.8)Leader

12 (1.2)Others

Task 1: Comparison of Prediction Accuracies in the
Tree-Category Model
Two groups divided by the k-mean clustering are shown in
Figure 3. The cuttoff point is set at 66 points. Another visual

representation displaying the classification effect is plotted using
a box plot (see Figure 3).
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Figure 3. Two groups divided by the k-mean clustering. A) n=35; B) Cuttoff point set at 66 points; C) n=925.

We can see that the 22-item model yields higher accuracy rates
for three categories, with an accuracy of 94% for the total 960
cases, and accuracies of 99% (AUC 0.99; 95% CI 0.99-1.00)

and 83% (AUC 0.94; 95% CI 0.82-0.99) for the lower and upper
groups (cutoff points at 49 and 66) based on the 947 cases and
42 cases, respectively (see Figure 4 and Tables 2 and 3).
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Figure 4. The bullied classes clustered with 3 categories using cut-off points to identify the sensitivity and specificity with AUC (area under the curve).
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Table 2. Mild and moderate scenario applied to CNN for the prediction of nurse bullying levels.

True condition

Scenario A (22 items), ACCa=0.99, (n=947) FDRd/NPVePPVb/FORcNegativePositive

0.120.88429Positive

109140Negative

———f1Sensitivity

———0.01FPRg

———0FNRh (Miss rate)

———0.99Specificity

———0.99 (0.99-1)  AUROCi (95% CI)

aACC: accuracy
bPPV: positive predictive value.
cFOR: 1-PPV.
dFDR: 1-NPV.
eNPV: negative predictive value.
fNot applicable.
gFPR: false positive rate.
hFNR: false negative rate.
iAUROC: area under the receiver operating characteristic curve.

Table 3. Moderate and severe scenario applied to CNN for the prediction of nurse bullying levels.

True condition

Scenario B (22 items), ACCa=0.83, (n=42) FDRd/NPVePPVb/FORcNegativePositive

0.350.65713Positive

10220Negative

———f1Sensitivity

———0.24FPRg

———0FNRh (Miss rate)

———0.76Specificity

———0.94 (0.82-0.99)AUROCi (95% CI)

aACC: accuracy
bPPV: positive predictive value.
cFOR: 1-PPV.
dFDR: 1-NPV.
eNPV: negative predictive value.
fNot applicable.
gFPR: false positive rate.
hFNR: false negative rate.
iAUROC: area under the receiver operating characteristic curve.

Task 2: Validation Compared to the Training and
Testing Sets
The 700-case training set with an accuracy of 95% predicts the
260-case testing set reaching an accuracy of 97%. Interested
readers are encouraged to see the study process in Multimedia
Appendix 2, using the parameters modeled by the 700-case
training set to predict the accuracy in the 260-case testing set.

Task 3: App Detecting the Bullied Levels on a
Web-Based Assessment
A NAQ-R app for nurses predicting individual bullying levels
was developed and demonstrated in Figure 5. One resulting
example of the mild level is present at the bottom in Figure 5
on the CCC (ie, category 0 from the left-top to the right-bottom
corner, category 1 in the middle, and category 2 from the
left-bottom to the top-right side) based on the Rasch rating scale
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model [21,22], which is novel when using a visual display
shown on Google Maps.

Interested readers are invited to scan the QR code to practice
the NAQ-R app on their own. It is worth noting that all 69 model
parameters for classifying individual bullying levels are involved
in the Rasch online CAT module.

Figure 5. Snapshots on a mobile phone responding to questions (top) and the result (bottom) for assessing individual bullied levels.
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Discussion

Principal Findings
We observed that: (1) the 22-item model for three categories
yields higher accuracy rates; and (2) the 700-case training set
with an accuracy of 95% predicts the 260-case testing set
reaching an accuracy of 97%. We also developed and
demonstrated an NAQ-R app for nurses that predicts bullying
level in this study.

The difference between the traditional score calculation method
and the new model using CNN can be described as: the
traditional score calculation lacks the bullying classification.
As such, cutoff points are the way to classify the extent of
bullying at the workplace. Nonetheless, the cutoff points drive
type I (ie, false negative) and type II (ie, false positive) errors
higher than the CNN algorithm.

The app created to examine and the extent of workplace bullying
for individuals has two parts: (1) the Rasch CAT; and (2)
classification using CNN. However, not all items answered in
the Rasch CAT results were missing responses on CNN. We
thus applied the Rasch rating scale model [21,22] for generating
the expected responses and overcame the drawback of not
having all the items answered in the CAT.

What This Knowledge Adds to What We Already
Know
The NAQ-R app has been the most widely used tool for
measuring workplace bullying in the world [2,4-7]. Over 32
articles were found by searching the keywords “NAQ-R” as of
September 30, 2019. However, none provided an acceptable
scheme to classify the individual bullying levels (ie, mild,
moderate, and severe). The previous study [4] provided a cutoff
point scheme (ie, −0.7 and 0.7 logits using CAT to measure the
extent of bullying) and claimed the prevalence rate of bullying
for nurses was 1.5%. In this study, the cutoff points for three
categories (ie, mild, moderate, and severe) are set at >49 and
>66 when the total score is 110 using k-mean clustering, which
are different from those set at <30 and <60 in the summed score
[4] on the assumption of an equal sample size across the levels
(ie, mild, moderate, and severe).

However, no matter which cutoff point scheme is applied (eg,
Figure 4), misclassifications must exist due to their Type I (α)
and II (1-β) errors [23]. In contrast, the CNN model can
minimize Type I and II errors and improve the prediction
accuracy (up to 7.14 %) [12], which is one of the features of
this study.

What it Implies and What Should be Changed
Not all questions were answered in CAT. Different from those
using the mean value [9] over the entire dataset to fill the
missing values, we applied the expected value in the model for
each unanswered response to fill the missing data, as done in
previous studies [24,25]. By doing so, the expected responses
and the CNN parameters can thus be applied to classify the
groups of individual bullying levels. So far, we have not seen
anyone using the CNN approach to predict nurse bullying levels

in the literature, which is a breakthrough, and the second feature
of this study.

Over 708 articles were found using the keyword “convolutional
neural network” (Title) when searching in PubMed Central as
of September 23, 2019. None of the studies found used Excel
(Microsoft Corp, Redmond, Washington, United States) to
perform the CNN. The interpretations of the CNN concept and
the process, and the parameter estimations, are shown in Figure
1 and Multimedia Appendices 2-4, which is the third feature of
this study.

Furthermore, at the end of 2019, 200 papers were collected from
the US National Library of Medicine National Institutes of
Health when searching the keywords “computer adaptive
testing.” None that were published used an online assessment
with CNN suited for smartphones, and thus were not applicable
for this study. We believe that more papers in the future will be
published on the usefulness of online CAT with CNN, because
all forms of web-based technology are rapidly increasing [13],
so a need for classification assessment in clinical settings will
also increase.

Strengths of This Study
It is easy to set up an online CAT assessment form if the
designer uploads relevant audio and visual files to the
corresponding questions in the database. We applied the CNN
algorithm along with the model’s parameters to design the
routine on an app that is used to detect individual bullying levels
for nurses in hospitals (see Figure 5), which is the fifth feature
of this study. We have not seen any such NAQ-R [2,4-7] CAT
combined with CNN implemented on mobile phones before.

As with all forms of web-based technology, advances in
mHealth and health communication technology are rapidly
emerging [13]. Mobile online CAT assessment is promising
and worth considering in many fields of health assessment. An
online CAT assessment, such as the one we developed, can be
used to inform examinees quickly about when and whether they
should take actions or follow-up with a psychiatrist, and how
to improve their behaviors and attitudes given that their lifestyle
is not changed. Mobile online CAT assessment is promising,
and is worth using it to promote nurses’ health literacy. It is
recommended that interested readers scan the QR codes on
Figure 5, one for the app and another for the MP4, and see: (1)
the details about responding to questions; or (2) the real
experience of answering the 22-item NAQ-R CAT with the
CNN algorithm for a website assessment.

Limitations and Future Studies
Our study has some limitations. First, although the psychometric
properties of the 22-item NAQ-R have been validated for
measuring workplace bullying [2,4-7], there is no evidence to
support that the 22-item NAQ-R is suitable for use on CAT
assessment. We recommend additional studies using their own
k-mean algorithm and CNN model to estimate the parameters
and see whether a difference exists. Second, although the three
classes were determined by k-mean clustering with the CNN
algorithm, which can increase accuracy rates (see Tables 2 and
3), we cannot guarantee that this CNN is the only thing
improving classification accuracy. Future studies are encouraged
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to look for other types of prediction methods that can also
improve the power of the model prediction, such as Logistic
regression, Naïve Bayes, Decision trees, Random Forests, and
Gradient tree boosting [26-35]. They could also use other
artificial neural networks, such as a Feedforward Neural
Network, a Radial Basis Function Neural Network, a Multilayer
Perceptron, a Recurrent Neural Network, a Modular Neural
Network, or a Sequence-To-Sequence Model [36]. Third, the
study was based on publications [2,4] that used the 22-item
NAQ-R CAT module. All the model parameters (ie, item
difficulties and step-threshold difficulties) were derived from
those studies. If any environment or condition is changed (eg,
for other professionals or workplaces), the result (eg, the model’s
parameters) will be different from the current study and worth
verifying in the future. Fourth, the NAQ-R is a one-dimensional
construct. The item difficulties used to estimate the person
measure were calibrated by using the Rasch Winsteps software
(Winsteps.com, Chicago, United States). A person’s ability (θ)
should be further estimated by the computer adaptive testing
method [2,4]. Similarly, a person's ability (θ) should be known
when the respondent completes the NAQ-R CAT on an app.
Otherwise, the remaining items that were not answered in the
CAT could not be computed for the website assessment that is
used to obtain the expected responses and classify the bullying
levels using the CNN algorithm. Future studies should be

cautious about this matter. Fifth, the way to access the app via
scanning the QR code in Figure 5. the professionally practical
app should be further developed for android and IOS in the
future. Finally, the study sample was taken from a nurse survey.
The model parameters estimated for the NAQ-R are suitable
for professionals and the workplace, but generalizing these
workplace bullying assessment findings (eg, the cutoff points;
see Figure 4) might be somewhat limited because the sample
consisted only of nurses working at hospitals. Additional studies
are needed to reexamine whether the psychometric properties
of the workplace bullying assessment are like those of other
worksites in/out of a hospital.

Conclusion
The contributions in this study include: (1) overcoming the
problem of missing responses that affects CNN computation
and limits CAT development combined with the CNN; (2)
introducing CNN availability in Microsoft Excel; (3)
demonstrating an app that incorporates Rasch CAT with
numerous parameters in CNN. The 22-item NAQ-R CAT is
recommended for combining the parameters estimated in CNN
to improve the accuracy of determining individual bullying
levels. An app developed for helping nurses’ self-assess
workplace bullying is at an early stage but is required for
application in the future.
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Abstract

Background: Female sex workers (FSWs) have high rates of both unintended pregnancy and HIV, but few health promotion
interventions address their contraceptive needs or other sexual and reproductive health and rights (SRHR) concerns. A broader
approach integrates contraceptive promotion with HIV and sexually transmitted infection (STI) prevention and management,
alcohol awareness, gender-based violence and rights, and health care utilization. The Women’s Health Intervention using SMS
for Preventing Pregnancy (WHISPER) mobile phone intervention uses a participatory development approach and behavior change
theory to address these high-priority concerns of FSWs in Mombasa, Kenya.

Objective: This paper aimed to (1) describe the process of development of the WHISPER intervention, its theoretical framework,
key content domains and strategies and (2) explore workshop participants’ responses to the proposed intervention, particularly
with regard to message content, behavior change constructs, and feasibility and acceptability.

Methods: The research team worked closely with FSWs in two phases of intervention development. First, we drafted content
for three different types of messages based on a review of the literature and behavior change theories. Second, we piloted the
intervention by conducting six workshops with 42 FSWs to test and refine message content and 12 interviews to assess the
technical performance of the intervention. Workshop data were thematically analyzed using a mixed deductive and inductive
approach.
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Results: The intervention framework specified six SRHR domains that were viewed as highly relevant by FSWs. Reactions to
intervention content revealed that social cognitive strategies to improve knowledge, outcome expectations, skills, and self-efficacy
resonated well with workshop participants. Participants found the content empowering, and most said they would share the
messages with others. The refined intervention was a 12-month SMS program consisting of informational and motivational
messages, role model stories portraying behavior change among FSWs, and on-demand contraceptive information.

Conclusions: Our results highlight the need for health promotion interventions that incorporate broader components of SRHR,
not only HIV prevention. Using a theory-based, participatory approach, we developed a digital health intervention that reflects
the complex reality of FSWs’ lives and provides a feasible, acceptable approach for addressing SRHR concerns and needs. FSWs
may benefit from health promotion interventions that provide relevant, actionable, and engaging content to support behavior
change.

(JMIR Mhealth Uhealth 2020;8(5):e15096)   doi:10.2196/15096

KEYWORDS

sex work; mobile health (mHealth); unintended pregnancy; qualitative research

Introduction

HIV prevention programs for female sex workers (FSWs)
utilizing peer educators, drop-in-centers, and mobile outreach
have been implemented in sub-Saharan Africa [1,2] and have
shown promise in improving condom use, HIV and sexually
transmitted infection (STI) prevalence, and HIV testing [3-5].
However, the broader sexual and reproductive health and rights
(SRHR) needs of this population have been largely neglected
by a narrow focus on HIV [6], potentially limiting the
effectiveness of prevention programs [7] and prompting calls
for greater integration of family planning, community
empowerment, gender-based violence, and antenatal care
services into existing programs [1,8-12].

Pregnancy prevention is a particular area of need for FSWs,
with high rates of unintended pregnancy and low uptake of
highly effective contraception and dual method use among those
wanting to avoid pregnancy [13,14]. Research with FSWs in
Mombasa, a port city and transport hub on Kenya’s East Coast
with a large FSW population [15], documented that over 1 year,
24% had an unintended pregnancy and only 57% were using a
modern contraceptive method [16].

Limited knowledge of long-acting reversible contraceptives
(LARCs), fear of side effects, and social and gender norms that
limit the use of family planning are common among FSWs in
this setting [11,16-19] and women in sub-Saharan Africa more
generally [20,21]. This indicates a critical need for messaging
that addresses family planning knowledge, attitudes, and
behaviors in the context of sex work. Mobile phones offer a
promising medium for such communication, as they are
increasingly used to arrange sex work encounters and solicit
clients [22], can reach marginalized populations with low
engagement in formal services, and mobile coverage is high in
most countries (eg, 96% in Kenya) [23].

Mobile phones have been used to deliver health promotion in
a variety of contexts, and this approach has been effective in
improving knowledge, use, and continuation of contraception
[24], as well as impacting preventive behaviors for other health
domains [25]. Mobile health (mHealth) interventions have not
been implemented with FSWs, but they have been evaluated
with young people and postpartum women in sub-Saharan

Africa, and have successfully impacted contraceptive outcomes
in these contexts [26-28].

We developed a mobile phone intervention for FSWs in
Mombasa to promote contraceptive use—particularly
LARCs—and other behaviors related to SRHR. This
intervention, called the Women’s Health Intervention using
SMS for Preventing Pregnancy (WHISPER), is being tested in
a cluster-randomized controlled trial (RCT) to assess its impact
on unintended pregnancy [29].

The intervention was developed using a participatory design
approach. FSWs in Mombasa were involved in the initial
conception of the intervention and in formal workshopping and
testing. Participation by the target community in intervention
design [30] and the development of health programs [31] may
lead to greater health impacts. However, participatory design
methods for mHealth interventions with minority populations
such as FSWs are rarely explicitly described [32].

In this paper, we aim to (1) describe the development of the
WHISPER intervention and present its theoretical framework,
key content domains, and strategies, and (2) explore workshop
participants’ responses to the proposed intervention, particularly
with regard to message content and behavior change constructs.
Finally, we present the schedule and approach for intervention
implementation and delivery.

Methods

Summary
Methods for the development of WHISPER have been described
by Ampt et al [29] and generally follow the steps outlined by
L’Engle et al [33]. The intervention was developed in two
phases: first, to design the intervention framework and draft
content; and second, to pilot the intervention with FSWs, refine
the messages based on the results, and finalize the intervention
structure and content.

Phase 1: Developing the Framework and Draft Content
The framework for intervention content, and the drafting of
initial messages, was informed by the following: review of the
literature on motivators and barriers to FSWs’ adoption of
healthy SRHR behaviors; consideration of health promotion
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theory, specifically transtheoretical [34] and social cognitive
[35] theories; and consultation with FSWs who formed part of
the research team. These women were experienced peer
educators at the International Center for Reproductive Health’s
drop-in centers and came from the targeted FSW communities.
We incorporated messaging from existing mHealth repositories
and previous programs developed by the investigators [36-38]
and aligned the content with relevant Kenyan and global
guidelines for family planning [39,40] tailored to the specific
needs of sex workers including their high risk of STIs and HIV
[41]. We drafted and tested the messages in English rather than
Kiswahili following advice from the Kenyan research team and
peer educators.

Intervention Framework
A review of the literature and behavior change theory
highlighted key content domains and corresponding behavioral

factors that impact the risk of unintended pregnancy, STIs, and
HIV.

These domains and factors were confirmed as important and
relevant to FSWs during consultations with peer educators and
were incorporated into a logic model (Figure 1) that guided
content development. The peer educators agreed that pregnancy
prevention was a high priority and also identified conflicting
attitudes to family planning in the community, due to fear of
side effects and myths about the effects of some methods,
particularly intrauterine devices (IUDs). The use of condoms
for STI and HIV prevention was recognized as important, but
a number of barriers to correct and consistent use were
identified. Violence from clients and other partners, as well as
heavy alcohol use, were also highlighted.

Figure 1. The Women’s Health Intervention using SMS for Preventing Pregnancy program logic.

Intervention Strategies
The intervention was designed to incorporate specific cognitive
strategies from behavior change communication theory [42,43]
and appeal to women at different stages of change [34] (Table
1). Three different types of messages were used: discrete
messages of less than 160 characters pushed to participants’
phones on a predetermined schedule; role model stories,
consisting of narratives about FSWs negotiating SRH risks, sent
to participants’ phones over several messages (episodes); and
on-demand (pull) messages that participants could access at any
time by replying to messages with specific codes.

Push Messages
These messages provided specific information in less than 160
characters (1 standard SMS) and used strategies to motivate
and educate participants. In the precontemplative stage, more
of the messages aimed at the women were developed to be sent
early in the intervention, with greater emphasis on action and
maintenance later on. However, there was a mixture throughout,
given the anticipated diversity of stages of change of
participants. The sequencing of role model stories also reflected
this approach. Push messages were delivered on alternating
months to role model stories. Examples of push messages and
their associated behavior change strategies are provided in Table
1.
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Table 1. Example messages and a role model story episode mapped to behavior change theory and strategies.

Cognitive strategiesStage of change and definitionExample messageaIntervention domain

Stand-alone push messages

Increase awareness of risk; set
positive outcome expectations;
attract attention, brand recogni-
tion (social marketing strategy);
frame subsequent messages

Precontemplation: not yet thinking
about changing behavior

We have something important to tell you. Family
planning lets you have sex without getting
pregnant. That’s what WHISPER is all about.

Contraception

Improve knowledge; use a
friendly and personal tone to
provide positive encouragement
and social support; use humor to
highlight desired behavior

PrecontemplationHusband or boronga (type of client)? (No matter
who they are, they should be wearing a condom
if they want to be with you). Hugs and kisses
from WHISPER.

Dual protection

Improve knowledge; challenge
outcome expectations (related to
fears of side effects); address
specific concerns; provide an al-
ternative strategy

Contemplation and preparation:
thinking about making changes in
behavior

Most women who use family planning continue
to have a normal sex drive. If you find one
method leaves you without a sexual appetite,
there are many other options.

Contraception

Set positive outcome expecta-
tions; motivate; provide specific
action strategy

Contemplation and preparationDid you know you can take a rapid test for HIV?
You get the result straight away, so you don’t
have to come back later! Reply 100 for services
that do testing.

HIV and STIs

Change social norms and model
empowerment; provide social
support; build self-efficacy for
getting help; encourage help-
seeking behavior

Contemplation and preparationViolence against women is not ok, and it’s not
your fault. If you experience violence, remember
you are not alone and can get help. Hugs,
WHISPER.

Gender-based violence,
stigma, and rights

Build skills and self-efficacy by
breaking down behavior into
components; develop action
plans; encourage goal setting

Preparation and action: preparing
to act or taking actions to change
behavior

You can reduce your drinking: ask for beer bot-
tles filled with water, add water to mixed drinks,
secretly dump some out, drink soda, drink slow.
WHISPER.

Alcohol and drug use

Improve self-efficacy by over-
coming setbacks; build skills to
prevent or address relapse; pro-
vide alternative strategies

Action and maintenance: taking
actions to change behavior, for 6
months or more (maintenance)

If you have a bad experience with a health care
provider, don’t give up—ask your peer educator
for clinic recommendations. Kisses and hugs.

Service information and
access

Role model story (episode 1)

Personalize, set scene; model
self-efficacy and empowerment
(leaving a violent relationship);
present negative outcome expec-
tations (risks of current behavior)

The character moving from precon-
templation to contemplation in this
episode.

Karibu tujienjoy [Welcome, let's have fun]! I’m
Ciku from WHISPER. I’m new to town: I left
my village because my husband drank a lot and
was violent. I might be young, but I know I de-
serve better. I have some mpenzi [lovers] who
help me out but I’ve had a couple of scares at
the clinic, if you know what I mean. I need a
better way to prevent pregnancy!

Contraception

aExample messages contain final content, including any modifications made during phase 2.

Role Model Stories
Role modeling healthy behaviors through stories about relatable
peers constitute a recognized social-cognitive strategy for
behavior change [42] but have rarely been used in mHealth.
The WHISPER role model stories were intended to be delivered
as multiple episodes, describing FSWs who overcome barriers
to contraceptive use by modeling healthy social norms and

behaviors. To develop the stories, peer educators workshopped
common and engaging scenarios that highlighted FSWs’ risk
of pregnancy (Table 2). The research team used these as the
basis for developing and testing six stories, each promoting the
use of LARCs integrated with other relevant themes. Peer
educators also provided ideas about character names, language,
and narrative, which were incorporated into the stories to ensure
their relevance to the FSW community.
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Table 2. Role model stories developed from peer educator consultation.

Other content in the storyKey LARCb

method in story

CharacterScenarios from FSWa peer educators

Intimate partner violence, inconsistent protection,
pregnancy, and STI scares

ImplantCikuMoving to the city to escape a violent husband and starting
in sex work

Part-time sex work, STI transmission from boyfriend,
condom negotiation with boyfriend, contraceptive
pill

ImplantSandraMain partner (husband or boyfriend) resisting the use of
condoms and other contraception

Sexual risk-taking while intoxicated, strategies for
reducing drinking.

IUDcLynettePressure to drink alcohol before sex with a client, and re-
sulting adverse consequences

Unintended pregnancy and fetal loss, rumors about
different contraceptive methods

IUDOliviaExperiencing unintended pregnancy, concern about side
effects preventing the use of contraception

Summary of different contraceptive methods from
friends and peer educator

IUDMimiBeing arrested and unable to access emergency contracep-
tion

Dual method use with clients, STI mythsImplantJoslynDifficulty negotiating condom use with a client, and making

assumptions about his STId or HIV status

aFSW: female sex worker.
bLARC: long-acting reversible contraceptive.
cIUD: intrauterine device.
dSTI: sexually transmitted infection.

On-Demand Messages
Previous research has indicated that messages about reproductive
health that are accessible at any time via an on-demand menu
are appealing and motivational to women in East Africa [33,37].
Furthermore, interventions that are bidirectional (involving both
push and pull components) may have a greater impact than
unidirectional messaging [26,44]. The WHISPER on-demand

menu was designed to be accessed by participants sending a
code via SMS at any time. They could then obtain more
information about contraceptive methods and available health
services in their area. On-demand messages, along with the
linking and functionality of the code menu, were tested during
interviews. Example on-demand messages relating to
contraceptive implants are provided in Table 3.

Table 3. Example message providing a link to on-demand content, SMS codes, and corresponding on-demand messages.

Corresponding on-demand messageaPush message linking to on-

demand menua and code to
trigger message (sent via
SMS)

WHISPER Alert: Mimi found out that the implant protects you from pregnancy for 3 to 5 years! Want to know more about the implant?
Reply 11 to this text

Implants are small rods placed under the skin of a woman’s arm. Highly effective for 3 to 5 years. It can be removed
anytime. For married and singles. May cause light irregular bleeding. When removed, you can become pregnant with
no delay. No infertility or birth defects. WHISPER main menu, reply 00. For more information, reply 12.

11

Implants: Benefits 13, Side effects 14, Bleeding side effects 15, True facts 16, Insertion/Removal 17, WHISPER main
menu 00.

12

Implant bleeding side effects: Monthly bleeding may be lighter and irregular during the first year, then lighter, more
regular, and infrequent. Monthly bleeding may stop for some women. If bleeding stops it is not harmful—blood does
not build up inside the womb.

15

aExample messages contain final content, including any modifications made during phase 2.

Phase 2: Testing and Refining Messages
The second phase involved testing and refining draft messages
based on detailed feedback from FSWs in 6 workshops and 12
interviews. A semistructured workshop guide covered responses
to specific messages, overall feedback on the program, and
preferences for program structure, timing, delivery, and
vernacular. A female researcher who had experience working
with FSWs was employed to moderate the workshops rather
than an FSW peer educator because this provided more

anonymity and privacy to participants. Also, experienced
facilitating groups was considered necessary to cover content
efficiently but in a sensitive way. A note-taker was also present.

Workshop participants were recruited through purposive
sampling of sex work venues (hotspots) by FSW peer educators.
Peer educators with connections to different hotspots across
two subcounties of Mombasa (Kisauni and Changamwe) were
selected to be recruiters. Recruiters sought participants with a
range of ages and education levels. To be eligible for the
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workshops, women had to be at least 16 years old, have received
money or goods in exchange for sex in the previous 6 months,
self-report that they were not currently pregnant or planning a
pregnancy in the next year, and own and use a mobile phone.
These criteria were consistent with those in the subsequent RCT
[29].

We modified the intervention based on the results of the
workshops and tested it in 12 one-on-one interviews with
participants who met the same eligibility criteria. Interviews
tested the technical performance of the SMS system, reactions
to the use of on-demand (pull) messages, and interpretation of
specific messages where there was uncertainty about meaning.

Workshops and interviews were audio-recorded, and detailed
notes taken during the sessions were augmented with data from
the recordings and translated into English, where necessary, by
research assistants. A mixed deductive and inductive thematic
approach to analysis was adopted [45]. A list of predetermined
codes was used to obtain specific information about message
delivery, wording, and preferred content domains. Other codes
emerged from the data and were analyzed thematically,
particularly in relation to how FSWs responded to the content
of different messages and related this to their own experiences,
and how behavior change strategies employed by the messages
resonated with participants. We analyzed the data using NVivo
11 (QSR International Pty Ltd).

Participants of both workshops and interviews provided written
consent before proceeding. They were provided with
refreshments and given 500 Kenyan shillings (approximately
US $5) to reimburse them for their time and travel costs. The
study was approved by the Monash University Human Research
Ethics Committee (Australia) and the University of Nairobi and
Kenyatta Hospital Ethics Committee (Kenya).

Following data analysis, we refined the intervention further by
making recommended wording changes, emphasizing certain
content, finalizing the structure (order, timing, and frequency
of messages), and resolving technical implementation issues.

Results

Workshop Participant Characteristics
We held 6 workshops, each with 7 FSWs, in November 2015
to test the draft messages and refine the intervention. Workshops
A and E were held solely with women who had experienced
unintended pregnancy to allow open discussion of this issue.
Most participants were in their mid-20s (median age 24 years,
IQR 20-30) with some secondary education (secondary: 20/42,
48%; primary 15/42, 36%; tertiary: 7/42, 17%) and at least 1
child (34/42, 81%). They worked from a range of hotspots, with
half working from bars or nightclubs. Just over half of
participants owned a smartphone (the remainder had feature or
basic mobile phones), and almost all used SMS at least daily.
It was common for participants to share text messages (35/42,
83%), mostly with friends, and some also with family,
boyfriends, and clients.

Responses to Message Content

Importance of Topics and Relevance
Participants felt that the topics covered were high priorities for
FSWs and would be useful to their community. They confirmed
that unintended pregnancy was an important issue that caused
fear and stress, and relayed personal experiences of getting
pregnant unintentionally. They particularly liked messages that
gave general pregnancy prevention advice and information about
IUDs.

Many sex workers fear getting pregnant [more] than
HIV. [Age 19, Kisauni, workshop F]

Message 2 is important…as female sex workers we
must use family planning because we have many
clients and we need to protect ourselves from
becoming pregnant. [Age 20, Kisauni, workshop E]

There was a strong positive response to messages on rights,
violence, and alcohol use, particularly when violence hotlines
were provided, and practical tips were given to reduce
alcohol-related harms:

Many sex workers do not know their rights so by
sharing with them [these] messages they will be
informed. [Age 24, Changamwe, workshop D]

Messages were considered highly relevant and spoke to
participants’ real experiences, particularly the role model stories,
with which participants strongly identified.

This information talks about what sex workers go
through. [Age 19, Changamwe, workshop F]

Many women volunteered personal stories that echoed message
content. Common scenarios were pregnancy scares, difficulty
negotiating condom use, experiences of violence, and
contraceptive side effects. Role model stories in which the
character gets drunk and then needs to use emergency
contraception, and in which a woman overcomes contraceptive
myths to use an IUD prompted the most discussion and personal
anecdotes.

It is realistic. I had the experience when the condom
busted and I was unable to access e-pills on time,
therefore I conceived a baby and I had no option of
aborting, therefore I carried pregnancy to term. [Age
35, Kisauni, workshop E]

This thing happens to sex workers and it has
happened to me, too. [Referring to unprotected sex
while drunk; age 36, Kisauni, workshop C]

Appeal and Tone
Most women found the messages interesting and appealing, and
several commented that the messages stimulated an interest in
them to find out more. The majority in all groups agreed that
they felt inspired by the role model stories.

It is inspirational especially when Sandra [character
in a story] visits a health center for screening and
also consults friends on STI prevention. [Age 40,
Changamwe, workshop B]
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I am inspired. It shows us different family planning
methods for example depo, IUD. [Age unknown,
Kisauni, workshop E]

Positive tone also contributed to the appeal. When specifically
asked about tone, the most common responses were that the
messages were friendly (mentioned 21 times), educational (16),
and polite (9). Six women also commented spontaneously that
the messages were caring:

They are friendly because they let you know that there
is someone who cares for you. [Age 44, Changamwe,
workshop B]

It is friendly. The message is like peers talking to me.
It is not official. [Age 35, Kisauni, workshop E]

Participants were asked if FSWs would trust the information
provided. Most agreed they would, because the messages were
caring and relevant to sex workers, and their community had
been involved in developing them.

They will trust [the information] because somebody
is caring for them. [Age 22, Changamwe, workshop
F]

This information is good and they will accept it and
also [because] we have been involved. [Age 24,
Changamwe, workshop B]

Responses to Behavior Change Strategies
Behavior change strategies adopted from social cognitive theory
that were used to develop messages resonated with women.
Strategies that were most strongly echoed in their responses
were the provision of knowledge, change in outcome
expectations, self-efficacy and skill development, and
empowerment.

Knowledge Gain
A large number of participants reflected that the messages taught
them new and useful information. This was the response to both
the program overall and specific topics, particularly messages
on contraceptive options and side effects, IUDs, condoms, HIV,
and alcohol. Participants from workshop A, who were less
educated than other groups, were particularly keen to learn
more.

I would like to learn more so I would enroll [in the
program]. [Age 23, Changamwe, workshop A]

Friends would want to know more…Yes I will be
taught then share the information, especially among
sex workers on unwanted pregnancies. [Age 22,
Kisauni, workshop D]

Specific knowledge gaps were identified as negatively affecting
individual participants and their community. Knowledge gaps
in HIV transmission were mentioned 4 times, condom usage
techniques 3 times, side effects of family planning twice,
appropriateness of using IUD with multiple partners twice,
menstrual cycles twice, and alcohol and rights once each.

Women frequently mentioned how messages challenged
prevalent myths about contraception, particularly about side
effects and appropriate use of IUDs:

I did not know that one can use a coil [IUD] and still
have many partners. [Age 23, Changamwe, workshop
A]

I can relate to this episode because I knew with
sperms my sitting allowance [buttocks] would
increase and my side mirror [hips] would expand,
but that was a myth. I have learnt. [Referring to myth
that sperm in the vagina is beneficial; age 19, Kisauni,
workshop F]

However, some described incorrect ideas that they or their peers
still held about contraception:

The coil is not good for sex workers because of the
nature of work. We have different men of different
[penis] sizes. [Age 38, Kisauni, workshop E]

Only 2 participants stated that they did not learn anything new,
indicating that the level of information was generally well
targeted to participants’ background knowledge.

Outcome Expectations
Outcome expectations refers to the beliefs one holds about the
outcomes that will result from a specific behavior [42]. Many
messages triggered participants to think about the outcomes of
their behaviors, both positive and negative, particularly in
relation to family planning. They were also prompted to think
about the outcomes of heavy alcohol use, STI prevention, and
service utilization. Examples of the outcomes they reflected on
are presented in Table 4.
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Table 4. Outcome expectations raised by workshop participants and corresponding quotes.

Example quotesOutcome expectations

An outcome of using family planning is
not getting pregnant and hence avoiding
related stress

• “If I am with a client and I am on family planning, I will not fear issues of pregnancy.” (Age 24,
Changamwe, workshop B)

• “When she [character in a role model story] uses coil, she is free and does not have fear of getting
pregnant.” (Age 23, Kisauni, workshop D)

Some contraceptive methods cause neg-
ative outcomes in the form of side effects
but these are less severe than many per-
ceive and can be addressed

• “These contraceptives have different effects: they lie to the body that you are pregnant [due to amen-
orrhea], but if you know the effects there is need not to worry.” (Age 20, Kisauni, workshop D)

• “It has inspired me, because I can use a coil and when I want a baby I can return to fertility and con-
ceive.” (Age 19, Kisauni, workshop E)

Getting drunk results in increased risk
and bad business

• “If I get drunk when I go to the hotspot I will not be able to negotiate well with the client and I might
be violated. I will not be able to get what I wanted.” (Age 19, Changamwe, workshop F)

• “When I am sober I will take care of myself from drama and keep myself safe, as sometimes men take
advantage if one is drunk; he may refuse to pay you, steal your money and phone, or even not use a
condom.” (Age 36, Kisauni, workshop C)

If one accesses a service, they can expect
to be provided with good quality care

• “When I go the clinic I can get help for an implant or STI treatment.” (Age 20, Changamwe, workshop
A)

• “I have learnt that a health worker can listen to a sex worker and give advice.” (Age 24, Changamwe,
workshop D)

Role model stories appeared particularly well suited to
supporting changes in outcome expectations and triggered
responses in which women reflected on the behaviors of the
characters, and the outcomes of their own behaviors and those
of peers:

Yes; Lynette [character in story] was drunk and did
not have a family planning method, if she had coil
the situation could have been avoided. [Age 30,
Kisauni, workshop C]

My friend had a fear of using a coil, but when she
went to hospital she was given advice and more
information and she ended up using it, and it is not
disturbing her. [Age 30, Kisauni, workshop E]

Self-Efficacy, Skills, and Action
Participants’comments indicated a belief that they or their peers
are capable of adopting certain behaviors, demonstrating
self-efficacy for healthy behavior. They also reflected that some
of the messages improved their skills and confidence to adopt
new behaviors. Messages that provided specific skills and
techniques to lower drinking risk, and specific tips on condom
use, were particularly well-received:

I can talk to the waiter and exchange beer with water.
[Age 26, Kisauni, workshop C]

Violence and rights messages prompted statements reflecting
increased self-efficacy for recognizing rights, seeking help, and
negotiating with clients:

I know now I am the boss and I can negotiate for
payment with clients. [Age 22, Kisauni, workshop F]

These messages will teach them their rights, and how
they can negotiate and report cases if violated. [Age
18, Kisauni, workshop F]

Messages on what to expect from service providers also
prompted a response that suggested women felt capable of
accessing services:

It is true—the job of the health care is to give services,
and I can find a clinic where I am comfortable. [Age
26, Kisauni, workshop C]

Participants liked messages that suggested specific actions or
plans, and they were triggered to think about what they should
do in different situations and how they could make the best use
of the messages:

I will put a reminder on the message that I have
received, for example when I am at the hotspot. [Age
19, Kisauni, workshop F]

If one contraceptive is not good for you, change to
another one. [Age 22, Kisauni, workshop D]

When I go out I should have a friend or talk to the
receptionist at the hotspot to check on my security,
and not go with the money in the room. [Age 30,
Kisauni, workshop C]

Empowerment
Empowerment refers to a process in which individuals and
communities gain control over their lives and the issues that
most affect them, and includes the development of
self-confidence and self-reliance [46-48]. The responses of
women indicate that they found the messages empowering to
both themselves and their community, particularly messages
about violence and rights:

It is about me, myself and I. I deserve to be happy
and know my rights. Yes I like this message [about
rights of sex workers]. [Age 24, Changamwe,
workshop D]

We should visit people who can listen to our voice or
our complaints, and health workers should not
stigmatize us when we go for services. [Age 23,
Kisauni, workshop D]

There was a sense that the messages prompted improved morale
and inspired them to take action. A number of women
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specifically mentioned the importance of being in control,
particularly in response to role model stories. Stories about the
use of LARCs also prompted a sense of being free from the fear
of getting pregnant:

They give me morale to use condoms. [Age 31,
Changamwe, workshop A]

Dual methods remove fear. I have total control when
I have the implant and use condoms. [Age 23,
Changamwe, workshop A]

Participants were overwhelmingly in favor of sharing the
messages with other sex workers and friends, and to a lesser
extent, with family members, boyfriends, clients, and health
workers. Almost all said they would share messages when asked
directly, and many said that they would do so without
prompting, consistent with the existing practice of frequent
sharing. The desire to share influenced their preferences for
message delivery. Participants in workshop E preferred SMS
because it is an easy format to share. Those in workshops A
and B wanted to receive the messages before starting work, to
allow time to discuss them with others at the hotspot. Many
indicated that it was important for both sex workers and the
broader community to have access to this information, and that,
as holders of the messages, they would be empowered to provide
it. There was a real enthusiasm expressed for teaching others:

My friends do not have this information, therefore I
will reach out to them and share with them. [Age 31,
Changamwe, workshop A]

I will share with 15 and 16 year age groups, because
they do not know about family planning and they are
already engaging in sex. [Age 20, Kisauni, workshop
E]

I will share with my clients so that they can reach
their spouses. [Age 33, Kisauni, workshop E]

By teaching others these messages they will help me
to remember. [Age 16, Changamwe, workshop F]

Risks of the Program
One workshop participant thought that she could contact
WHISPER to receive emergency assistance (“If am assaulted
I can send message or call to get help”; age 40, Kisauni,
workshop C). As WHISPER is an automated system, such
requests cannot be followed up, and it was concerning that the
women may have thought they could depend on the program
in this way. This was addressed in subsequent changes to the
program (described below).

Breach of privacy was also raised as a potential risk. Participants
in 3 workshops discussed the risk that someone else would see
the messages and would assume that they were sex workers
and/or HIV positive. Some were afraid that this could cause
conflict with their boyfriends.

It will bring conflict between me and my boyfriend
who might be nosy especially on information on STIs.
[Age 24, Changamwe, workshop B]

It depends on the person and the relationship you
have with them. For example, if a parent sees
information about a condom he or she will react, but

you can explain. If a client or a boyfriend sees
information on HIV he will panic. [Age 19, Kisauni,
workshop F]

However, not all agreed, and there was a discussion about how
the messages might be good for other people, including their
boyfriends, illustrated in this interaction:

Even the boyfriends want to plan a family, so they
cannot deter us from using this service. [Age 35,
Changamwe, workshop B]

These messages will be good for both parties—man
and woman. [Age 40, Changamwe, workshop B]

Others felt that the messages would be socially acceptable. For
example, workshop A participants thought friends and health
care workers would be impressed that they were careful with
their lives:

My boyfriend, family or friend will say I am informed.
[Age 23, Changamwe, workshop A]

Another risk is that the program would not overcome barriers
to healthy behaviors in sex work. Responses illustrated how
some barriers cannot be overcome by an individually targeted
intervention alone. For example, a role model story about a
client offering to pay extra for no condom prompted discussion
in workshop F about the need to balance conflicting outcome
expectations of different courses of action. This reflected sex
workers’need to continually assess risk, and the fact that money
and immediate safety are often higher priorities than pregnancy
and STI prevention.

The client of Joslyn [character in the story] in this
case was polite, because he said he will call next
week, but most clients will become abusive if you
refuse to not use condoms. [Age 19, Changamwe,
workshop F]

The issue is money. That is why female sex workers
risk going without a condom—so that she might get
a client. [Age 19, Kisauni, workshop F]

I had a friend who had the same issue. She judged
the guy with looks because the guy had money. She
did not negotiate for condom before. The money was
huge. The lady refused because this guy insisted no
condom. [Age 22, Kisauni, workshop F]

Response to On-Demand Messages
Interview participants were sent messages with a link to the
on-demand system. In all, 7 of 12 participants found it very easy
to access messages on demand. Others had minor difficulties,
and 2 had genuine difficulty and had to be directed by the
interviewer. These women had lower education than other
participants.

Many women liked having the option to retrieve more
information and the interactive aspect of the system. They talked
about the ease of getting detailed information on their phones
rather than having to seek it out from health professionals, and
the ability to refer back to such messages later. A number of
women did not feel the initial message on a topic contained new
information, but obtaining more detail allowed them to gain a
greater understanding.
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It has motivated me since I can get instant replies and
can be helped instantly. [Age 26, Changamwe]

It is like revision [on] family planning when I am
reading I am being enlightened more and
remembering, it is easy. [Age 33, Changamwe]

Messages about health services were considered very useful to
participants and their peers as they provided information that
was not easy to obtain and saved the time and resources needed
to find appropriate services. The emergency message (developed
in response to workshop feedback—described below) was
particularly popular and seen as important.

When I need help, or having an emergency, they have
provided a number which I can call for free in case
of violence and has given me a whisper menu too. In
short they have not left me hanging from the situation
I may be experiencing. [Age 30, Kisauni]

There were some technical issues during interviews, including
delayed receipt of messages and (erroneous) warnings received
from network providers, which deterred some women from
continuing. Despite these challenges, most interview participants
were very engaged in the process of retrieving pull messages,
and those who had initial difficulty still enjoyed the process.
When asked directly, all agreed that they would like to continue
using the system.

Intervention Structure and Final Delivery

Intervention Delivery Preferences
Workshop participants had generally consistent preferences
regarding how the intervention should be delivered. The majority
were in favor of text rather than voice modality and preferred
push messages to retrieving content via a pull system. Most
women reported that their texting practices involved a mixture
of English and Swahili, and they favored English for health
messages, with some keywords or phrases in Swahili.
Participants wanted to receive messages several times a week
for at least 1 year and preferred to receive them in the late
morning on set days to align with their typical work schedules.

Refinement of the Intervention
A number of changes were made to the intervention content
and form based on findings. To minimize the risk of women
expecting emergency assistance from WHISPER, a message
was included on what to do in an emergency, specifically around
violence. An error message was also developed that was
triggered if they tried to send content other than the prespecified
codes. These were well received on testing in the interviews.

The other key concern identified was the risk of sex work status
being discovered by clients or boyfriends viewing the messages.
In response to this, we minimized overt references to sex work
and clients wherever possible.

Suggestions were adopted from participants regarding the use
of specific words and terms, in both Swahili and English. Terms
of endearment like mrembo (beautiful) and darling were
incorporated into the messages, and family planning was adopted
consistently as FSW’s preferred term for pregnancy prevention.

A number of strategies were adopted to address the technical
challenges encountered using the on-demand system. These
included testing the system with each participant during their
enrolment and incorporating introductory messages that
explained how to use the on-demand menu.

Final Intervention Schedule
The intervention components and delivery schedule were
finalized based on workshop and interview results. Over a
12-month intervention period, participants received SMS 2 to
3 times per week, alternating push messages with role model
stories every month. A total of 82 push messages were
developed for the intervention (see examples in Table 1). In
addition, 7 reminders for study visits and 19 alerts linking to
the pull system (Table 2) were sent to participants. Six role
model stories were sent, each with 4 or 5 episodes (Table 1).
Messages were scheduled for mornings on set days, in line with
participant preferences.

Discussion

We provide the first description of the development of a digital
health intervention for FSWs that uses a comprehensive SRHR
framework. The participatory approach enabled FSWs to
influence the range and content of topics included in the
intervention [49] and to enhance the relevance and salience of
messages, and the participants themselves confirmed that their
involvement improved the perceived trustworthiness of the
messages. The benefits of a co-design approach have been
observed in other mHealth studies [32]. Co-design is critical
for handling sensitive content matter that may be interpreted
differently by different communities [50].

Furthermore, health behavior change interventions are more
effective when they are based on social and behavioral science
theory, and the use of multiple theories may increase
intervention effectiveness [51,52]. WHISPER utilizes multiple
theories to guide the intervention framework and specify
intermediate behavior change outcomes [42,43]. Notably, the
adopted strategies from Bandura’s social cognitive theory [35]
were frequently highlighted by workshop participants,
confirming the applicability and utility of theory for guiding
intervention design.

The messages increased participants’ feelings of empowerment
[46-48] and social support [43]. There was a strong sense of
being part of a community; many women reflected on how
messages would help their friends, or how they could share the
knowledge they had gained, rather than focusing solely on how
it would help them as individuals. These findings suggest that
WHISPER may capitalize on and enhance community cohesion.
Social cohesion has been linked to safer sex behaviors [53] and
is important for the success of community empowerment
interventions, which may otherwise be undermined by mistrust
and competition among FSWs for scarce resources [7]. The
desire to share messages with peers and the broader community
suggests that social diffusion is also likely to contribute to the
effectiveness of the intervention [43].

Participants reinforced the importance of the selected SRHR
topics and confirmed that unintended pregnancy is a major
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concern for sex workers. The team was careful to ensure that
scenarios were not overly optimistic and appropriately
represented known barriers. Content addressing family planning
myths was stated in different ways and different formats (push
and pull messages and role model stories) to maximize the
potential that participants would engage with and learn from
the WHISPER content so that myths would no longer represent
barriers to participants.

In addition to family planning, alcohol use and gender-based
violence were viewed as important. Strategies for reducing
drinking provided in the text messages were adapted from
effective harm reduction interventions [54], and this practical
emphasis resonated strongly with participants. Experiences of
violence were frequently described and noted as a barrier to
adopting safer sexual practices. Although an individual health
promotion intervention cannot address the structural causes of
violence or change the behavior of perpetrators, participant
responses indicate that messages about violence improved
knowledge of rights, were empowering, and provided
much-needed advice about how to reduce risks and access
services.

The intervention was highly acceptable to both workshop and
interview participants. Women were interested and engaged in
both the content and the format of delivery, with role model
stories eliciting particularly enthusiastic discussion, and SMS
confirmed as the preferred technology. Workshop and interview
participants demonstrated familiarity and comfort using SMS,
and desire to learn more, suggesting that it is feasible for SRHR
messages to be sent regularly over a year to this population.
Testing during interviews confirmed the feasibility of the
on-demand system. Most participants could retrieve pull
messages with relative ease; however, women who are less
educated or have less experience with mobile phones may
experience difficulty using this system.

There were some technical issues, including a network warning
that could not be deactivated. Similar problems have been
identified by other implementers of mHealth programs [55,56],
highlighting the importance of real-time testing and the need
to consider how to overcome aspects of mobile platforms
designed for commercial rather than public health applications.

We have demonstrated that WHISPER is feasible to implement
and acceptable to the target audience; however, this may not
translate to sufficient participant engagement to produce better
health outcomes. Engagement with a digital health program

incorporates not only the subjective and cognitive responses
that are triggered (which are explored in this paper) but also the
extent of use [57] (eg, the number and frequency of messages
received), which will be measured during the trial. The
evaluation of engagement in digital health interventions has not
been well characterized and is an important area for further
research [57].

Our research revealed several risks to participation in a digital
health SRHR intervention. First, participants believed that they
could receive emergency assistance from WHISPER. It is
possible that the friendly and personal tone—while effective in
generating intervention engagement [58]—creates an expectation
that participants are interacting with real people rather than an
automated system. Revisions were made to minimize this risk.

Second, disclosure of sensitive messages could result in
increased conflict with boyfriends or clients, although it also
has the potential to improve communication with partners.
Disclosure risk has been explored during the development of
mHealth interventions for HIV [58-60], and an increase in
intimate partner violence was an unintended consequence of a
contraceptive mHealth program in Bangladesh [61]. However,
few studies report on the potential harms from women’s
participation in SRHR digital health programs, and this is an
important area for further research [61,62].

This study had some important limitations. We used purposive
sampling and cannot ensure that workshop participants were
representative of the larger FSW population. In addition, our
approach to data collection and analysis was highly directive,
and some messages were not tested because they were from
preexisting mHealth interventions [37]. This approach to data
collection yielded the specific information needed to develop
the intervention, but it was not designed to reach data saturation,
and it is possible that some critical feedback was not obtained.

This research provides a clear illustration of the many issues
that preoccupy FSWs in their day-to-day lives—beyond the
traditional biomedical focus on HIV risk and transmission. Our
results support the need for health promotion interventions that
utilize a participatory approach to intervention development
and are based on social and behavioral science to increase their
relevance and effectiveness. The resulting WHISPER digital
health intervention reflects the complex reality of FSWs’ daily
lives and provides a feasible, engaging, and confidential
approach for addressing their SRHR concerns and needs.
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Abstract

Background: It is undeniable that appropriate smartphone apps offer enormous opportunities for dealing with future challenges
in orthopedic surgery and public health, in general. However, it is still unclear how the apps currently available in the two major
app stores can be used in daily clinical routine by German orthopedic surgeons.

Objective: This study aimed to gain evidence regarding the quantity and quality of apps available in the two major app stores
and their suitability for use by orthopedic surgeons in Germany.

Methods: We conducted a systematic, keyword-based app store screening to obtain evidence concerning the quantity and quality
of commercially available apps. Apps that met the inclusion criteria were evaluated using the app synopsis–checklist for users
and the German Mobile App Rating Scale for secure use, trustworthiness, and quality.

Results: The investigation revealed serious shortcomings regarding legal and medical aspects. Furthermore, most apps turned
out to be useless and unsuitable for the clinical field of application (4242/4249, 99.84%). Finally, 7 trustworthy and high-quality
apps (7/4249, 0.16%) offering secure usage in the daily clinical routine of orthopedists were identified. These apps mainly focused
on education (5/7). None of them were CE (Conformité Européenne) certified. Moreover, there are no studies providing evidence
that these apps have any positive use whatsoever.

Conclusions: The data obtained in our study suggest that the number of trustworthy and high-quality apps on offer is extremely
low. Nowadays, finding appropriate apps in the fast-moving, complex, dynamic, and rudimentarily controlled app stores is most
challenging. Promising approaches, for example, systematic app store screenings, app-rating developments, reviews or app
libraries, and the creation of consistent standards have been established. However, further efforts are necessary to ensure that
these innovative mobile health apps not only provide the correct information but are also safe to use in daily clinical practice.

(JMIR Mhealth Uhealth 2020;8(5):e17085)   doi:10.2196/17085
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Introduction

Smartphone and Apps
It is only 12 years since smartphones started their triumphant
progress through the world of communication media. Nowadays,
daily smartphone usage for communication, collection of
information, or data for private or professional purposes has
become commonplace [1]. The portability and omnipresent
accessibility of smartphones enable their usage anywhere and
at any time [2]. After initial groundbreaking steps (including
the E-Health Act of 2015) [3], the legislature recently gained
considerable momentum in the direction of a stringent national
digitization strategy. The “Law for better care through
digitization and innovation” (Digitale-Versorgung-Gesetz)
passed by the Bundestag on November 7, 2019, paved the way
for the prescription of apps, the improved use of web video
consultation services, and greater data security in the
communication of health data [4].

Colloquially known as “apps,” mobile apps are defined as
application software for mobile-operating systems. They are
tailored to the users’ individual requirements, bring the
smartphone to life, and thus, unleash the full potential of this
new technology. These apps usually provide their
application-specific functions via an intuitive user interface
(“frontend”), specifically adapted to the mobile form factor,
and often make use of web resources as well.

It is essential to differentiate between apps developed for
patients and those intended for use by medical staff. Apart from
apps that provide purely lifestyle advice, there are apps that can
directly influence diagnosis or therapy of diseases and, therefore,
should be regarded as medical devices [5]. However, there is
no standard definition for apps in a medical context, which
would enable users to differentiate between “lifestyle apps,”
“health apps,” “medical apps,” or “care apps” [6].

Nowadays, apps can also be technically differentiated into native
or web apps, each with advantages and disadvantages. Native
apps are installed locally on the smartphone and make use of
native application programming interfaces, which often leads
to a significantly better performance and adaptation to the native
look and feel of the respective platform. Web apps are webpages
that have been optimized for running on mobile devices. Hybrid
apps are based on web technologies but are packed as native
apps and, therefore, have an intermediate role.

App Stores
Apps can be bought and downloaded via several app stores. The
major stores are the Google Play Store (Google LLC) and the
App Store (Apple Inc). The simple distribution, low
development costs, and the ease of use lead to a constantly
changing and unmanageable supply. Owing to their complexity
and rudimentarily regulated organization, the app stores’ offers
are nontransparent and heterogeneous [7]. The range is so
dynamic that the quantity and quality of apps can vary even
from day to day [7,8]. With the rapid development of a

fast-moving app industry, the number of apps available in the
stores has exploded in the last decade. For instance, the number
of apps offered in the “medical” category of the Google Play
Store in October 2019 amounted to 42,989 [9].

Owing to inadequate legal, ethical, and medical regulations,
many innovative apps operate in a grey area [10]. Recent data
scandals have led to a basic distrust of mobile software that
could be misused in the context of “big data” [11]. However,
comprehensive information on app specifications, which is
essential for safe usage in the medical context, is only provided
sporadically in the app stores [7,10]. Inadequate store
descriptions that provide no transparency and only insufficient
information on the intended purpose and limitations of the apps
as well as data privacy make it difficult to identify apps designed
for the specific requirements of orthopedic surgeons. In addition,
specific search terms and keywords are required to find an
appropriate app [7]. However, even if there are a large number
of matches, only a limited number of results are commonly
displayed on the search interfaces provided by the store, and
little is known about the criteria and algorithms based on which
apps are selected and which of these are listed more prominently
[12].

Mobile Health in Orthopedic Surgeons Clinical Use
Irrespective of rapid developments in the field of medical apps,
the information behavior of young physicians has fundamentally
changed in recent years [13]. Numerous studies have focused
on the potential benefits and consequences of smartphone usage
in the fields of orthopedic surgery as a result of the rapidly
growing mobile health (mHealth) implementation [14-18].
Currently, there are some app store–based screening reviews
of commercially available apps that have been developed to
address daily clinical issues in orthopedics [19,20]. These focus
on spine surgery [21] or sports medicine [22].

However, to our knowledge, no studies have evaluated the
availability and usability of apps directed at the specific needs
of German orthopedic surgeons so far. mHealth apps that have
not been developed for the German market are dubious from a
legal and medical point of view if the algorithms and guidelines
used do not comply with German requirements [23].

To address this gap, we conducted a systematic review for
quantity and quality of commercially available German apps
intended for use in everyday clinical routine in orthopedic
surgery practices in Germany.

Methods

Systematic App Store–Screening Method
Appropriate apps were identified in a well-established,
standardized, keyword-based, and systematic web search in the
world’s largest web platforms for apps—the Google Play Store
and the App Store [24]. The search took place between March
1 and April 27, 2019. For the search in the app stores, 23
German keywords were screened in all categories (Textbox 1).
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The search terms, which had a clear relation to the question,
were defined by a group of 5 experts before initiating the study.

Two raters independently screened the Google Play Store and
the App Store for each individual search term on the day of
search. All apps that met the inclusion criteria were placed in
individual “My Wish Lists” or Excel spreadsheets (Microsoft
Corp).

For the purpose of standardizing the store search, the screening
procedure was divided into the following 3 steps (Figure 1):

1. The first step involved a keyword search of apps in the context
of orthopedics. The search term “orthopaedic” was always part
of the search and was used alone or in combination with the
other search terms (Textbox 1) in the Google Play Store and
the App Store. The names, icons, and developers of the apps
were checked against a priori defined inclusion and exclusion
criteria (Figure 1). Apps were excluded if the icon, app name,
or developer (1) clearly suggested a game, (2) no German or
English name was chosen, and (3) the full use of the app
exceeded a price of 5€ (US $5.41) per download.

If an app could not be clearly evaluated based on the overview
page, the defined inclusion or exclusion criteria were applied
to the store description mentioned in the detailed store view. If
it was not possible to clearly differentiate in the detailed store
view whether the inclusion criteria were met, the app
temporarily remained in the study.

2. All apps deposited by the two examiners in their individual
“My Wish List” (Google Play Store) or Excel table (App Store)
were then re-evaluated by a 5-member group of experts for the
existence of the abovementioned inclusion criteria and entered

into single lists per app store. If there was no consensus, the
app was still included in the study. If a full and light version of
the same app was available, the light version was excluded.

3. If the exclusion criteria were not met, the store descriptions
and screenshots were evaluated according to the existence of
(1) a German- or English-language store description and (2)
orthopedic-specific target group conformity. If the inclusion
criteria were met, the apps remained in the study. Apps were
excluded if their content was focused on topics that (1) were of
no interest to the target group (eg, patients, students, nursing
staff, and physiotherapists), (2) were not relevant for clinical
orthopedic work (eg, promotion, electronic book [e-book],
journal, or congress app), or (3) required external devices for
use (eg, accelerometer-based activity monitoring). Further
reasons for exclusion were if (4) no developer was identified,
(5) no privacy statement was available, or (6) the store
description was written in a language other than English or
German.

4. The final step tested for (1) the existence of a German- or
English-language data protection declaration as well as (2) the
identification of the developer and (3) the time of the most
recent update (2018 or 2019). Apps that were not updated in at
least the previous year were removed.

After duplicates (identical apps found in the Google Play Store
and the App Store) had been identified and excluded, the
remaining apps, store descriptions, and links to the
corresponding app store page were finally merged into one
Excel table. If required, we paid for the full version of the app.
If there were discrepancies between the two raters, consensus
was again reached in the expert group.

Textbox 1. Original keywords used in the search and the resulting number of hits in the Google Play Store and App Store.

“Orthopädie” (GPS: 249, AS: 53) OR “Orthopädie” AND “Untersuchung” (GPS: 186, AS: 1) OR “Orthopädie” AND “Untersuchungstechniken”
(GPS: 154, AS: 0) OR “Orthopädie” AND “Röntgen” (GPS: 249, AS: 1) OR “Orthopädie” AND “Bildgebung” (GPS: 217, AS: 0) OR “Orthopädie”
AND “Operation” (GPS: 249, AS: 0) OR “Orthopädie” AND “Operationstechnik” (GPS: 214, AS: 0) OR “Orthopädie” AND “operativer Zugangsweg”
(GPS: 180, AS: 0) OR “Orthopädie” AND “Operationsanleitung” (GPS: 103, AS: 0) OR “Orthopädie” AND “Implantat” (GPS: 248, AS: 0) OR
“Orthopädie” AND “Rehabilitation” (GPS: 248, AS: 1) OR “Orthopädie” AND “Nachsorge” (GPS: 124, AS: 0) OR “Orthopädie” AND “Therapie”
(GPS: 249, AS: 5) OR “Orthopädie” AND “Diagnose” (GPS: 246, AS: 2) OR “Orthopädie” AND “Diagnostik” (GPS: 247, AS: 1) OR “Orthopädie”
AND “Leitlinie” (GPS: 117, AS: 0) OR “Orthopädie” AND “Endoprothetik” (GPS: 122, AS: 9) OR “Orthopädie” AND “Lagerung” (GPS: 111, AS:
0) OR “Orthopädie” AND “Mikrobiologie” (GPS: 122, AS: 0) OR “Orthopädie” AND “Wirbelsäule” (GPS: 161, AS: 20) OR “Orthopädie” AND
“Skoliose” (GPS: 106, AS: 2) OR “Orthopädie” AND “Schmerztherapie” (GPS: 112, AS: 13) OR “Orthopädie” AND “Klassifikationen” (GPS: 127,
AS: 0)
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Figure 1. Flowchart screening process. E-book: electronic book.

Specific App Ranking
Apps that met all inclusion criteria were evaluated using the
app synopsis–checklist for users [25-27] regarding secure use
and trustworthiness in the context of German data protection
regulations. Appropriate apps were downloaded, installed, and
evaluated from May to July 2019 by 5 raters (FD, DB, KH, FR,
and SS) on various smartphones with Android and iPhone
operating systems (Samsung Galaxy S8, iPhone 7, and iPhone
8). The evaluators ran all apps on their smartphones for at least
10 days to review all app features and extract data about app
features or additional functions.

In a second step, trustworthy apps were rated and ranked using
the “German Mobile App Rating Scale” (MARS-G) [28].

All investigations on humans were carried out with the consent
of the responsible ethics committee in accordance with the
national law and the Declaration of Helsinki of 1975 (in the
current, revised version).

App Synopsis
The app synopsis is a well-established tool for evaluation of the
quality and trustworthiness of apps intended for use in Germany

[25,26]. It was developed by the Peter L. Reichertz Institute for
Medical Informatics at the Hannover Medical School with
special focus on the guidelines and regulations applicable in
Germany. The app synopsis enables app users without a
professional information technology background to estimate
the trustworthiness of apps. Questions regarding the 8 sections
medical device, intended purpose, functionality, scientific
quality, restrictions and limits, risks, reliability of content, and
data protection must be marked with one of the following 3
options: “yes,” “no“, or “unclear.” Some, but not all, answer
qualities have a higher relevance in the context of an app’s
trustworthiness, and the answer options are therefore highlighted
based on a signal light system. The better the trustworthiness
of an app, the more “green” markers, that is, “yes” answers, it
should have obtained. A field highlighted in “red” is an
indication for reasonable skepticism about the trustworthiness
of an app regarding the respective criterion. If, on the other
hand, only fields with a “green” background have been marked,
this is an indication of higher trustworthiness compared with
apps with fewer or only single positive answers. “Orange”
ratings may still indicate trustworthiness for an app, albeit to a
lesser extent, and they should be used with caution [27].
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German Mobile App Rating Scale
The MARS-G was developed for professionals to rate app
quality and includes the sections classification, quality,
satisfaction, and a modifiable app-specific section. The MARS
rating is a well-established assessment scale for medical app
quality [28]. MARS-G items are scored using a 5-point Likert
scale (1=inadequate, 2=poor, 3=acceptable, 4=good, and
5=excellent).

The classification section provides descriptive information about
the app. The objective app quality section includes 19 items
divided into 4 subscales, namely engagement, functionality,
aesthetics, and information quality, and further 10 items
comprising 2 subjective subscales, namely subjective app quality
and perceived impact.

The subjective quality section contains 4 items evaluating the
user’s overall satisfaction. The 4 sections of the English MARS
version were expanded in the MARS-G by an additional section
focusing on the medical gain of an app. The 5 subscales and
the overall score determine the app’s quality [29]. Five reviewers
(FD, DB, KH, SS, and FR) watched the associated MARS-G
instructional video about how to use the MARS-G scale before
rating [30].

Data Analysis
The paper-based app synopsis and the MARS-G were converted
into a digital questionnaire on the Google Docs platform (Google
LLC). Five reviewers rated the “AO/OTA Fracture
Classification” app to evaluate interrater reliability and 8 to 10
randomly selected apps. Data were saved and then transferred
to an Excel table. Descriptive statistics were calculated for all
items. The interclass correlation coefficients (ICCs) were
calculated between the 5 reviewers. We selected an individual
absolute agreement intraclass correlation (AA-ICC) for a
two-way mixed model on the basis of ICC guidelines by Shrout
and Fleiss [31]. The interpretation for ICC interrater agreement

measures followed the guidelines of Koo et al [32]. All statistical
analyses were conducted using SPSS (version 25, IBM Corp).

Results

Our systematic web search revealed 4141 hits in the Google
Play Store and 108 hits in the App Store using the
aforementioned 23 keywords. After evaluating the publicly
available information, 1.71% (71/4141) of Google Play
Store–screened and 3.7% (4/108) of App Store–screened apps
met the formal inclusion criteria. Finally, 0.59% (25/4249) of
apps met the minimum requirements of data protection
regulation (Figure 1). These apps were downloaded and
evaluated using the app synopsis. None of the apps were CE
certified. Of these, 8 apps were classified as trustworthy. Good
interrater reliability (two-way mixed model single measure
AA-ICC=0.78, 95% CI 0.68-0.86) was shown following the
guidelines for ICC interpretation established by Koo et al [30].
No trustworthiness markers were missing for the apps
OrthoGuidelines, MRI Essentials, Touch Surgery: surgical
videos, and BOSTT. Another 4 apps, ICD-10 Diagnoseauskunft,
DocCheck Help – Arzt, AO/OTA Fracture Classification, and
Calculate by QxMD, lacked only 1 trust marker on average.
Apps that lacked more than one marker on average were
classified “not trustworthy.” Therefore, concerns had to be raised
about the trustworthiness and transparency of the remaining 17
apps that lacked 3.21 (SD 1.26) trustworthiness markers on
average (Figure 2).

Subsequently, the quality of the trustworthy apps was evaluated
using the MARS-G. The Calculate by QxMD app failed to
launch at the time of the MARS-G rating and was, therefore,
excluded. Moderate interrater reliability (two-way mixed model,
single measure AA-ICC=0.58, 95% CI 0.43-0.74) was shown
for the MARS-G rating. MARS-G rating revealed the highest
overall mean score with 4.3 (SD 0.4) for the app Touch Surgery:
surgical videos and the lowest score with 3.5 (SD 0.7) for the
app ICD-10 Diagnoseauskunft (Figures 3 and 4).
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Figure 2. Mean ratings for trusted apps using the app synopsis—checklist for users. Every single app was ranked by two raters. Apps were primarily
ranked in a “trustworthiness scale” (yes=+, unclear=±, and no=−) and secondarily by the following criteria: (1) ascending red (missing), (2) descending
green (existing), and (3) ascending orange (unclear) trustworthiness marker. The lower red, higher green, and lower orange markers’ quantity, the higher
the app’s trustworthiness. AO/OTA: Arbeitsgemeinschaft für Osteosynthesefragen/Orthopedic Trauma Association; BoSTT: bone and soft tissue
tumors-case studies; ICD-10: International classification of diseases, tenth revision; MRI: magnetic resonance imaging.

Figure 3. Mean overall rating for trusted apps using the “MARS-G”. Every single app was ranked by two raters. AO/OTA: Arbeitsgemeinschaft für
Osteosynthesefragen/Orthopedic Trauma Association; BoSTT: bone and soft tissue tumors-case studies; ICD-10: International classification of diseases,
tenth revision; MRI: magnetic resonance imaging; MARS-G: German Mobile App Rating Scale.
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Figure 4. Mean section ratings for trusted apps using the “MARS-G”. Every single app was ranked by two raters. AO/OTA: Arbeitsgemeinschaft für
Osteosynthesefragen/Orthopedic Trauma Association; BoSTT: bone and soft tissue tumors-case studies; ICD-10: International classification of diseases,
tenth revision; MRI: magnetic resonance imaging; MARS-G: German Mobile App Rating Scale.

Discussion

Principal Findings
The two major app stores were browsed for apps intended for
use in everyday clinical routine of orthopedic surgeons. On the
basis of keywords, 4249 apps were detected. These were
evaluated for quality, safety, and usability. Most of these apps
were considered inappropriate for use in daily clinical practice
(eg, Games and e-books; 4242/4249, 99.84%). To find an
appropriate app, an average of 607 (4249/7) apps had to be
screened. Finally, 0.16% (7/4249) of apps were considered
reliable, secure, and of high quality in the app synopsis and
MARS-G analyses. Interestingly enough, apps that achieved a
high score in the app synopsis also received a good evaluation
in MARS testing. Nevertheless, none of these apps were CE
certified nor had their purpose been evaluated in studies. The
remaining apps focused on educational (5/7), communicative
(1/7), and reference (1/7) aspects.

The identification of apps tailored to the specific needs of
orthopedic surgeons was hampered by a lack of transparency,
inadequate store descriptions, missing information on limitations
of the app, or lacking precise and public declaration regarding

the intended purpose and data protection. Nontransparent store
descriptions and missing app-related meta-information represent
a great challenge for users when trying to find their way around
the app market [12]. Moreover, a systematic evaluation of the
top-ranked mental health apps’ store descriptions identified the
use of scientific language as the most frequently employed
strategy to suggest effectiveness [33]. In many cases, the
detection of appropriate apps is only successful if specific search
terms are used [7]. If the search results in a large number of
matches, store providers select a limited number of apps without
naming the selection criteria used [12]. This aspect harbors the
risk that users will find unsuitable apps and smartphone apps
or fail to identify suitable apps, as these may not be displayed
at all. One example of inappropriate app usage is the use of
WhatsApp (Facebook Inc) as a communication tool in everyday
clinical practice. Using WhatsApp to send patient-related data
is not safe and does not comply with the EU-DSGVO
regulations because the mobile phone address book is extracted
regularly. Messages are already sent in encoded form
end-to-end, but the metadata readout is not affected [34].
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Limitations
The presented work has some limitations. The matches using
the aforementioned keywords for search in the Google Play
Store and the App Store only refer to a priori defined German
search words in their nominal form. Moreover, it was not
possible to determine how the search result might be influenced
by an adjustment of the search terms and the combination of
individual words because the underlying app stores’ algorithms
remain unclear. To ensure a transparent and objective systematic
app store search, already well-established methods were applied
[24,35,36]. However, none of these methods have been
sufficiently validated so far. This must be addressed by future
studies.

A further limiting factor is the fact that the apps included in the
study were technically and conceptually extremely
inhomogeneous, resulting in a great diversity of application
areas and legal aspects. Therefore, a discussion is needed as to
whether proper evaluation of such a collection of apps is
possible with only one standard rating tool. This is underlined
by the moderate interrater reliability using MARS-G rating,
suggesting that the score itself is rather subjective. These
findings are in line with actual systematic app ratings including
more than two raters [24,35]. The combination of existing scores
might be valuable [36].

Outlook
Owing to the fast-moving, complex, dynamic, and rudimentarily
controlled nature of the app stores, the market is heterogeneous
and not transparent for the user on the one hand [7,8], but on
the other hand, it might become a highly productive innovation
incubator. Therefore, the current situation should be seen both
as an opportunity and a risk. Identifying high-quality apps
among the wide range of apps currently on the market represents
a great challenge. It is like trying to find the famous needle in
a haystack. However, some approaches have already addressed
this issue:

1. A growing number of publications are critically addressing
the currently available apps and have conducted manual
systematic app store searches [24,35,36]. These publications
may serve as a basis for content and methodological
approaches to personal app searches. However, this method
is very time consuming. Newly developed semiautomated
search methods are based on filtering processes using
predefined criteria, for example, the semiautomated
retrospective App Store analysis, and might be extended
with algorithmic analysis or artificial intelligence in the
future [12].

2. By developing the MARS, a first attempt was made to create
a tool dedicated to an objective assessment of the app’s
content and technical specifications, which is essential to
enable a comparison between apps [28]. The app synopsis,
also used in this study, primarily focuses on an app’s
trustworthiness. Nevertheless, apps that collect and process
sensitive patient-related data must fulfill higher data

protection requirements than apps that are used for coding
purposes and do not collect data at all. But evaluation with
a standard-based tool might lead to a false-negative rating
of the coding app. Therefore, the existing ratings have been
constantly improved, and new, more specific tools have
been developed [29,37]. An increase in app rating quality
might be achieved if adaptive ratings focusing on the
intended app purpose were developed.

3. Several professional associations as well as private
institutions aim to review apps and publish them in app
libraries. The
NHS Apps Library
only recommends safe and secure apps in the United
Kingdom. Developers must answer a standardized,
transparent, and publicly available range of digital
assessment questions designed by experts from technical
and policy backgrounds [38]. For mental health apps, a
nonprofit organization, in cooperation with several
universities, provides guidelines and app reviews on the
webpage PsyberGuide. The standardized review process is
based on credibility, user experience, and transparency
using established rating tools [39]. In the field of orthopedic
surgery, the private webpage
TopOrthoApps
gives app information and reviews, though the review
process is not transparent and the studies presented seem
outdated [40].

In the absence of consistent legal, ethical, and medical
regulations, numerous innovative apps remain in a grey area
and struggle to deploy their full potential. In times when
international technology concerns are already optimizing
innovative technologies (eg, the use of artificial intelligence)
in apps, the framework conditions for a solid but also dynamic
and adaptive mHealth strategy must be developed in the German
health care system.

Conclusions
The benefits of the appropriate use of smartphones and apps in
the field of orthopedic surgery are undeniable and have
enormous potential for dealing with future challenges in public
health. The data gained in our study suggest that the number of
trustworthy and high-quality apps on offer is extremely low.
Most of the apps display serious shortcomings regarding legal
and medical aspects. The fast-moving, complex, and dynamic
nature of the app stores, which are under only rudimentary
control, harbors the risk of inappropriate app usage. However,
the stores also provide important innovations in health care.
The search for the appropriate app is a considerable challenge.
Promising approaches, for example, systematic app store
screenings, app rating developments, reviews or app libraries,
and the creation of consistent standards have already been
established. Further efforts and interdisciplinary cooperation
are required to detect innovative mHealth solutions that can be
utilized in a safe and secure manner in the work of orthopedic
surgeons.
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Abstract

Background: In an oversaturated market of publicly available mobile apps for psychosocial self-care and stress management,
health care providers, patients, and consumers interested in mental health–related apps may wonder which, if any, are efficacious.
Readily available metrics for consumers include user popularity and media buzz rather than scientific evidence.

Objective: This systematic review aimed to (1) examine the breadth of therapeutic contents and features of psychosocial wellness
and stress management apps available to self-help seekers for public download and (2) determine which of these apps have original
research support.

Methods: First, we conducted a systematic review of publicly available apps on the iPhone App Store (Apple Inc) and Android
Google Play (Google LLC) platforms using conventional self-help-seeking search terms related to wellness and stress. The results
were limited to English-language apps available for free download. In total, 2 reviewers independently evaluated all apps and
discussed the findings to reach 100% consensus regarding inclusion. Second, a literature review was conducted on the included
apps to identify supporting studies with original data collection.

Results: We screened 3287 apps and found 1009 psychosocial wellness and stress management apps. Content varied widely.
The most common evidence-based strategy was mindfulness-meditation, followed by positive psychology and goal setting. Most
apps were intended to be used as self-help interventions, with only 1.09% (11/1009) involving an electronic therapist and 1.88%
(19/1009) designed as a supplement to in-person psychotherapy. Only 4.66% (47/1009) of apps targeted individuals with
psychological disorders, and less than 1% of apps (6/1009, 0.59%) targeted individuals with other chronic illnesses. Approximately
2% (21/1009, 2.08%) were supported by original research publications, with a total of 25 efficacy studies and 10 feasibility
studies. The Headspace mindfulness app had the most evidence, including 8 efficacy studies. Most other scientifically backed
apps were supported by a single feasibility or efficacy study.

Conclusions: Only 2.08% (21/1009) of publicly available psychosocial wellness and stress management mobile apps discoverable
to self-help seekers have published, peer-reviewed evidence of feasibility and/or efficacy. Clinicians and investigators may use
these findings to help patients and families navigate the volume of emerging digital health interventions for stress management
and wellness.
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Introduction

Background
Within the past decade, smartphones have become ubiquitous
in personal, social, and work life [1], irrespective of gender,
race and ethnicity, and socioeconomic status [2]. Overall, 75%
of Americans own a smartphone, and 83% of them never leave
home without it [1,3]. On average, a person checks his or her
phone 150 times per day [4]. Owing to the pervasiveness of
smartphones in modern day culture, technological innovations
may be leveraged to disseminate in the moment behavioral
change interventions designed to promote healthy behaviors
[5]. There is a robust market for health apps, with 325,000
available for download as of 2017 and a growth rate of 25%
year to year [6]. More than half of mobile phone users have
downloaded a health-related mobile app, and the pace of
development of evidence-based apps tested in research settings
has lagged far behind than that of the commercial sector [7-9].

In particular, mobile health (mHealth) apps focused on
promoting emotional health and adaptive coping have become
increasingly popular. Mental health symptoms such as anxiety
and stress are prevalent and disruptive. Overall, 75% of adults
in the United States report significant stress, and 19% have
mental health disorders [10]. Anxiety disorders impact up to
30% of individuals worldwide, leading to severe societal and
economic burden [11]. Work-related stress alone costs the US
economy US $402 billion [12]. Disseminating psychosocial
interventions via mHealth technologies confers the advantage
of universal accessibility regardless of geographic and economic
restrictions [1,13]. According to the US National Comorbidity
Survey (a nationally representative large-scale mental health
study), common barriers to seeking mental health care include
financial constraints, stigma, and a desire for self-management
of symptoms [14]. In other studies, most individuals reported
interest in using a mobile app for self-management of anxiety,
stress, and depression if services were available for free [8,15].
In total, two recent meta-analyses of randomized controlled
trials (RCTs) showed that mHealth interventions for anxiety
and depression showed small positive effects when compared
with an active control condition [11,16].

Despite the high demand and potential advantages of these apps,
there is a lack of quality control standards or readily accessible
information to consumers on whether or which apps work in
an oversaturated market. Thus, leveraging mHealth technologies
brings both benefits and new challenges. In efforts to review
publicly available apps using a direct-to-consumer approach,
recent mHealth reviews have used a search strategy that involves
entering key terms directly into the search engines of mobile
app platforms [17-20]. In a review of iOS App Store mobile
apps on Apple devices (Apple Inc), researchers identified 60
mobile apps that delivered at least one evidence-based stress
management strategy (eg, mindfulness, progressive muscle
relaxation, and biofeedback) [19]. A recent review of apps for

depression, anxiety, posttraumatic stress disorder (PTSD), and
alcohol use found that evidence-based mobile apps (ie, apps
tested via formal research methods and published in the
scientific literature) are often unavailable for download to the
general public; in addition, apps available to consumers on
commercial platforms are highly variable with regard to the
inclusion of evidence-based content (ie, content derived from
empirically supported therapeutic approaches) [20].

Objectives
With an overabundance of publicly available apps for stress
management and psychosocial self-care, consumers may struggle
with a paradox of choice, regardless of whether they are
providers seeking to make app recommendations, patients
seeking additional mental health support, or app-savvy digital
natives interested in self-help. Readily available metrics are app
visibility because of ranked lists, user popularity, media buzz,
and user satisfaction ratings. When an app purports to be based
in science, its scientific backing may not reach the classical
standards of research rigor. It remains unclear whether popular
apps that consumers gravitate toward work. In this study, we
broadly reviewed popular apps available to all manner of
consumers (ie, the general public, patients, and providers) for
free download and their treatment content, user ratings, costs,
and the evidence base in support of them. We presented findings
from a review of 1009 publicly available mobile apps on Apple
Store and Google Play (Google LLC) platforms using common
self-help-seeking search terms for psychosocial wellness and
stress management. Our review spanned Apple and Android
devices that together represent 99% of the smartphone user
market; 54.4% of US smartphone owners use Android devices
and 44.3% use Apple devices [21]. After systematically
searching both mobile app platforms (step 1), we supplemented
this direct-to-consumer approach by conducting a literature
review of the apps identified (step 2).

Our research questions were as follows: (1) What are the active
therapeutic components and features of publicly available
psychosocial wellness, coping, and stress management mobile
apps? (2) Do any of these mobile apps have evidence in support
of their feasibility/acceptability or efficacy in the published
scientific literature? We hypothesized that the majority of
consumer apps identified would not contain evidence-based
therapeutic strategies, and even fewer would have published
research supporting the apps themselves. We translated research
findings to clinical practice by describing the breadth of popular
wellness apps for stress management and by identifying the few
apps with scientific backing.

Methods

Searching the Apple Store and Google Play: Step 1
We systematically identified and evaluated apps using a
modified version of the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses guidelines [22]; adjustments were
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made because of the differing methodology of directly searching
app store platforms. Our search strategy protocol is available
in Multimedia Appendix 1.

We searched the mobile app platforms App Store iOS (Apple
Inc) and Google Play in September 2018. Inclusion criteria were
(1) a focus on stress management and/or psychosocial wellness,
(2) available in English, and (3) free for download (including
those with free downloads for basic subscriptions, with
additional fees for extra features).

Specifically, we first created a list of conventional
self-help-seeking search terms from mental health and positive
psychology background literature [23-31]; we refined the list
in discussions among our interdisciplinary research team, which
includes intervention science researchers, health services
researchers, physicians, social workers, and psychologists. Then,
we entered into Apple Store and Google Play search engines
the 14 conventional self-help-seeking search terms agreed upon
by our team: stress, resilience, goal setting, relaxation,
mindfulness, mood, coping, gratitude, optimism, hope,
happiness, sadness, self-compassion, and self-care. We noted
that the app results were displayed on both search engines in
the order of popularity, based on proprietary algorithms. Hence,
we screened the first 100 apps populated for each search term.
Indeed, research suggests that smartphone users limit their
searches to the first page of results (which contains 10 apps)
[32], so screening the first 100 apps was deemed sufficient. In
addition, we screened the popularity lists in health and fitness
and kids and family categories for apps that met the inclusion
criteria (these popularity lists are displayed on Apple and Google
Play platforms). Two authors (NL and AO) independently
reviewed all apps for inclusion and discussed the findings to
reach 100% consensus. Duplicates were removed.

Data Extraction Procedures
For each app that met the inclusion criteria, 2 authors (NL and
AO) extracted the following App Store iOS (Apple Inc) and
Google Play product page data from November 2018 to February
2019 and discussed findings to reach 100% consensus:
intervention and didactic content, target audience, and whether
there were in-app paid features. In creating our database of
intervention and didactic content, we used an all-inclusive
approach to delineate content categories. For example, if an app
description included meditation, mood tracking, artificial
intelligence, and chat forums, we created unique content
categories for each. Our goal was to provide a comprehensive
representation of all intervention and didactic content as
described on product pages by the app developers. To do so,
we iteratively coded apps in sets of 50 and expanded the number
of content categories as needed until there were no new content
categories that arose. This resulted in the final version of the
database, which contained 31 unique intervention and didactic

content categories. During consensus conversations in March
2019 to April 2019, our process was to re-review App Store
iOS (Apple Inc) and Google Play product page data to resolve
discrepancies.

Literature Review: Step 2
After all mobile apps were identified in step 1, 2 authors (AO
and SC) conducted a literature review via Google Scholar,
MEDLINE, and PsycINFO databases using the search terms
[app name] AND smartphone from April 2019 to June 2019 to
identify peer-reviewed papers supporting each of the identified
apps. Furthermore, 2 authors (NL and AO) retrieved and
independently reviewed the full text of all eligible studies to
extract relevant feasibility and efficacy outcomes. We included
research papers published in peer-reviewed journals and in
English and included qualitative and/or quantitative studies with
original data collection. We excluded conference presentations,
editorials, commentaries, and study protocols. In consultation
with a medical librarian, we chose to exclude nonpeer-reviewed
scholarly works before publication in a peer-reviewed journal
because the information included in conference abstracts lacks
the rigor and external validity inherent in peer review. From
the 33 included papers, we retrieved the following information:
participants, sample size, study type, treatment conditions, and
outcomes reported. Two authors (NL and AO) independently
assessed study quality using the Cochrane collaboration’s tool
for assessing the risk of bias [33], evaluating random sequence
generation (selection bias), allocation concealment (selection
bias), blinding of participants and personnel (performance bias),
blinding of outcome assessment (detection bias), incomplete
outcome data (attrition bias), selective reporting (reporting bias),
and other bias. We coded each category as low, high, or unclear
risk of bias according to established standards. We resolved
minor discrepancies in coding by referring to the journal papers
themselves.

Results

Searching the Apple Store and Google Play: Step 1
We screened a total of 3287 apps (Figure 1). Of 3287 apps, 913
(27.78%) were excluded after the initial screening process
because they were not available for free download, not in
English, or were duplicates. Of the remaining 2374 apps, 1251
(52.70%) were excluded because they did not contain
psychosocial wellness or stress management content (eg, health
and fitness apps for exercise, nutrition, and weight loss). Of the
remaining 1123 apps, 114 (10.15% that we initially found on
the Apple Store or Google Play no longer existed 3 months later
when authors attempted to refer to the original source for
consensus conversations in March 2019 to April 2019. We
ultimately included 1009 apps in this review.
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Figure 1. Preferred reporting items for systematic reviews and meta-analyses diagram.

Characteristics of All Included Apps (N=1009)
For the pooled 1009 apps, we found 31 unique intervention and
didactic content categories (eg, cognitive behavioral therapy,
mindfulness-meditation, and journaling; Figure 2).
Emotional-inspirational quotes were the most common app
component, included in 22.99% (232/1009) of apps. Other
common components included in 15% of apps or more were
goal setting, positive psychology, journaling, music,
mindfulness-meditation, and educational materials. Only 4.66%
(47/1009) of apps were designed specifically for psychological
disorders, less than 1% of apps were designed for chronic
illnesses (6/1009, 0.59%), and 3.96% (40/1009) of apps were
designed for youths and/or young adults. Most apps were
intended to be used as self-help interventions, with only 1.09%

(11/1009) involving an electronic therapist (e-therapist) and
1.88% (19/1009) designed as a supplement to in-person
psychotherapy.

Literature Review: Step 2

Characteristics of Subset of Apps With Research Support
(n=21)
We found supporting original research publications for 2.08%
of apps (21/1009 identified). For this subset of apps, the most
common therapeutic component was mindfulness-meditation,
an evidence-based treatment strategy that was incorporated into
67% (14/21) of apps with published research followed closely
by mood and symptom monitoring. All other common app
features (included in ≥15% of apps) were also evidence-based
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treatment strategies: cognitive behavioral therapy, positive
psychology, and relaxation (Multimedia Appendix 2 and Figure
3). For each app, the average user satisfaction ratings and the
number of user ratings varied widely (Multimedia Appendix
3).

Peer Review Publications
A total of 33 peer-reviewed papers supported the 21 apps; 23
of these papers were efficacy studies [34-58], 8 were feasibility
or usability studies, and 2 were combined efficacy and feasibility
studies [39,59]. For each of the 21 apps with research support,
the number of associated peer-reviewed publications ranged
from 1 to 8 (Headspace [46,48-54]; Multimedia Appendix 3).
The majority of apps (16/21, 76%) only had 1 publication
[34,35,37,38,43,44,46,55,56,58-62]. 10% Happier, Calm, and
Headspace were the only research-supported apps we found on
ranked health and fitness popularity lists.

Of the 25 efficacy studies, 19 were RCTs published between
2015 and 2019 [34-37,40-42,44-46,48,49,51-56,58,59], with 6
of the 19 trials testing Headspace [46,48-54]. The majority of
studies used samples of convenience, that is, college students
[34,35,40,46,51,57] or users who had already downloaded the
app [37,39,52,55,56,58]. Sample sizes for efficacy studies
ranged from 19 [48] to 153,834 [39]. Treatment duration ranged
from a single session of self-directed app use [39] to 6 months

[38]. All 16 apps with peer-reviewed publications that reported
app efficacy showed some evidence of improving psychosocial
outcomes over time (Multimedia Appendix 4). Studies collected
varying outcome measures, ranging from unstructured
self-directed app use [41-45,50,62] to providing a sequential
program of set frequency and duration [49,53]. In a subset of
studies where effect sizes were reported; treatment effects ranged
from small to large (Multimedia Appendix 4) [41,50,53,58]. Of
the 10 apps with feasibility or usability studies, the majority
(8/10 apps) reported that users found the apps to be enjoyable,
accessible, and acceptable (Multimedia Appendix 5) [39,59-67].
Sample sizes for feasibility and usability studies ranged from
1 [60] to 1255 [64].

Risk of Bias Assessment
The risk of bias was evaluated for all 25 efficacy studies (Figure
4). Of the 19 RCTs, 18 reported random sequence generation
and allocation concealment. For the blinding of participants and
personnel domain and the outcome assessment domain, studies
were roughly split in half between high and low risk; high-risk
studies consisted of study designs with no control group, a
waitlist control group, or an educational handout control group.
For selective reporting bias, 6 were considered low risk, 1 high
risk, and 18 were unclear. For other biases, 12 were considered
low risk, 12 were high risk, and 1 was unclear.

Figure 2. Intervention and didactic content for all stress management apps (N=1009). Content categories were assigned based on descriptions by the
app developer. Categories were not mutually exclusive, and a single app could be represented across one or more. E-therapist: electronic therapist.
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Figure 3. Intervention and didactic content for research-supported apps (n=21) vs all stress management apps (N=1009). Content categories were
assigned based on descriptions by the app developer. Categories were not mutually exclusive, and a single app could be represented across one or more.
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Figure 4. Summary of risk of bias.

Discussion

Principal Findings
To our knowledge, this is the first review of psychosocial
wellness and stress management apps using a multilevel search
strategy of mobile app search engines (ie, what self-help
consumers would find) followed by a literature review (ie, what
scientists would find). We aimed to explore treatment features
and components commonly folded into mainstream apps and
whether and how these differed from those of apps tested in
research and clinical trials. In addition, we summarized the
existing literature on all identified apps.

We identified 1009 stress management and psychosocial
wellness apps on the Apple Store and Google Play. App contents
and features were varied and eclectic, ranging from journaling
to hypnosis. Of the 5 most common treatment features and
components for all apps, only 1 was evidence based
(mindfulness-meditation). Unsurprisingly, the subset of apps
with research publications was much more cohesive; the 5 most
common therapeutic components identified in this group of
apps were all evidence based. We found that 2.08% (21/1009)
of apps identified for inclusion had supporting research, and
the majority of apps had only 1 research publication. All the
published efficacy studies demonstrated some evidence that the
app works, although effect sizes were rarely reported. However,
the file-drawer problem [68] in academic research (ie, studies
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with null findings are less likely to be published) and contrary
business incentives (ie, publishing null findings does not make
for a marketable app) may contribute to potential publication
biases that highlight positive effects. The majority of published
feasibility studies demonstrated some evidence of user
satisfaction and acceptability. Our research expands on findings
from classic methodology systematic reviews of
smartphone-based anxiety and depression interventions that
have found small to moderate positive effects [11,16].

Although there is a surfeit of mobile apps available for free
download, only a small fraction of these have been tested in
research settings. Even for the few published studies, the state
of the science of mHealth for stress management and emotional
wellness is in its nascent stages. Roughly half of the efficacy
studies included in our review were either non-RCTs or RCTs
without an active treatment comparison condition (ie, waitlist
control). Approximately, one-fourth of all included studies were
feasibility studies that did not measure efficacy outcomes. The
majority of studies were not powered for analysis and, therefore,
did not designate a priori primary vs secondary outcomes. Thus,
the rapidly growing consumer market of mHealth for mental
health is facing a similar research-practice gap to that of
traditional face-to-face interventions: an overwhelming majority
of self-help seekers may not be receiving evidence-based care
[20]. This is not to discount the fact that businesses may have
internally rigorous research and development processes outside
of publications in scientific journals that we are unable to track
or evaluate in a systematic way.

The World Health Organization (2019) recently released a
guideline on digital health interventions for strengthening health
systems based on an assessment of the benefits, harms,
acceptability, feasibility, resource use, and equity considerations.
The guideline’s primary objective is the adoption of
evidence-based interventions [69]. The European Commission
provides complementary guidelines, including an assessment
of data protection and privacy, safety, scientific content, and
effectiveness [70]. In practice, mHealth interventions developed
and tested in formal research settings for research purposes are
rarely made available to the general public [71].

Potential future directions for traversing the research-practice
divide are for academic researchers to partner with health
technology companies and businesses to develop and test
publicly available apps [72]. Such collaborations would improve
the rigor of app development and continuous refinement by
applying quality control standards to an unregulated market
while capitalizing on the strengths of the commercial sector in
financial and personnel resources, innovation, marketing, and
motivational factors for user engagement. The app development
process in the commercial sector adheres to a user-centered
design framework, which engages end users as part of an
iterative design process to better understand facilitators and
barriers to sustainability and use [73]. This is a crucial model
to apply in mHealth research because of historically low user
adherence and retention rates. In addition, it is important to
bolster the representation of other known evidence-based
strategies in app components and features such as cognitive
behavioral therapy, which was only represented in 3.07%
(31/1009) apps identified. This was consistent with a previous

review of popular anxiety and depression mobile apps that found
evidence-based treatment strategies were poorly represented
[74]. Finally, there is a need for comprehensive, consolidated,
publicly available repositories of evidence-based stress
management and psychosocial wellness apps going beyond
consumer reports (including transparent information on public,
private, or government ownership, public launch date, durability,
and version history) so that the general public can make
informed choices. Potential users should be directed to
web-based resources such as PsyberGuide [75] to explore ratings
and reviews for digital mental health products [71].

The majority of apps we identified were designed as self-help
interventions; they were not necessarily intended for those with
psychopathology. For individuals who are interested in seeking
self-help via publicly available mHealth interventions, it is
advisable to caution them against using this as a replacement
to traditional treatment approaches, especially in the case of
moderate to severe psychosocial problems. Importantly, the
majority of studies found in our review used a sample of
convenience (college students and users who have already
downloaded the app and are therefore motivated to use them).
It is unclear whether these apps would perform similarly if
participants had more severe psychopathology symptoms.

Similarly, the role of health care providers and psychosocial
clinicians in the mHealth space for an eclectic group of self-help
seekers warrants exploration. E-therapist support is infrequently
built into consumer apps (11/1009, 1.09%) of apps in our
review). In addition to being resource intensive, this level of
intervention may not be universally appealing or therapeutically
indicated for generally healthy individuals interested in
psychosocial self-care. On the other hand, in a clinical
population with a serious mental health condition (PTSD), 1 of
the studies included in our review found that clinician-supported
app use outperformed self-directed app use [40]. This is
consistent with previous literature regarding the therapist-patient
relationship as a significant predictor of success in psychosocial
treatment [76], and it remains to be determined whether app
efficacy or engagement could be enhanced when paired with
some form of clinician support. Future research should explore
the optimal balance between clinician assistance and
self-direction in mHealth and for which target audience (mental
health support vs mental illness treatment support). At the very
least, clinicians working with patients with diagnosed mental
illnesses may choose to recommend specific evidence-based
apps for skills practice and as a supplement to in-person therapy.

Recently, the Food and Drug Administration has released a
timely policy report of its intent to provide regulatory oversight
of mobile medical apps “for diagnosis of disease or other
conditions, or the cure, mitigation, treatment, or prevention of
a disease” and to “apply this oversight authority only to those
software apps whose functionality could pose a risk to a patient’s
safety if the software apps were not to function as intended”
[38]. Exceptions to oversight regulations are made for licensed
professionals who create an app solely for use in their own
practice or the manufacturing of mobile medical apps solely for
use in research, teaching, and analysis and not for commercial
use. This may influence the target audience for whom publicly
available apps are developed as well as what is available for
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free. As the majority of apps identified in this review were
advertised to consumers under a broad wellness and self-care
umbrella, there are important gaps in addressing the unique
psychosocial needs of vulnerable groups such as individuals
with psychological disorders, individuals with chronic illnesses,
and youths. Another important area of research is to explore
how users engage with digital health technologies including the
leveraging of big data analytics; identifying factors that can
enhance engagement and usability will help inform the design
and optimization of apps for long-term appeal and sustainability
[5]. These factors have not yet been explored.

Limitations
There is no established gold standard for searching, evaluating,
or reviewing digital health technologies. Recognizing that a
methodology for using mobile app search engines to identify
apps for review was nontraditional, we leveraged prior research
on consumer apps to create a study-specific template and
decision rules [17-19]. We relied on product pages on the Apple
Store and Google Play to extract data on intervention
characteristics, and specific search terms for our literature review
which is not without its limitations. Although we provided
transparency of our methods here, we recognized that they may
not be reproducible. Similarly, it was impossible to construct a
stable, final database of apps, given the quickly evolving
mHealth landscape; new apps are developed, and old apps
retired at a rapid rate. In the time frame in which our app store
search was conducted, for example, 10.15% (114/1123) apps
that were originally included in our database were no longer
available 3 months later. Hence, our findings may lack the
stability of classical systematic reviews. Similarly, it is possible
that app names may have changed from the research design and
testing phase reported in peer review publications to its official
launch on the Apple Store or Google Play, or that other existing
peer-reviewed publications may not have been identified
utilizing our search strategy. For example, Happify's website
lists two additional published efficacy studies that were not

identified by our literature review search terms [77,78]. We
were unable to conduct a meta-analysis of RCTs because of the
differences in measures and measurement timepoints
implemented across studies and relatively few trials with active
comparison conditions.

Next, the apps we selected may not be representative of all
mHealth programs. We included only free apps or free apps
with in-app purchases. It is possible that paid apps significantly
differ from free apps with respect to content and efficacy.
Furthermore, some in-app purchases included access to an
e-therapist, suggesting that secure services require greater
monetary resources. As a result, access to effective digital health
technologies may represent an unappreciated and important
health disparity. However, it is unclear whether and the extent
to which the involvement of an e-therapist bolsters outcomes
and whether the benefits outweigh the costs; only 1.09%
(11/1009) of apps included an e-therapist feature. In addition,
the apps included in our review were limited to the English
language. This may lead to a Western cultural bias in
overrepresentation of apps with active coping strategies that
reflect individualistic values and a personal sense of control
over stressors [79-81].

Conclusions
In merging traditional systematic review methodologies with a
direct-to-consumer selection criteria for mHealth apps, our study
findings suggest that few publicly available stress management
and psychosocial wellness apps that are discoverable to self-help
seekers are evidence based. Additional research is needed
regarding the relative role and utility of mHealth in individual
self-care and the care of persons with serious mental illness, the
value of mHealth-clinician collaborations, access to mHealth
for patients with different resources, and the relative durability
of mHealth impact. Meanwhile, clinicians, investigators, and
consumers may use findings from our systematic review to
navigate the volume of emerging digital health interventions
for stress management and wellness.
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Abstract

Background: Parents use apps to access information on child health, but there are no standards for providing evidence-based
advice, support, and information. Well-developed apps that promote appropriate infant feeding and play can support healthy
growth and development. A 2015 systematic assessment of smartphone apps in Australia about infant feeding and play found
that most apps had minimal information, with poor readability and app quality.

Objective: This study aimed to systematically evaluate the information and quality of smartphone apps providing information
on breastfeeding, formula feeding, introducing solids, or infant play for consumers.

Methods: The Google Play store and Apple App Store were searched for free and paid Android and iPhone Operating System
(iOS) apps using keywords for infant feeding, breastfeeding, formula feeding, and tummy time. The apps were evaluated between
September 2018 and January 2019 for information content based on Australian guidelines, app quality using the 5-point Mobile
App Rating Scale, readability, and suitability of health information.

Results: A total of 2196 unique apps were found and screened. Overall, 47 apps were evaluated, totaling 59 evaluations for
apps across both the Android and iOS platforms. In all, 11 apps had affiliations to universities and health services as app developers,
writers, or editors. Furthermore, 33 apps were commercially developed. The information contained within the apps was poor:
64% (38/59) of the evaluations found no or low coverage of information found in the Australian guidelines on infant feeding and
activity, and 53% (31/59) of the evaluations found incomplete or incorrect information with regard to the depth of information
provided. Subjective app assessment by health care practitioners on whether they would use, purchase, or recommend the app
ranged from poor to acceptable (median 2.50). Objective assessment of the apps’ engagement, functionality, aesthetics, and
information was scored as acceptable (median 3.63). The median readability score for the apps was at the American Grade 8
reading level. The suitability of health information was rated superior or adequate for content, reading demand, layout, and
interaction with the readers.
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Conclusions: The quality of smartphone apps on infant feeding and activity was moderate based on the objective measurements
of engagement, functionality, aesthetics, and information from a reliable source. The overall quality of information on infant
feeding and activity was poor, indicated by low coverage of topics and incomplete or partially complete information. The key
areas for improvement involved providing evidence-based information consistent with the Australian National Health and Medical
Research Council’s Infant Feeding Guidelines. Apps supported and developed by health care professionals with adequate health
service funding can ensure that parents are provided with credible and reliable resources.

(JMIR Mhealth Uhealth 2020;8(5):e17300)   doi:10.2196/17300

KEYWORDS

breast feeding; bottle feeding; infant food; readability; consumer health information; breastfeeding; mobile apps; smartphones

Introduction

Background
Parents of a new baby can access a wealth of information and
support from the internet through multiple electronic devices
[1-3]. There is evidence to suggest, however, that web-based
advice is not always evidence-based, even in the critical area
of infant nutrition [4]. Smartphone ownership has expanded
worldwide, with 81% of Australian adults and 97% of
Australians aged 18 to 34 years owning a smartphone in 2018
[5]. Recent national data suggest that 46% of Australian adults
accessed the internet for health information [6]. In 2017, 84%
of Australian adults used mobile phones to access the internet,
exceeding access through laptop computers (69%) and desktop
computers (54%) [7]. Furthermore, smartphone ownership has
now surpassed the ownership of desktop and laptop computers
[8].

The proliferation of web-based health information sources is
reflected by the growing literature for health care professionals
discussing and advising the use of new technology [9-12].
Studies have shown that parents and pregnant women trusted
hospital, government, and university websites as accurate,
regulated, useful, and current sources of pregnancy and
parenting information [13,14]. Parents in a video education
study on introducing solid foods preferred the internet as a
source of information for infant nutrition and felt that public
authorities were important information providers [15].

Governments and nonprofit organizations have developed
smartphone apps to promote and enhance breastfeeding [16-20].
A recent content analysis of social support in 31 breastfeeding
apps found that the most common topics were managing
breastfeeding problems (informational support) and locating
where to express or breastfeed in public (instrumental support)
[21]. Increasingly, clinical trials have assessed mobile health
(mHealth) and smartphone apps as interventions to promote
and support breastfeeding among mothers and their partners
[22-24] through text messaging, goal setting, access to
information and videos, provision of online support groups, and
troubleshooting breastfeeding difficulties. A review by Tang et
al [25] on digital interventions that support breastfeeding found
that client communication systems to communicate
breastfeeding information, facilitate communication, and provide
on-demand information services through text messages, phone
calls, email, smartphone apps, and websites may improve
breastfeeding adherence.

In Australia, government health services use mHealth apps to
support routine child and family health nursing practice in fields
such as child literacy and development [26,27], immunization
[28], and safe infant sleeping [29]. An early childhood obesity
prevention trial will test an app developed for parents and
caregivers [30] to be integrated into an Australian statewide
pregnancy coaching service [31]. Clearly, apps used as part of
routine care must meet practice standards for providing
understandable, reliable, current, and evidence-based
information independent of commercial associations. This
highlights the need for evidence-based, well-developed, and
updated apps.

Despite the proliferation of apps and their increasing popularity
with parents, their quality may not have kept pace with their
quantity. Earlier research on infant feeding apps and websites
available in Australia found that 78% of the apps were of poor
quality, with deficits in the breadth and completeness of
information, author credibility, and readability [4]. A similar
review of infant feeding apps in China found that most apps
advertised infant formula and parenting products and rated
poorly on the availability of information, author credibility, and
transparency in disclosing advertising policy, app ownership,
and app sponsorship [32]. A recent review of mHealth apps for
parents of infants in neonatal intensive care units found that
smartphone apps were functional but had low quality and
credibility, with only 2 apps rated good by nurse and information
scientist reviewers and only 5 apps deemed trustworthy [33].

Since the 2015 study [4], the Australian ownership of
smartphones has increased from 64% to 81%, and the proportion
of users accessing the internet through mobile phones has
increased from 42% to 84% [7,34]. In 2017, there were 325,000
health, fitness, and medical apps available [35]. The increasing
interest in infant feeding and physical activity apps indicated
by popular search queries in the Google search engine
(Multimedia Appendix 1) demonstrates the need to
systematically assess and update the current smartphone app
landscape. Furthermore, there is a continual turnover of
smartphone apps, with several apps from the 2015 study [4]
subsequently removed from distribution.

Aim
Given the rapid expansion of digital technology into the realm
of child health, this study aimed to evaluate the quality of
information on infant nutrition and physical activity currently
available to Australian parents via smartphone apps. It updates
and expands the 2015 systematic assessment, examining the
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comprehensibility, suitability, and readability of information in
free and paid apps available in Australia.

Methods

Study Design
This study used systematic methods to identify, select, and
evaluate infant feeding and activity apps that were available in
Australia between August 2018 and January 2019. It assessed
aspects of their quality and utility using validated and
purpose-specific instruments to replicate and update an earlier
study [4]. Full details of the methods are given in Multimedia
Appendix 2, and evaluation tools are described in Multimedia
Appendix 3.

Stage 1: App Selection
Smartphone apps were identified by searching app platforms
from the two largest smartphone operating systems: App Store
for iPhone Operating System (iOS; Apple Inc) and Google Play
for Android (Google LLC). The search terms included variations
in infant feeding, baby feeding, breastfeeding, formula feeding,
bottle feeding, baby food, baby weaning, infant activity, and
tummy time.

We used the search engine Google Play on a desktop for
searching Android apps [36]. It was not possible to search the
App Store on a desktop [37]; therefore, we conducted all App
Store searches on the authors’ iOS smartphones.

Members of the research team screened all located apps for
eligibility: 4 authors screened iOS apps, and 2 authors screened
Android apps. The first author cross-checked all apps. Apps
were reviewed if they met the inclusion criteria. Any
disagreements regarding the inclusion of apps in the study were
discussed until consensus was reached.

The inclusion criteria for selection included apps written in
English, targeted at parents of infants up to one year of age, and
containing information on at least one of the following topics:
milk feeding behaviors (breastfeeding, formula feeding,
expressing breast milk, frequency or timing of feeding, and
correct preparation of infant formula), solid food feeding
behaviors (age of introduction, types of food introduced,
repeated exposure, varied exposure, and reducing exposure to
unhealthy food and beverages), or infant activity (tummy time,
infant play, and movement).

In the selection stage, we excluded apps that were inaccessible
with dead or broken links; were formatted as electronic books,
news, magazines, podcasts, blogs, or word documents; had
restricted access; did not have an English language option or
were machine-translated into English; were games or gaming
apps, or contained stolen or farmed content [38] from other apps
or websites. Examples of excluded apps are given in Multimedia
Appendix 2. Apps whose main function was to monitor or time
infant care tasks, without providing any educational information
on infant feeding and activity, were also excluded.

Stage 2: App Evaluation
In this stage, reviewers evaluated the selected apps on several
dimensions (coverage and depth of information, quality, data

security, and app accessibility, suitability, and readability) using
a range of instruments. The reviewers rated all instruments using
the Research Electronic Data Capture platform (Vanderbilt
University) [39].

Coverage and Depth of Information

Accurate coverage (referred to hereafter as coverage) and depth
of information were evaluated using a quantitative tool
developed for the 2015 study [4], based on the Australian
government’s guidelines on infant feeding [40] and physical
activity [41], with permission from the tool’s authors. It has 9
topics with 22 subtopics on encouraging and supporting
breastfeeding, initiating breastfeeding, establishing and
maintaining breastfeeding, managing common breastfeeding
problems, expressing and storing breast milk, breastfeeding in
specific situations, preparing and using infant formula,
introducing solid foods, and encouraging infant activity.

Coverage, defined as the breadth of the subtopics correctly
covered in each app, was scored as either correct (+1), incorrect
(−1), not addressed (0), or not applicable. Depth, defined as the
completeness of information covered in each subtopic, was
scored as partially complete (+0.5), complete (+1), or
incompletely addressed or incorrect information (0). If the
subtopic was scored incorrectly for coverage, it was
automatically scored as incorrect for depth.

We also rated each app’s coverage using the criteria from the
Health-Related Website Evaluation Form [42]. Coverage was
summarized as excellent (≥90%), adequate (75%-89%), or poor
(≤74%). Depth was summarized as complete (100%), partial
(50%-99%), or low or no (≤49%) completeness.

App Quality

App quality was evaluated using the Mobile App Rating Scale
(MARS) [43], which was not available at the time of the original
study in 2015. The MARS is a 23-item quality rating tool that
uses a 5-point rating scale, scored as 1 (inadequate), 2 (poor),
3 (acceptable), 4 (good), and 5 (excellent), with 4 objective
scales on engagement (5 domains on interesting, fun, or
interactive content), functionality (4 domains on app navigation
and logical usability), aesthetics (3 domains on graphic design
and visual appeal), and information quality (7 domains on
credibility of source). The MARS also includes 1 subjective
quality scale incorporating the user’s judgment on their
likelihood of recommending, using, and purchasing the app and
a personal 5-star rating. This is reported separately as the
subjective MARS score.

A final measurement of app quality, the objective MARS score,
is calculated as a 5-star rating using the mean from the scores
from the objective (engagement, functionality, aesthetics, and
information quality) scales.

App Usability

The authors of the previous study [4] developed 2 additional
scales not included in other app assessment tools available or
found by the authors during the app evaluation stage. These
were data security, with items assessing data encryption and
privacy, and accessibility, incorporating multilanguage options,
one-handed functionality, and availability of help guides. We
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added these scales to the MARS tool to create the modified
MARS score, which we calculated separately from the objective
MARS score.

Suitability of Information

The appropriateness of the information on the apps was
evaluated using the Suitability Assessment of Materials (SAM)
tool [44]. The SAM is a 22-item validated instrument that
assesses content, literacy level, graphics, layout, interaction
with readers, and cultural appropriateness. Each item is scored
as superior (+2), adequate (+1), not suitable (0), or not
applicable. The sum of the scores of the items generates a final
score summarized as superior (70%-100%), adequate
(40%-69%), or not suitable (0%-39%) appropriateness of
information for the target audience.

The hypothetical target audience used in the app evaluation was
Australians with a year 3 to 4 reading level, with or without a
multicultural background [45].

Readability

The SAM also assesses the readability, or grade level of written
text, measured using the Flesch-Kincaid (F-K) [46] and the
Simple Measure of Gobbledygook (SMOG) [47] tools. The
reviewers assessed the readability by typing a section of writing
from each app into an online readability calculator [48] that
calculated F-K and SMOG scores; they also used Microsoft
Word software (2010 and later; Microsoft Corporation) [49] to
generate an alternative F-K score. Each reviewer selected the
passage of the text they assessed.

The F-K and SMOG scores are reported as American reading
grades. The Australian federal government’s Plain English
guidelines [45] recommend writing for a reading level of
Australian school year 3 to 4, the equivalent of American Grade
3 to 4 reading level. The South Australian state government’s
health literacy guidelines recommend writing for a reading level
of Australian year 8 [50].

Readability is an item in the SAM. Using the SAM, we
summarized F-K and SMOG readability scores as superior
(Grade 5 and lower reading level), adequate (Grade 6 to 8
reading level), or not suitable (Grade 9 or higher reading level).

Interrater Reliability
We undertook interrater reliability (IRR) testing with 2 or more
reviewers assessing at least 20% of the selected apps using all
rating tools. We tested apps that were available on both iOS
and Android platforms. Discrepancies were discussed until
reviewers reached a consensus on their final ratings.

IRR was calculated for the readability scores, MARS scores,
SAM, and the evaluation of information content using
Krippendorff α (α), which is appropriate when there are missing
or incomplete data. Using Krippendorff standards for data
reliability, .667≤α<.80 was accepted as tentatively reliable, and
α≥.80 was accepted as reliable.

Statistics
Statistical analyses were performed using IBM SPSS Statistics
for Windows, version 25.0 (IBM Corporation). Descriptive
results on the ratings from the various instruments are reported
as median (IQR). We calculated the correlations among different
measures of readability using the Spearman rank-order
correlation. We also compared the 5-point rating scores in the
MARS tool with the user ratings of the apps presented in the
Apple App Store and Google Play Store using the Pearson
correlation coefficient. Krippendorff α was calculated using the
KALPHA macro for IBM SPSS [51]. Significant values were
indicated at P<.05.

Ethics Approval
This study did not require ethics approval.

Results

Stage 1: Smartphone App Selection

Screening Process
App searches were performed between August and September
2018. A total of 5692 apps were identified for screening (Figure
1), with 3496 duplicates removed and 2196 apps screened for
potential inclusion. After screening, 102 apps were downloaded
for evaluation. Of these, 54 were excluded, and 47 were
reviewed between September 2018 and January 2019. The apps
included in this study are described in Multimedia Appendix 4.
We undertook 59 evaluations for 47 apps, including 27 and 32
evaluations on iOS and Android smartphones, respectively.
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses diagram of smartphone app selection process.

Description of the Selected Apps
Overall, 1 app was developed with nationally competitive
research funding, 10 apps were developed by the government
or had government affiliations, 3 apps were developed by
universities or had university affiliations, and 33 were
commercial.

Furthermore, 2 apps were trialed with surveys [52,53]. One app
was used in a randomized controlled trial but was not objectively
evaluated [54]. Of the 47 apps, 35 apps (74%) were free to
access, although 12 of these required payment to remove
advertisements; access additional content, functions, and
information; or access the full app without preview restrictions.
Overall, 12 of the 47 apps (26%) were only accessible by
purchase. A total of 10 apps were, as reported by app developers,
available in languages other than English (eg, Arabic, Bosnian,
Chinese, Danish, Dutch, French, German, Hindi, Italian,
Japanese, Polish, Portuguese, Russian, Spanish, Swedish, and
Vietnamese).

Of the 47 apps, 32 apps (68%) were located through infant
feeding–related search terms, 13 (28%) through terms related
to introduction to solids, and 25 (53%) through infant

activity–related terms. Several apps were found through multiple
keyword search terms, for example, in search terms related to
infant feeding and introduction to solids.

Stage 2: Smartphone App Evaluation

Interrater Reliability
Overall, 12 of the 47 apps (26%) were evaluated independently
by 2 different reviewers using iOS and Android platforms
(Multimedia Appendix 4) to assess the IRR.

There was reliable IRR agreement (α≥.80) for the objective
MARS ratings and the depth of information content in the infant
activity subtopic. There was acceptable IRR agreement
(.667≤α<.80) for the modified MARS ratings, depth of
information content in the infant feeding subtopic, and coverage
of information content in the infant activity subtopic.

Although the IRR scores were relatively low on several
instruments, the reviewers discussed discrepancies and the
interpretation of evaluation criteria to ensure greater unanimity
in future scoring. The following tables present results for 59
evaluations, taking into account the 12 apps rated by the 2
reviewers.
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Coverage and Depth of Information
The coverage and depth of information provided by most apps
were relatively poor (Table 1). Assessment with the content
evaluation tool (Multimedia Appendix 3) found a median
coverage, or breadth of subtopics correctly covered, of 64%
(IQR 40%-87%; Figure 2). The depth, or completeness of
information covered in the subtopics, had a median rating of
48% (IQR 32%-67%). The majority of app evaluations (31/59,
53%) had low or no completeness of subtopics (Tables 2 and

3). Furthermore, two-thirds of the app evaluations (38/59, 64%)
showed that the apps had poor depth of information, and only
7% (4/59) of the app evaluations rated information as complete
(Tables 2 and 3).

Detailed reporting of the coverage and depth of information
within each subtopic are shown in Multimedia Appendix 4.
Subtopics pertinent to clinicians are described below under
Coverage of Information in Subtopics and Depth of Information
in Subtopics and in Table 4.

Table 1. The quantitative coverage and depth of information based on Australian infant feeding and physical activity guidelines in all apps (N=59
evaluations of 47 apps).

Number of evaluations, nRange (%)IQR (%)Median (%)Information quality

Coverage

59−20 to 100a40-8764All apps

377 to 10040-8067Infant feeding apps

37−100 to 100a0-8850Introduction to solid foods apps

330 to 10050-100100Infant activity apps

Depth

594 to 10032-6748All apps

370 to 8621-5038Infant feeding apps

370 to 1006-5038Introduction to solid foods apps

330 to 10050-8850Infant activity apps

aResults with negative scores indicate apps with overall negative scoring for topics reported incorrectly.
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Figure 2. Quantitative evaluation of the coverage of information and the depth of information across all subtopics on infant feeding, introduction to
solids, and physical activity in apps. A total of 59 evaluations were conducted for 47 apps. Median and IQR reported.

Table 2. The qualitative evaluation of coverage of information based on Australian infant feeding and physical activity guidelines in all apps (N=59
evaluations of 47 apps).

Number of evaluations, nExcellent, n (%)Adequate, n (%)Poor, n (%)Coverage of information

5913 (22)8 (14)38 (64)All apps

376 (16)6 (16)25 (68)Infant feeding apps

379 (24)2 (5)26 (70)Introduction to solid foods apps

3324 (71)0 (0)10 (29)Infant activity apps

Table 3. The qualitative evaluation of depth of information based on Australian infant feeding and physical activity guidelines in all apps (N=59
evaluations of 47 apps).

Number of evaluations, nComplete, n (%)Partial completeness, n (%)Low or no completeness, n (%)Depth of information

594 (7)24 (41)31 (53)All apps

370 (0)10 (27)27 (73)Infant feeding apps

372 (5)9 (24)26 (70)Introduction to solid foods apps

3319 (24)8 (56)7 (21)Infant activity apps

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e17300 | p.331http://mhealth.jmir.org/2020/5/e17300/
(page number not for citation purposes)

Cheng et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 4. The depth (completeness) of information in the subtopics reported (N=59 evaluations of 47 apps).

Number of

evaluations, na
Incorrect or in-
complete, n

Partially com-
plete, n

Complete, nCompleteness of information

Encouraging and supporting breastfeeding

3251116Breastfeeding as the physiological norm

211146Protection and promotion of breastfeeding

2511212Breastfeeding education for parents

Initiating breastfeeding

221174Physiology of breast milk and breastfeeding

14563The first breastfeed

Establishing and maintaining breastfeeding

132101Difficulty establishing breastfeeding

165101Factors affecting establishment of breastfeeding

264148Monitoring an infant’s progress

227114Maternal nutrition

Breastfeeding, common problems, and their management

191153Maternal factors affecting breastfeeding

163121Infant factors affecting breastfeeding

Expressing and storing breast milk

235135Expressing breast milk

11155Feeding with expressed breast milk

249510Storage of expressed breast milk

Breastfeeding in special situations

216132Tobacco, alcohol, and other drugs

Infant formula

13742Preparing infant formula

16466Using infant formula

6051Special infant formula

Introducing solids

3513157When should solid foods be introduced?

272133What foods should be introduced?

279144Foods and beverages most suitable for infants or foods that should
be used in care

245910Healthy foods in the first 12 months (continued exposure and oppor-
tunity to sample a wide variety of healthy foods)

Infant activity

2811116Encouraging physical activity for infants from birth for healthy de-
velopment

2521310Advice on types of infant physical activity and movements for de-
velopment, including reaching and grasping; pulling and pushing;
moving their head, body, and limbs during daily routines; and super-
vised floor play, including tummy time

aNot all apps included information on all subtopics.

Coverage of Information in Subtopics
Information coverage was lowest in apps related to infant
feeding and introduction to solid foods. Infant activity subtopics

were more likely to provide correct advice, with only 1 app
reporting incorrect advice on encouraging infant activity for
healthy development.
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For information on infant feeding, incorrect advice was most
frequently reported in the following subtopics: maternal nutrition
during breastfeeding (3 apps), expressing and storing breast
milk (3 apps across topics), breastfeeding in specific situations
(tobacco, alcohol, and other drug use; 3 apps), and preparing
and using infant formula (2-4 apps).

For information on introducing solid foods, incorrect advice
was most frequently reported on the time to introduce solid
foods (9 apps), first foods to introduce (15 apps), foods and
beverages most suitable for infants (5 apps), and exposure to
healthy foods for the first 12 months (3 apps).

Depth of Information in Subtopics
The ratings on the depth of information were lowest in apps
related to infant feeding and introduction to solid foods (Table
4).

In apps on infant feeding, the depth of information was best
reported for special infant formula, with 3 apps reporting
partially complete information and 1 app reporting complete
information. Incomplete or incorrect information was reported

in all other subtopics across infant feeding apps. Partially
complete information on infant feeding was more frequently
reported than complete information.

In apps on introduction to solid foods, incomplete or incorrect
information was reported in all subtopics. For appropriate first
foods, incomplete or incorrect information was reported more
frequently than correct information. Partially complete
information on when to introduce solid foods and foods and
beverages most suitable for infants was more frequently reported
than complete information.

Most apps on infant activity reported partially complete
information on encouraging infant activity for healthy
development and complete information on the types of different
infant physical activities or movements for development.

App Quality
Table 5 and Figure 3 present the results of app quality evaluation
using the MARS tool, which rates different objective and
subjective dimensions of app quality.

Table 5. Mobile App Rating Scale quality ratings (N=59 evaluations of 47 apps).

Apps rated excellent, nApps rated good, nRangeIQRMedianMARSa evaluation scores

0121.80-4.202.60-3.403.00Engagement subscale

24262.0-5.03.75-4.754.25Functionality subscale

10322.0-5.04.0-4.674.33Aesthetics subscale

1301.75 -4.83.0-3.803.60Information quality subscale

1382.07-4.283.24-3.993.63Objective MARS scoreb

351.0-5.01.0-3.332.33Data security subscale

1181.0-5.02.0-3.673.00Accessibility subscale

0252.35-4.572.99-3.643.41Modified MARS scorec

1201.0-4.252.0-3.52.50Subjective MARS score

aMARS: Mobile App Rating Scale.
bObjective MARS score=mean of engagement subscale+functionality subscale+aesthetics subscale+information quality subscale.
cModified MARS score=mean of objective MARS score+data security subscale+accessibility subscale.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e17300 | p.333http://mhealth.jmir.org/2020/5/e17300/
(page number not for citation purposes)

Cheng et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 3. Quantitative evaluation of the 5-point Mobile App Rating Scale scores.

Overall, the quality of the apps was found to be mixed. Ratings
were typically higher for items included in the objective score
(especially the aesthetics and functionality subscales) than the
subjective score. The inclusion of the 2 items on data security
and accessibility lowered the median quality ratings of the apps,

especially given that most apps rated poorly on data security
(median 2.33; IQR 1.00-3.33).

Figure 4 indicates that very few apps were rated excellent across
all items on the MARS scales, although higher proportions were
rated good, especially for the objective subscales.

Figure 4. Qualitative evaluation of the 5-point Mobile App Rating Scale scores.

On the subjective MARS scale, out of 47 apps, there were 21
apps (45%) that the reviewer reported they would never
recommend to others or recommend to very few people.
Furthermore, reviewers, who were child health clinicians or
health researchers, reported that they would not pay to access
30 of the 47 apps (64%), although 4 of these were free,
developed by the government or a community health
organization.

A total of 31 apps reported the authors’ qualifications with
health expertise, including doctors, nurses, lactation consultants,
midwives, psychologists, physiotherapists, physical therapists,
speech language therapists, health promotion officers, dietitians,

nutritionists, occupational therapists, and sport therapists. As
noted, 33 apps were developed by commercial entities, including
15 owned or developed by health care practitioners and 9 that
consulted with health practitioners.

More detailed findings on the MARS and scores are reported
in Multimedia Appendix 4.

We compared the MARS quality scores with the user-rated
scores from the Apple App Store and Google Play Store reported
in January 2019 (Multimedia Appendix 4). There was no
significant correlation between the users’ app ratings and any
of the MARS scores, but there was a significant correlation
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among the subjective, modified, and objective MARS scores
(P<.001 each, 2-tailed).

Suitability of Infomation
Overall, 42% apps (25/59 evaluations) were rated superior for
suitability of health information, 54% apps (32/59 evaluations)
were rated as adequate, and 3% apps (2/59 evaluations) were
not suitable. More detailed findings on the SAM scores are
reported in Multimedia Appendix 4.

Few apps were rated superior on the cultural appropriateness
items, although most apps were considered adequate on the
cultural match for an Australian setting. A few apps were
considered superior when they were suitable for an Australian
setting and featured information for a non-Western culture and
demography. Few apps presented information with
representation of images and examples demonstrating cultural
diversity. The 3 apps that contained culturally diverse images
were all developed outside of Australia (but were available in

English); the target populations were Croatian (Baby Food
Chart), mainland Chinese and Hong Kong Chinese (Info for
Nursing Mum), and Maori and Pacific Islander families (Raising
Children).

Many apps provided instructions for taking clear and specific
actions, with topics subdivided to motivate users—for example,
in apps on introducing solid foods, information was subdivided
into sections on the types of food to introduce, how to prepare
food, how to feed infants, and how to encourage dietary variety.
Most information was provided in a question-and-answer format,
which was rated as adequate reader interaction.

Readability
The reading grade of app content was consistent across the tools
used (Table 6).

There was a good correlation among reading grade scores using
the 3 readability measures (P<.001; Multimedia Appendix 4).

Table 6. Readability scores of infant feeding and activity apps.

IQRMedianAmerican grade level reading score

6-108Flesch-Kincaid score (online tool)

6-98Flesch-Kincaid score (Microsoft Word)

6-98Simple Measure of Gobbledygook score

However, very few apps met the Australian federal
government’s recommended level for written health information
of Grade 4 reading level or below: either 3 apps (using the F-K
online tool), 4 apps (F-K in Word), or 5 apps (SMOG). A
majority of apps met the South Australian government’s
recommended level of Grade 8 level reading and below: 24 and
32 apps using F-K online tool and Microsoft Word tool,
respectively, and 34 apps using the SMOG tool.

There was a low correlation among reading grades rated as not
suitable, adequate, or superior in the SAM tool and the overall
SAM score on adequacy of health information (r=0.25; P=.06).

Comparison With the 2015 Study
The 2015 study [4] used similar methods to evaluate infant
feeding apps for parents. Although this study aimed to replicate
it, some of the methods of analysis and presentation differed.
Table 7 presents comparable findings between the 2 studies.
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Table 7. Comparison of evaluation outcomes used in the original 2015 study and this study.

2015 study (46 apps and 46 evaluations)This study (47 apps and 59 evaluations)Instrument

Content evaluation tool (%), median (IQR)

65 (58-71)64 (40-87)Coverage of information

Reported graphically48 (32-67)Depth of information

App quality using Quality Component Scoring System (scored out of 100%)

49 (41-60)Not undertakenMedian (IQR)

91Not undertakenProportion rated poor (<50% score)

App quality using Mobile App Rating Scale (scored out of 5 points)

Objective scale

Not developed at the time of writing3.63 (3.24-3.99)Median (IQR)

Not developed at the time of writing2Proportion rated poor (%, ≤2.5 score)

Modified scale

Not developed at the time of writing3.41 (2.99-3.64)Median (IQR)

Not developed at the time of writing7Proportion rated poor (%, ≤2.5 score)

Subjective scale

Not developed at the time of writing2.50 (2.0-3.5)Median (IQR)

Not developed at the time of writing54Proportion rated poor (%, ≤2.5 score)

Suitability Assessment of Material (%)

1544Superior overall (70%-100%)

3953Adequate overall (40%-69%)

423Not suitable (0%-39%)

Readability, median (IQR)

8 (7-10)8 (6-10)Flesch-Kincaid online tool

8 (7-10)8 (6-9)Flesch-Kincaid Word tool

7 (7-8)8 (6-9)Simple Measure of Gobbledygook

Discussion

Principal Findings
This study evaluated 47 apps on infant feeding and physical
activity and found that the information content within these
apps was largely poor for coverage and depth of information
presented. This study updated a systematic assessment of 46
apps available from 2013 to 2014, which similarly found poor
quality information for parents [4]. Although the quality of apps,
rated through the MARS, improved since the previous study,
the credibility of advice did not improve; of the 59 evaluations,
almost two-thirds reported poor coverage of information, and
over half the app evaluations reported incorrect or incomplete
information on the topics addressed.

Reviewers identified information contrary to the Australian
guidelines on infant feeding [40] and physical activity [41] in
21 apps. Many of these apps were developed outside of
Australia, that is, in America, the United Kingdom, and the
European Union, where the official guidelines may be different
from those in Australia. Although 1 app with incorrect
information was developed in Australia and involved health
care professionals, it was developed by a medical device

company whose promotion of its breast pumps likely interfered
with the provision of correct breastfeeding information.

The results using the MARS tool were largely positive. In this
systematic assessment, the apps were rated as moderately
engaging, functional, and visually appealing, and these apps
clearly reported whether the information came from credible
sources. One strength of the MARS tool is that it provides a
multidimensional overview of app characteristics, all of which
contribute to the user’s experience of an app and the capacity
to learn from it. In this case, most apps rated well on
engagement, functionality, and aesthetics. However, in MARS,
the quality and quantity of the information content constitute
only 2 out of the 7 domains that contribute to the final score.
Therefore, the information items were inadequate to reflect the
importance of the content in this context. In other words, the
MARS tool gave relatively little weight to the quality and
accuracy of the information provided to consumers about infant
nutrition and activity.

Therefore, although many apps were qualitatively evaluated as
good to excellent on the objective and modified MARS score,
the information contained within these apps was poor. This is
reflected in the subjective scores for the apps, with a median of
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2.50 and most apps falling between inadequate and acceptable.
Reviewers reported that nearly half of all apps were poor or
inadequate for recommending to others.

Brown et al [55,56] systematically reviewed the content of
pregnancy apps against the Australian national recommendations
on healthy eating for pregnancy. Similar to this study, they
found that the apps were of moderate quality (mean objective
MARS score was 3.05 [SD 0.66] and 3.52 [SD 0.58] for iOS
and Android apps, respectively), with the functionality scale
(mean 3.32 [SD 0.66]and 4.06 [SD 0.67], for iOS and Android
apps, respectively) rated highest. These reviews also found
incorrect and potentially harmful information in 3 apps about
avoiding alcohol during pregnancy, fasting, restricting dairy
products, and using dairy alternatives to meet calcium
requirements.

Similarly, a review by Richardson et al [33] on apps for parents
of infants in neonatal intensive care units highlighted the
inconsistencies in quality ratings according to the method used.
They identified a discrepancy between high app quality ratings
using the MARS tool and those using the Trust It or Trash It
tool [57] for evaluating clearly reported sources of health
information.

Although most apps were rated suitable for their potential users
on many dimensions, they scored less on readability and cultural
appropriateness. Using the readability tools, only a handful of
apps met the Australian government’s requirement of year 4
reading level (3-5 apps, depending on what readability tool was
used), although a majority met the less stringent South
Australian government’s requirement of year 8 level. However,
the reviewers’ SAM ratings suggested that most apps used a
suitable vocabulary and appropriate style and ordering.

Limitations
The app market is highly dynamic, and this study captured a
cross-sectional snapshot of infant feeding and play apps
available at one time point. Several apps in the previous study
[4] were not available for download in 2018 and 2019. Even in
this study, some apps had been removed from the marketplace
by the time of writing, demonstrating the volatility of this
information source. This changing availability makes the process
of systematically reviewing apps challenging and potentially
limited if key resources are not available during the selection
phase.

Changes in the app search engines impacted the search process.
The removal of the iOS App Store feature on iTunes in
September 2017 [37] meant that the reviewers could only search
using an iPhone instead of a desktop computer and prevented
reliable double-checking of apps found for screening. As with
other mHealth reviews conducted after September 2017 [56],
double-checking of apps available in the App Store was
conducted on Fnd, a web-based search tool [58], which reduces
the flexibility of consumers to search for apps on desktop and
synchronize the app download to their smartphone.

Search optimization, which refers to optimizing smartphone
apps for visibility in search engines and browsing [59], also
affected the types of apps found. To reflect the external validity
of apps found by users searching through a smartphone app

search engine, the authors did not include handsearching or
searching for apps outside of the app search engine.
Oversaturation of search engines with apps that are malware,
spam, counterfeit, or contain copyrighted and farmed content
[60-62] results in excessive number of apps; over 5000 apps
were found during screening (Figure 1). This affects the apps
found through Google Play, as search results are limited to 250
apps per search; therefore, if irrelevant apps are found in
keyword searches and listed in the first 250 apps found, this is
a nonoptimal search strategy, and relevant apps will be displaced
from the search and not included in the analysis. This excessive
number of apps caused relevant apps to be displaced by
irrelevant apps; for example, a nongovernment
organization–developed app on tummy time (Red NoseSafe
Sleeping) was available on both search engines, but poor search
optimization for keywords resulted in the app not being found
through Google Play searches.

This study used keywords in English and evaluated apps
available with English as the main language option. We
acknowledge the multicultural background of the Australian
population and the need for apps suitable for culturally and
linguistically diverse parents [63], and a limitation of our study
may exclude app users without English language proficiency
(approximately 3.5% of Australians aged 15-49 years in 2016,
data from Australian Bureau of Statistics [64]). Of the 102
relevant apps screened (Figure 1), only 3 were excluded for not
being available in English. It is likely, however, that
non-English–speaking parents may search for non-English sites.
Zhao et al [32] used the 360 App Store and Chinese language
keywords to conduct similar research, focusing on apps used
by non-English–speaking parents. This shows the potential for
this approach to include different app marketplaces and language
search terms to explore apps available for different groups of
parents.

Interrater Reliability
The IRR results (Multimedia Appendix 4) showed considerable
discrepancies on some instruments. There was low agreement
on readability scores, which may reflect the different passages
of text selected for evaluation by the pairs of reviewers. This is
likely as reading grade level was calculated using objective
tools, rather than individual reviewer assessment.

Although there was acceptable agreement on the modified
MARS scores between the pairs of reviewers, there was far less
agreement on the subjective MARS items. This difference in
scoring may reflect the reviewer’s perspectives (a dietitian
researcher’s evaluation compared with a child and family health
nurse clinician’s evaluation), affecting their likelihood of
recommending an app and also their evaluation of its suitability
for consumers using the SAM tool.

There was also mixed assessment on the coverage and depth of
information on infant feeding, introduction to solids, and infant
activity subtopics. Although reviewers evaluated content against
the same government guidelines, they may have varied with
regard to stringency in certain subtopics, such as deciding
whether infants with appropriate signs of readiness can start
solid foods between 4 and 6 months or if exclusive breastfeeding
for 6 months was imperative [65]. Similarly, reviewers varied
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on how much information constituted complete or partially
complete advice, affecting IRR.

Comparison With Prior Work
In replicating an earlier study of infant feeding and activity
apps, we were able to compare the quality and content of apps
available during 2018 to 2019 and those available 5 years earlier.
The increased access to smartphones and the utilization of
app-based health information among the Australian population
over that time suggest that this study is highly relevant and
timely. However, notwithstanding the increased suitability and
functionality of these apps (measured with the SAM and MARS
tools, respectively), the quality and accuracy of much of the
information in apps have not greatly improved over time.

Since the 2015 study, this study identified growth in apps that
are from reputable sources such as the government, universities,
and health professionals: only 2 apps with university
endorsements were found in the previous study [4] compared
with 14 apps with university or government development or
affiliation in this study. In addition, 3 apps were also used in
research [52-54]. This finding indicates a positive transition of
trustworthy sources that leverage the increased usage of
technology and offer credible information to a wider population.
This study also indicated that 9 apps were available in languages
other than English, compared with none in the previous study.
This demonstrates improved multilingual resources for a
growing culturally diverse population.

This study was more comprehensive in that it looked at
smartphone apps in Android and iOS, both paid and free to
access. However, the previous study also looked at websites
available on this topic, which might still be a widely used tool
given the widespread use of Dr Google to search for pregnancy,
birthing, and parenting information, which may not be accurate,
credible, reliable, or safe [3,13,66-68].

Despite an increased proportion of apps published by reputable
sources, this study also found relatively few good quality apps
available. We reiterate the earlier recommendation [5] to
establish a certified endorsement for apps similar to the Health
on the Net Foundation Code of Conduct used on the website.
This code of conduct is used to standardize the reliability of
medical and health information available on the World Wide
Web [69] and encourages website developers to maintain the
quality standards of the organization. The 2015 study found
that websites that subscribed to this code of conduct certificate
had higher quality scores [4].

Only 2 apps (WebMD Baby and Pregnancy and Baby Tracker
[formerly What to Expect]) were included across both studies,
highlighting that the app marketplace changes continuously. A
potential reason for the short shelf life of some apps could be
the high maintenance cost required to keep the apps updated
with the evolving smartphone operating systems. Intervention
studies of health apps have reported technical issues with the
implementation of their app [70], such as updates in the
operating system or app impeding participant access [71-74].
This indicates that app functioning requires ongoing
maintenance. This might be a challenge for apps that are
developed with limited funding from universities or governments

compared with commercial companies that often have higher
budgets. Further research is required to explore factors that
impact the shelf life of health-related apps and to develop
suggestions on sustainable ways to leverage technology to share
health-related information.

The use of the MARS tool, specifically developed for app
evaluation, is a strength of this study. However, the MARS tool
had not been published at the time of the 2015 study [4]. The
original study adapted the Quality Component Scoring System
to assess apps; however, this tool was originally developed to
evaluate the quality of medical websites [75], and not all items
were appropriate for apps.

Although the national infant feeding guidelines in Australia
have remained consistent since the previous study [40], the
uptake of this information has not improved. Research indicates
that gaps exist in the current infant feeding practices. Begley et
al’s [76] research with mothers, using focus groups, in Western
Australia found that less than half of the participants had heard
of the Australian Infant Feeding Guidelines or were aware that
the recommended age for the introduction of solid foods was
around 6 months; many participants believed that the guidelines
were based on opinion rather than scientific research. A survey
of mother-infant dyads in Western Australia and South Australia
during 2010 to 2011 found that the feeding behaviors of
participants fell short of Australian feeding guidelines, where
although 93% of mothers initiated breastfeeding, only 42% of
infants were breastfed to 6 months, and 97% of infants received
solid food by 6 months [77].

Implications for Practice
It is well established that early childhood experiences have a
significant impact on optimal child development [40]. Child
and family health nurses in the community play an integral role
in monitoring children’s growth and development and providing
guidance and support to parents. Child and family health nurses
and lactation consultants work in an environment that has limited
staffing and financial resources.

Many parents live in isolation from extended families and turn
to social networking sites for advice from peers for
health-related information. Conflicting advice and lack of
continuity of care from health professionals often adds to their
confusion about how they should care for their children [78,79].
Increasingly, parents require direction and guidance to seek
evidence-based educational resources. Parents seek information
that is easily accessible and affordable. Information provided
during consultation in the child and family health nurse clinics
often dispels the parents’ concerns, but parents may be unable
to absorb all the information at one time and often require
educational resources that they can refer back to once they have
gone home. Appropriate internet websites and smartphone apps
are key to meeting this need.

Parents, particularly first-time parents, are bombarded with
information from a variety of sources, especially from websites
and smartphone apps. Although information evaluation tools
supported by librarians, academics, and the government
[57,80,81] for critically assessing health information quality
can support the health and digital literacy of parents, these tools
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may not be widely known to the layperson. Similarly, clinicians
who regularly support new parents often receive requests for
advice about apps and cannot confidently provide a
recommendation if they are unaware of app evaluation tools
[82] or have insufficient time to evaluate apps. One way to
overcome this challenge is to establish a trusted app or similar
logo (logo similar to that of the Health on the Net Foundation
Code of Conduct’s logo) or a repository of approved apps, such
as the United Kingdom’s National Health Service Apps Library
[83], which can be applied to evidence-based apps that do not
promote particular products.

Conclusions
Improved functionality, suitability, and user engagement of
smartphone apps in recent years are welcome developments for
parents seeking guidance on infant feeding and activity.
However, the high-quality content of apps is critical to good
health outcomes. Assessment of available apps revealed that
some provided very useful information, but there was wide
disparity in reliability and consistency with evidence-based
knowledge. Many apps provided additional information outside
their focal topic or area of expertise; others offered information
largely designed to promote their products. In some instances,
this information was limited and did not provide comprehensive
advice consistent with evidence-based guidelines.
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Abstract

Background: Mental health apps have great potential to help people needing support to cope with distress or specific symptoms.
In fact, there is an exponential increase in the number of mental health apps available on the internet, with less than 5% being
actually studied.

Objective: This study aimed to assess the quality of the available evidence regarding the use of mental health apps and to
summarize the results obtained so far.

Methods: Systematic reviews and meta-analyses were searched, specifically for mobile apps on mental health issues or symptoms,
and rated using the Grading of Recommendations Assessment, Development and Evaluation system.

Results: A total of 7 meta-analyses were carefully reviewed and rated. Although some meta-analyses looked at any mental
health issue and analyzed the data together, these studies were of poorer quality and did not offer strong empirical support for
the apps. Studies focusing specifically on anxiety symptoms or depressive symptoms were of moderate to high quality and
generally had small to medium effect sizes. Similarly, the effects of apps on stress and quality of life tended to offer small to
medium effects and were of moderate to high quality. Studies looking at stand-alone apps had smaller effect sizes but better
empirical quality than studies looking at apps with guidance. The studies that included follow-ups mostly found a sustained impact
of the app at an 11-week follow-up.

Conclusions: This meta-review revealed that apps for anxiety and depression hold great promise with clear clinical advantages,
either as stand-alone self-management or as adjunctive treatments. More meta-analyses and more quality studies are needed to
recommend apps for other mental health issues or for specific populations.

(JMIR Mhealth Uhealth 2020;8(5):e17458)   doi:10.2196/17458
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Introduction

Mobile Health and Apps
Recent years have seen an exponential development of mobile
technologies aimed at improving various mental health
problems. Such technologies are considered part of a new field
of medicine called mobile health (mHealth). This term refers
to health (including mental health) supported by mobile
technologies [1]. The mHealth field is booming, with a plethora
of health-related apps, websites, and text messaging–support
interventions being developed by the industry and being adopted
by the public [2]. However, only a small proportion of these
technologies have undergone any form of empirical assessment
[3].

This lack of app validation is a concern, even more so when
studies suggest that mental health– and addiction-related apps
currently available to the public, with few exceptions, offer
insufficient content quality [4-8]. Fortunately, recent years have
seen an increase in the gathering of empirical data related to
smartphone app–related interventions [9].

What Are Mobile Mental Health Interventions?
According to the World Health Organization’s definition of
mHealth, mobile mental health interventions could be considered
as mental health services (medical and public health practices)
“supported by mobile devices, such as mobile phones, patient
monitoring devices, personal digital assistants (PDAs), and
other wireless devices” [10]. They include smartphone apps,
voice, video or text messaging interventions, real-time tracking,
and Web-based interventions, to name a few. In this review, we
were specifically interested in mental health apps.

Smartphone apps, because of their worldwide mobility,
connectivity, 24-hour availability, and their ubiquitous
characteristics, are strong vectors for mHealth interventions.
Furthermore, they can convey a large range of technologies and
functionalities, such as virtual reality, augmented reality
(inserting computer elements into the real field), telemedicine,
robotics, games, interfaces connected to sensors, social
networks, real-time interactivity, geolocation, and more [11].

App technology has shown the greatest reach in the past few
years. According to the United Nations, more than 90% of the
population in developed countries use such apps daily [12].
Once available for the target audience, because of the wide
dissemination of smartphone devices, such tools can attract
many downloads from all over the world. This potential is
illustrated by tens of thousands of downloads of such apps
[13,14].

The ubiquitous, handy mobile format and 24-hour availability
of smartphones offer an important advantage for using apps to
target mental health problems. One may hypothesize that the
treatment of mental disorders could be improved by effective
support in the right place at the right time. As learning is context
dependent [15], apps can support the process of empowerment
and recovery of people with various mental health problems by
allowing people to access tools or support when needed [16,17].

Mental health apps can also offer the opportunity to assess, with
Ecological Momentary Assessment, or intervene, via Ecological
Momentary Interventions (EMIs), individuals in their natural
environment, thereby enabling a better understanding of the
factors triggering problems and addressing the problems when
and where they arise [18-20]. These methods overcome memory
biases by asking questions pertaining to the current moment or
the current day and can also help determine if phenomena are
stable or change from day to day [21]. Furthermore, such
ecologically valid data may help to guide treatments or improve
assessments in naturalistic settings [22].

Current Knowledge on Mobile Apps for Mental Health
Problems
There is currently somewhere between 10,000 and 20,000
mental health apps [23,24], but it is estimated that only about
3% to 4% are actually evidence based. Most of these studies
have been conducted in the last few years and assessed either
the feasibility and acceptability of mental health apps and, in
some cases, their efficacy for a broad spectrum of mental
disorders, including depressive disorders, posttraumatic stress
disorders, schizophrenia, bipolar disorders, or addictions
[9,14,25-38].

Given the heterogeneity and speed of publication of app-related
studies, aggregated results are needed to determine the overall
(vs specific) efficacy of mobile apps for mental health. Multiple
meta-analyses on apps focusing on a single or multiple mental
health problems have been conducted [39,40], with very
different results at times. This could be explained by the
selection criteria for the meta-analyses, with some only focusing
on stand-alone apps, others only looking at adjunctive apps
(apps offered on top of another treatment) or apps offered with
guidance (a person available for questions or to prompt its use),
others considering both models together, and others still
including everything and evaluating the models separately in
different subanalyses. In fact, some authors suggest that only
adjunctive apps or apps with guidance should be recommended
at this point for mental health issues [41]. Given the speed of
uptake of many of these apps, it is important to determine, based
on the quality of the evidence available and the effect sizes, if
we should recommend such apps for mental health problems
such as depression or anxiety. The purpose of this meta-review
was to summarize these results and determine the empirical
quality of the evidence reported using the grading of
recommendations, assessment, development, and evaluation
(GRADE) system [42]. This system permits the quality of
evidence produced by meta-analyses to be evaluated, according
to specific factors: the sample size, the stable findings across
studies, the appropriate control for known confounding factors,
no evidence of study bias, follow-up (if any), and results being
closely linked to the outcomes targeted here (see Tables 1 and
2). The GRADE system has been successfully applied to
meta-analyses of pre-post designs, randomized controlled trials
(RCTs), correlational studies, experimental studies, and
longitudinal studies [42].
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Table 1. GRADE review of included meta-analyses.

DirectConsistentPrecise (less than
0.25 = precise)

Effect sizeIntervention type
and subtype or out-
come type

Technology
used

Authors

Yes or NoQ or I², Yes or No95% CI, Yes or Nod, g, OR, RR   

No (multiple out-
comes combined)

Q= 125.15, P>.001,
(overall, not specific
for apps)

95% CI: 0.28-0.85 -
No

d= 0.57Specifically for
Apps (excluding
PDAs), all mental
health problems to-
gether

mHealtha for
psychotherapy
or behavioural
interventions
(across all prob-
lems and issues)

Lindhiem et al.,
2015

      

No (multiple out-
comes)

I²: 65.08, No95% CI: 0.45-0.70,
Yes

g=0.57Ecological Momen-
tary Interventions
(EMIs); outcome

Ecological mo-
mentary inter-
ventions (EMI)

Versluis et al., 2016

type : global mentalfor anxiety, de-
health, outliers re-
moved

pression, stress
and positive
mental health

NoI²: 58.5, No95% CI : 0.48-0.82,
No

g=0.65EMIs; outcome type
: global mental
health compared to
control conditions

N/Ab 

YesI²=50.48; No95% CI: 0.32-0.63
No

g=0.47EMIs; outcome:
anxiety

N/A 

YesI²=65.58; No95% CI: 0.34-0.61
No

g=0.48EMIs; outcome : de-
pression

N/A 

NoI²= 12.79; Yes95% CI : 0.23-0.57
No

g=0.40EMIs; outcome :
perceived stress

N/A 

NoI²=0; Yes95% CI : 0.19-0.56
No

g= 0.38EMIs; outcome :
quality of life

N/A 

YesI²=37.1%

Q=20.67;

Yes

95% CI : 0.57-0.88

Yes

g=0.73with guidanceN/A 

YesI²=77.7%

Q=36.8, P=.05;

No

95% CI : 0.22-0.69

No

g= 0.45stand aloneN/A

No (eHealthc Smart-
phone; multiple out-
comes)

I²: 67.6%, Q = 9.82
(df2), P<=.01, No

95% CI: 0.13-0.35
(No)

g=0.24eHealth in the work
place; outcome :
global (No specific
analyses just for
apps)

eHealth and
mHealth (app or
web-based) for
mental health at
work

Stratton et al., 2017

Yes (anx)Q=15.9, I²=49.6%),
No

95% CI: 0.17-0.48
(No)

g=0.33Smartphone interven-
tions, all studies,
anxiety symptoms

Psychological
interventions
for anxiety via
smartphones

Firth et al., 2017a

YesYes0.06-0.31, Yesg=0.19compared to active
controls

N/A

YesYes0.3-0.6, Nog=0.45compared to waitlistN/A

YesQ = 80.8 P=.01
I²=74%, No

95% CI: 0.242 -
0.524, Yes

g = 0.38Smartphone interven-
tions for depression,
global

Psychological
interventions
for depression
via smartphones

Firth et al., 2017b

YesQ = 20.8 P=.03
I²=47.2, No

95% CI: 0.098 -
0.334, Yes

g = 0.22compared to active
controls

N/A
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DirectConsistentPrecise (less than
0.25 = precise)

Effect sizeIntervention type
and subtype or out-
come type

Technology
used

Authors

Yes or NoQ or I², Yes or No95% CI, Yes or Nod, g, OR, RR   

YesQ =34.9 P=.01
I²=65.6, No

95% CI: 0.379 -
0.736, No

g = 0.56compared to inactive
controls

  

Yes (suicidal
ideation)

I²: 0%, Yes95% CI: -0.44- -
0.08, No

d=-0.26suicidal ideation

RCTd
eHealth and
mHealth (app or
web-based) for
self-manage-
ment of suicidal
ideation and
self-harm –
(stand alone on-
ly)

Witt et al., 2017

YesP=.003, I²: 79%, No95% CI = -0.92,
0.12 Yes

d=-0.4suicidation ideation
(No controls)

N/A 

YesI² = 12%, P=.39,
Yes

95% CI: -2.1 - 2.78,
No

mean difference:
0.34

self-harm (frequen-
cy) vs control

N/A 

  

Yes (depr sx)I² = 54%, No95% CI: 0.21-0.36
Yes

g= 0.28Apps for depressionappsLinardon et al.
2019

YesI² = 60%, No95% CI: 0.07-0.34,
No

g=0.13compared to active
controls

N/A 

YesI² = 46%, No95% CI: 0.34-0.62

No

g=0.48with guidanceN/A

YesI² = 32%, Yes95% CI: 0.15-0.31

No

g=0.23stand aloneN/A

YesI² = 63%, No95% CI: 0.2-0.4, Nog=0.3Apps for anxietyN/A 

YesI² = 32%, Yes95% CI:

-0.21-0.39, Yes

g=0.09compared to active
controls

N/A 

YesI² = 60%, No95% CI: -0.36-0.70,
No

g=0.53with guidanceN/A

YesI² = 36%, Yes95% CI: -0.12-0.30,
No

g=0.21stand aloneN/A

YesI²: 78%, No95% CI: 0.25-0.90)
No

g=0.58Apps for social anxi-
ety

N/A 

YesI²: 0% Yes95% CI: -0.41- 0.31,
No

g=-0.05Apps for panicN/A 

YesI²: 0% Yes95% CI: -0.04-0.41
- No

g=0.18Apps for PTSDN/A 

NoI²: 60% No95% CI: 0.24-0.56,
Yes

g=0.40outcome: general
distress

N/A 

NoI² = 62%, No95% CI: 0.21-0.48,
No

g=0.35outcome: stressN/A 

NoI² = 24%,Yes95% CI: 0.29-0.42,
Yes

g=0.35outcome: quality of
life

N/A 

amHealth: mobile health.
bN/A: Not applicable.
cRCT: Randomized Controlled Trial.
deHealth: electronic health.
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Table 2. Grade review continued.

Overall QualityConclusion on ef-
fect

Publication bias
considered

Other biases consid-
ered

Length of fol-
low-up

N (total number
of participants)

Study DesignAuthors

 P. eg. : Yes, small
- Yes, No change -
No publication bias
- unknown

No, but they
looked if the effect
vary by moderator
(supported by a
mental health pro-
fessional)

No follow-up
described

P. eg.: 154, con-
trols 145

RCTa, PC
(prospective co-
hort)

 

poor-moderatemediumYes: No change
but not specific for
apps

NoNo follow-up
described

943RCTLindhiem et
al., 2015

        

poor-moderatemediumYes, No changeYes (age, gender,
design, etc.)

No follow-up
described

1008PCVersluis et al.,
2016

poormediumYes, significant
risk for bias. Cor-

NoNo follow-up
described

481RCT 

rected effect size:
g=0.23, 95% CI:
0.04-0.42 (consider-
ably smaller)

poorsmall-mediumunknown for this
subgroup of studies

NoNo follow-up
described

468PC +RCT 

poorsmall-mediumunknown for this
subgroup of studies

NoNo follow-up
described

870PC 

poorsmall-mediumunknown for this
subgroup of studies

NoNo follow-up
described

199PC 

poor-moderatesmall-mediumunknown for this
subgroup of studies

NoNo follow-up
described

1156PC 

 moderatemedium-large Unknown for this
subanalysis 

 NoNo follow-up
described 

 474 PC+RCT 

poormediumUnknown for this
subanalysis

NoNo follow-up
described

425PC+RCT

poor-moderatesmallYes, adjusted ef-
fect size = g=0.12,

Nofollow-up de-
scribed

2399, controls
2265 (total but

RCTStratton et al.,
2017

95% CI = 0.01-
0.25

(g=0.23), but
not specific
for apps

only 3 app stud-
ies)

moderate-highsmall-mediumNo biasNoNo follow-ups
described

960 (interven-
tion conditions),
877 (control
conditions)

RCTFirth et al.,
2017a

highsmallNo biasNoNo follow-ups
described

total: 1026RCT

moderate-highsmall-mediumNo biasNoNo follow-ups
described

total:1212RCT

highsmall-mediumNo bias P=.26Yes (CBTb/Not,
mindfulness, feed-

No follow-up
described

1716, controls
1698

RCTFirth et al.,
2017b

back, person feed-
back, etc)

moderate-highsmallNo bias P=.34YesNo follow-up
described

1195, controls
1186

RCT

moderate-highmediumNo bias P=.25YesNo follow-up
described

891, controls
783

RCT 
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Overall QualityConclusion on ef-
fect

Publication bias
considered

Other biases consid-
ered

Length of fol-
low-up

N (total number
of participants)

Study DesignAuthors

 P. eg. : Yes, small
- Yes, No change -
No publication bias
- unknown

No, but they
looked if the effect
vary by moderator
(supported by a
mental health pro-
fessional)

No follow-up
described

P. eg.: 154, con-
trols 145

RCTa, PC
(prospective co-
hort)

 

moderatesmallunknownNo2 studies: -
0.34 (CI: -
0.70-0.01)

232, controls
236

RCTWitt et al.,
2017

poorsmall-mediumunknownNoNo follow-up
described

149PC 

poor-moderateN.S.cunknownNoNo follow-up
described

104, controls:
121

RCT 

 

highsmall-mediumYes, results im-
proved when con-
trolled (g=0.41)

Yes, multiple sub-
analyses

2-6 weeks
(n=33):
g=0.17, 7-11
weeks (n=18):
g=0.46, 12+
(n=3): g=0.09

3639, controls:
3519

RCTLinardon et al.
2019

moderate-highsmallYes, multiple sub-
analyses

526, controls:
530

RCT 

poor-moderatemedium978, controls:
918

RCT

moderatesmall2489, controls:
2522

RCT

moderate-highsmall-mediumYes, No changeYes, multiple sub-
analyses

2-6 weeks
(n=24):
g=0.11, 7-11
weeks (n=15):
g=0.52, 12+
(n=0)

2219, controls:
2256

RCT 

moderate-highN.S.Yes, no changeYes, multiple sub-
analyses

No134, controls:
137

RCT 

poor-moderatemedium859, controls:
827

RCT

moderatesmall859, controls:
860

RCT

poor-moderatemediumunknownYes, low risk of
bias

No520, controls:
326

RCT 

poor-moderateN.S.unknownYes, low risk of
bias

No58, controls: 56RCT 

poor-moderateN.S.unknownYes, low risk of
bias

No145, controls:
147

RCT 

moderatesmall-mediumunknownYes, low risk of
bias

No919, controls:
949

RCT 

moderate-highsmall-mediumYes, results im-
proved when con-
trolled (g=0.44)

Yes, multiple sub-
analyses

2-6 weeks
(n=19):
g=0.18, 7-11
weeks (n=6):
g=0.63, 12+
(n=2): g=0.59

1574, controls:
1711

RCT 
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Overall QualityConclusion on ef-
fect

Publication bias
considered

Other biases consid-
ered

Length of fol-
low-up

N (total number
of participants)

Study DesignAuthors

 P. eg. : Yes, small
- Yes, No change -
No publication bias
- unknown

No, but they
looked if the effect
vary by moderator
(supported by a
mental health pro-
fessional)

No follow-up
described

P. eg.: 154, con-
trols 145

RCTa, PC
(prospective co-
hort)

 

highsmall-mediumYes, results im-
proved when con-
trolled (g=0.39)

Yes, multiple sub-
analyses

2-6 weeks
(n=31):
g=0.35, 7-11
weeks (n=11):
g=0.36, 12+
(n=1): g=0.31

2714, controls:
2871

RCT 

aRCT: Randomized Controlled Trial.
bCBT: Cognitive Behavioral Therapy.
cN.S.:Not significant.

Methods

Literature Search
We only included systematic reviews reporting quantitative
pooled data (ie, meta-analyses), published in full text, in English
or French, and those mentioned the use of app technology for
mental health issues.

When more than one meta-analysis was found for a mental
health problem, we reviewed them all and used the following
criteria to select the ones we kept: (1) if most of the same studies
were reviewed, we kept the meta-analysis with the largest
number of studies; and (2) between an older meta-analysis with

many small uncontrolled studies and a more recent meta-analysis
including only RCTs, we chose the latter. We excluded
systematic reviews without quantifiable data (eg, qualitative)
and treatment guidelines. The final decision to include or
exclude reviews was made by consensus by 2 researchers (TL
and SP).

Search Strategy
MEDLINE, EMBASE, Current Contents, PsycINFO, and
Google Scholar were searched. Keywords included mental
health, technology, app, mHealth, eHealth, mobile, with the
added filters: review or meta. See Figure 1 for the selection of
studies.

Figure 1. Flow diagram.

Grading of Recommendations, Assessment,
Development, and Evaluation System
The GRADE system was used to assess evidence quality [42].
According to this assessment system, the quality of evidence
of meta-analyses can be judged based on various factors,
namely, the size of the sample (the larger the better, ideally over

1000), the precision of effects (ie, the CI is not too wide; we
opted for within 25% higher or lower than the effect size as
ideal), the directness of the outcomes (eg, impact on mental
health symptoms [direct] vs impact on perceived stress
[indirect]), homogeneity of effects across studies (ie, consistency
of results from one study to the next), the study design
(prospective studies or RCTs obtain higher scores than
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cross-sectional or retrospective studies), follow-up data (if any
and the length of time), and publication bias (if analyzed and
presented). We also added a specific section for the confounding
factors considered, which can include controlling for biases,
trial quality, and other variables that could influence the results.
The magnitude of the impact of the app is determined based on
the estimated effect size (the larger the value, the better) [43].
We chose to present effect sizes apart from the quality of
evidence for each study. As such, a point is given for each
element of the GRADE system measured, with meta-analyses
being rated as either very poor, poor, poor to moderate,
moderate, moderate to high, high, or very high–quality evidence.
No points are given for the effect size. For each meta-analysis,
2 expert raters (TL and SP) rated the different components with
the GRADE system. Both raters met and went over their ratings
for a final consensus. Given the stringent criteria involved,
consensus was easily reached (over 95% initial agreement). For
each component of the model, we present both the quality of
the evidence and the effect size. Given that meta-analyses also
conducted subanalyses, we reported those that compared the
apps with a control condition and indicated the results for
stand-alone apps versus apps with guidance.

Results

Included Studies
Overall, our search retrieved 2558 potential papers. After
excluding irrelevant papers and articles that did not respond to
our inclusion criteria, we retrieved 24 meta-analyses that were
reviewed, of which 7 were included in the meta-review. Please
refer to Figure 1 for the flow diagram of the inclusion of
meta-analyses in the meta-review.

Mental Health (Multiple Problems)
Two meta-analyses [44,45] included apps targeting multiple
mental health problems, ranging from anxiety, depression, to
substance misuse, and even included some studies on physical
health problems or stress. The Lindheim et al’s study [44]
specifically targeted whether apps offered additional benefits
to ongoing treatments or psychotherapy. As such, they only
included studies that used apps in addition to a regular (in
person) delivered intervention. Overall, the effect size was
medium, suggesting that apps can add value to existing
treatments. However, the quality of the evidence was rated as
poor to moderate (see Tables 1 and 2), given that the effects
were imprecise, the samples were very heterogeneous, and the
effects were indirect (no subanalyses by diagnosis or problem
and all mixed together). However, the meta-analysis included
only RCTs, with a total sample size slightly below the criterion
of 1000 and verified publication bias. The meta-analysis by
Versluis et al [45] was interested in EMI as a tool to increase
self-management to cope with depression, anxiety, or stress.
As can be seen in Tables 1 and 2, they calculated the effect size
in general (all mental health problems together) as well as
according to specific outcomes. For the results as a whole, the
effect size was medium, the sample size was significant (above
1000), and the publication bias verified, but the other elements
did not support quality evidence, with a rating of poor to
moderate.

Another meta-analysis also targeted mental health as a larger
construct, but within the workplace. This meta-analysis, from
the study by Stratton et al [46], however, included various
electronic health strategies, with only 3 studies specifically
offering an app. The results of these studies are aggregated with
other results. As a consequence, the results are indirect, highly
heterogeneous, and imprecise with a total quality score of
moderate. The effect size was small and decreased when
publication bias was included. Nonetheless, the study included
a large sample (more than 2000 participants) and only looked
at RCTs.

Anxiety
Versluis et al [45], Firth et al [39], and Linardon et al [47]
specifically measured the effect sizes of apps for anxiety
symptoms. Although Linardon et al’s [47] meta-analysis is more
recent and includes many more studies than the other two
meta-analyses, it does not include all the studies found in the
two previous studies but has many others, justifying the need
to keep all 3 meta-analyses in this review. In a study by Versluis
et al [45], a medium effect size was found for EMI on
self-management of anxiety symptoms, with poor-quality
evidence (because of sample size, heterogeneity of samples,
imprecise effect, and no follow-up). The study did, however,
look at publication biases and included both RCTs and
prospective studies. Firth et al [39], on the other hand, included
only RCTs and compared apps with waitlist or active controls
and found a small to medium effect size overall when compared
with waitlist and small effect when compared with active
controls. The meta-analysis included homogeneous samples,
samples more than 1000 participants and, overall, were rated
of moderate to high quality (but high-quality evidence for the
comparison with active controls and waitlists). Finally, Linardon
et al [47], focusing on generalized anxiety disorder symptoms,
also only included RCTs and considered publication bias (which
increased the effect size), and included various controls (waitlist
and different types of control conditions: information,
placebo/attention, and active controls) and found a small to
medium effect size (for all controls together). A closer
examination revealed that the effect size decreased as the control
condition became more stringent, with the effect no longer being
significant when an active treatment control was used. They
also looked at some follow-up data and found that the effect
size remained small for follow-ups of 2 to 6 weeks. However,
those (15 studies) that included follow-ups at 7 to 11 weeks
found a medium effect size (g=0.52; 95% CI 0.41 to 0.63). This
meta-analysis also considered various subgroup analyses (type
of app, intervention model, and specific techniques), but these
did not seem to modify the outcome. Overall, we rated this
meta-analysis as being of high quality (overall) and moderate
quality when compared with active controls because of the
strengths mentioned and the fact that the results were either
imprecise or inconsistent (or small N for active controls).

Specific Anxiety Symptoms
Linardon et al [47] also looked at specific anxiety symptoms,
namely, social anxiety, panic, and posttraumatic stress
symptoms. Only apps focusing on social anxiety (6 studies)
reported a significant medium effect size, with quality evidence

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e17458 | p.351https://mhealth.jmir.org/2020/5/e17458
(page number not for citation purposes)

Lecomte et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


of poor to moderate quality (see Tables 1 and 2). Panic and
posttraumatic stress symptoms did not improve in the studies
reviewed (3 and 4 studies, respectively), with the evidence rated
as poor to moderate quality.

Depression
In total, 3 meta-analyses measured the impact of apps on
symptoms of depression and 1 looked at apps for suicidal
ideation and self-harm. As was mentioned for anxiety disorders,
Linardon et al’s [47] meta-analysis is the most recent but does
not include all the studies reviewed in either Versluis et al’s
[45] or Firth et al’s [40] meta-analyses, justifying the need to
keep all 3 in this meta-review. Versluis et al [45], looking at
EMI for self-management of depressive symptoms, found a
small to medium effect size, but the quality of the evidence was
judged as poor, given the heterogeneity of the samples, the
imprecise effect, the study design (no RCTs), the sample size,
and the absence of follow-up. The effect was direct, and
publication biases were considered. Firth et al [40] compared
smartphone interventions with active and inactive controls and
only included RCTs. The overall quality of this study was rated
as high, with small to medium effect size overall, medium effect
size with inactive controls, and small for active controls. Apart
from the inconsistency (heterogeneity) and absence of
follow-ups, all other quality criteria were met. As for Linardon
et al [47], the effect size was small to medium, the effect precise,
all studies included were RCTs, a large sample, with no negative
effect of publication bias (in fact an increase was noted).
Furthermore, follow-ups were reported for some studies,
indicating that the effect size was small at posttreatment and at
2 to 6 weeks, but medium at 7 to 11 weeks follow-up (g=0.46,
95% CI 0.36-0.55). The quality of the evidence was also rated
as high (overall), given that heterogeneity was found.

Witt et al [48] conducted a meta-analysis on the use of apps for
the self-management of suicidal ideation and self-harm. The
apps included were solely stand alone. They conducted analyses
of suicidal ideation scores, suicidal behaviors, and self-harm
behaviors. As can be seen in Tables 1 and 2, when only
including RCTs for suicidal ideation, the effect size was small,
imprecise, but the sample was homogeneous, followed up with
a similar effect size, and the effect was direct. The quality of
the evidence was rated as moderate, given the small sample size
and the lack of control for biases (publication or otherwise).
When looking at noncontrolled studies for suicidal ideation, the
quality of the evidence drops to very poor, with small sample
size, high heterogeneity, and imprecise effect. As for self-harm,
the analyses were mean differences in the frequency of behavior,
with nonsignificant effect and poor to moderate–quality
evidence.

Other Mental Health Concepts
Versluis et al [45] also measured the impact of EMI apps on
perceived stress, quality of life, acceptance, and relaxation. We
chose to only consider perceived stress and quality of life, given
that the latter two are theory or intervention specific. Both had
small to medium effect sizes with poor quality for perceived
stress and poor to moderate–quality evidence for the quality of
life (only precision and sample size offered a point). Linardon
et al [47] also included indirect measures, namely, distress,

stress, and quality of life. They reported a small-medium effect
size, but overall, moderate-quality evidence for distress. For
stress, the effect size was small to medium but with moderate
to high–quality evidence (thanks to various biases controlled
for, follow-up data, large sample, and including only RCTs).
As for the quality of life, the effect was also small to medium,
but the quality of the evidence was high (thanks to precise,
consistent effect, large sample, follow-up, and biases controlled
for).

Regarding stand-alone apps versus apps offered with guidance
or adjunctive to therapy, only some meta-analyses actually
compared these, whereas other meta-analyses looked at only
one condition. As such, Lindheim et al’s meta-analysis [44]
only included adjunctive and had a medium effect size, with
poor to moderate quality. Witt et al [48] only included
stand-alone apps and found a small effect size, with
moderate-quality evidence. Versluis [45] found a medium to
large effect size when guidance was offered, compared with
medium effect size for stand-alone apps, with stand-alone apps
being supported by poor evidence compared with poor to
moderate evidence for guidance. Linardon et al’s meta-analysis
[47] broke down the guidance versus stand-alone apps according
to symptoms targeted (ie, anxiety or depression). For anxiety,
the effect size is medium for guidance, compared with small
for stand-alone apps, with the quality of the evidence being
moderate to high for stand-alone and moderate for apps with
guidance. For depression, the effect size was medium for apps
with guidance versus small for stand-alone apps, with the quality
of the evidence being moderate to high for stand-alone apps
and moderate for guidance.

Discussion

Principal Findings
This meta-review allowed us to closely examine the quality of
the evidence reported by 7 meta-analyses (including various
subanalyses) on the use of apps for mental health issues. The
results are equivocal, with 14 results being linked to poor or
poor to moderate, 15 to moderate or moderate to high, and 8 to
high-quality evidence.

When examining studies that include various types of apps for
mental health (general), we find that the conclusions are not
solid with poor to moderate or moderate–quality evidence,
although medium effects (or small effects when looking at work)
are reported. For higher quality evidence, samples need to be
larger, more homogeneous, with biases and follow-ups included.
Although it might be tempting to conduct these larger analyses
by merging various apps focusing on different mental health
issues, they might not convey quality evidence that is useful.

Specific Findings
Apps for anxiety symptoms appear to bring a clear benefit of
small to medium amplitude, but with good-quality evidence.
There are some discrepancies in the results reported, with Firth
et al [39] seeing a small effect size when apps were compared
with active controls, but in a study by Linardon et al [47], a
significant effect was not observed when active controls were
used for comparison. This might be because of the inclusion
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criteria used in these meta-analyses (generalized anxiety
symptoms vs anxiety symptoms) or to the much larger sample
included in Firth’s analysis. Although follow-ups have only
been conducted in a limited number of studies, these report
sustained benefits at 6 to 11 weeks. Given that we do not know
the frequency of people actually using the apps in the studies
(daily, weekly, or less), these results are very promising. The
results for specific anxiety problems are of lower quality
evidence and did not report a significant clinical effect (for
posttraumatic stress disorder or panic disorder), except for social
anxiety disorder, which is supported by moderate-quality
evidence and a medium effect size. Of import, very few studies
focused on apps for specific anxiety disorders.

When looking at apps focusing on depressive symptoms, we
obtained small to medium effect sizes compared with waitlist,
small when compared with active controls, with overall
good-quality evidence (especially for more recent
meta-analyses). Furthermore, studies reporting follow-ups show
maintenance of the effect at 7 to 11 weeks. These results support
the use of apps for depression. The quality of the evidence at
this time moderately supports apps for suicidal ideation, with
a small effect size but does not support apps for self-harm (no
effect).

As for indirect mental health outcomes, namely, outcomes that
were considered but were not the main focus of the app
intervention (such as distress, stress, or quality of life), the
effects are consistently small to medium, with greater quality
evidence for the most recent meta-analysis [47].

Limitations
Our results are limited by its focus on mental health. As such,
we did not consider apps that focused on a specific intervention
or model (eg, mindfulness apps or CBT) and that did not include
symptoms as an outcome. Our results also need to consider what
we were not able to measure. Although we sought meta-analyses
pertaining to apps in mental health, we did not find
meta-analyses for multiple domains or mental health problems
for which apps have been developed (eg, severe mental illness,
addiction, eating disorders, and obsessive-compulsive disorder).
Furthermore, few of the reviews considered confounding factors,
such as the actual frequency or time of exposure to the app.
Although Weisel et al [41] do not recommend stand-alone apps
for mental health problems, our results are more nuanced.
Indeed, effect sizes tend to be higher for apps that are used with
guidance or with an ongoing treatment (medium effect)
compared with stand-alone (small effect), but the quality
evidence is better for stand-alone apps. This suggests that
stand-alone apps mostly offer a small improvement, but this
improvement is consistent across quality studies. As such, apps
could be used as a stand-alone treatment, while being on a
waitlist for an active treatment, for instance, and offer a small
effect on symptoms or offered with some guidance or alongside
an ongoing in-person treatment for a medium effect on
symptoms.

Furthermore, various studies did not use similar control
conditions. The use of different types of control group usually
leads to variations in effect estimates. The effect sizes of
interventions are typically lower when compared with active
controls instead of inactive controls [49,50]. We cannot exclude
a digital-placebo effect related to the use of the device itself or
from the expectations’ effect [51] rather than from possible
active components [52]. Several recent protocols include a
placebo intervention (a sham version of the app) [53];
unfortunately, only some of the studies assessed in the included
meta-review involved such placebo app control. Furthermore,
several studies were conducted with nonclinical populations,
who presented with symptoms but perhaps not a diagnosed
disorder, limiting the generalizability of the results for clinical
populations [54].

Nonetheless, the nature of smartphone interventions does appear
to position them as a possible low-intensity intervention tool
for those with less severe levels of symptoms or as a first step
in a stepped-care approach to service delivery [55]. The
follow-up data available to date also suggest that gains are
sustainable over a few months. Additional follow-up data are
warranted to confirm these results.

Attrition is another problem repeatedly described in smartphone
app–related studies [56] and in naturalistic use [57]. Further
studies should include a detailed description of the behavior
change techniques involved in the design [58] as well as data
on the actual utilization of the different app functions. It will
be helpful to increase our knowledge about effective strategies
in behavior change as well as about the app use engagement. It
would also be useful to have a better understanding of the
context in which the app is used, at home, at work, at the clinic
in the waiting room, alone, or with a therapist or a family
member.

Conclusions
We believe that future studies should focus on high users of
apps, namely, youth and young adults. We currently do not have
specific information on the efficacy and actual use of mental
health apps with such subgroups of individuals. To date, most
of the app studies on mental health have focused on feasibility
and acceptability, with only a small portion actually pushing
forward toward efficacy trials (and often with small numbers).
The field of apps for mental health is burgeoning, with the speed
of delivery of the app being a primary concern. Traditional study
designs (such as RCTs) tend to take a long duration to complete
and can deter app developers who aim to commercialize their
product. Other controlled research designs could be encouraged
(eg, repeated single-case experimental designs) to encourage
quality studies at a more rapid speed.

In conclusion, apps for anxiety and depression hold great
promise with clear clinical advantages, modestly as stand-alone
self-management, and more strongly with guidance or adjunctive
treatments. More meta-analyses and more quality studies are
needed to recommend apps for other mental health issues or for
specific populations.
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Abstract

Background: Adolescents diagnosed with persistent asthma commonly take less than 50% of their prescribed inhaled
corticosteroids (ICS), placing them at risk for asthma-related morbidity. Adolescents’ difficulties with adherence occur in the
context of normative developmental changes (eg, increased responsibility for disease management) and rely upon still developing
self-regulation and problem-solving skills that are integral for asthma self-management. We developed an adaptive mobile health
system, Responsive Asthma Care for Teens (ReACT), that facilitates self-regulation and problem-solving skills during times
when adolescents’ objectively measured ICS adherence data indicate suboptimal rates of medication use.

Objective: The current paper describes our user-centered and evidence-based design process in developing ReACT. We explain
how we leveraged a combination of individual interviews, national crowdsourced feedback, and an advisory board comprised of
target users to develop the intervention content.

Methods: We developed ReACT over a 15-month period using one-on-one interviews with target ReACT users (n=20), national
crowdsourcing (n=257), and an advisory board (n=4) to refine content. Participants included 13-17–year-olds with asthma and
their caregivers. A total of 280 adolescents and their caregivers participated in at least one stage of ReACT development.

Results: Consistent with self-regulation theory, adolescents identified a variety of salient intrapersonal (eg, forgetfulness, mood)
and external (eg, changes in routine) barriers to ICS use during individual interviews. Adolescents viewed the majority of ReACT
intervention content (514/555 messages, 93%) favorably during the crowdsourcing phase, and the advisory board helped to refine
the content that did not receive favorable feedback during crowdsourcing. Additionally, the advisory board provided suggestions
for improving additional components of ReACT (eg, videos, message flow).

Conclusions: ReACT involved stakeholders via qualitative approaches and crowdsourcing throughout the creation and refinement
of intervention content. The feedback we received from participants largely supported ReACT’s emphasis on providing adaptive

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e18400 | p.358https://mhealth.jmir.org/2020/5/e18400
(page number not for citation purposes)

Fedele et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

mailto:dfedele@phhp.ufl.edu
http://www.w3.org/Style/XSL
http://www.renderx.com/


and personalized intervention content to facilitate self-regulation and problem-solving skills, and the research team successfully
completed the recommended refinements to the intervention content during the iterative development process.

(JMIR Mhealth Uhealth 2020;8(5):e18400)   doi:10.2196/18400
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Introduction

Background
Over 8% of youth have an asthma diagnosis, making it the most
prevalent pediatric chronic illness [1]. Asthma is a leading cause
of emergency department visits, missed school days, and
healthcare expenditures, making it a significant public health
concern [2,3]. Youth can mitigate asthma-related morbidity via
consistent engagement in a complex set of daily disease
self-management behaviors (eg, monitoring symptoms, avoiding
triggers). According to national guidelines, adherence to inhaled
corticosteroids (ICS), medications designed to control asthma
and reduce the likelihood of exacerbations, is critical to asthma
self-management for youth with persistent asthma [4]. High
levels of adherence to ICS (ie, taking >80% of prescribed doses)
are associated with both consistent asthma control in youth [5]
and reduction in severe asthma exacerbations [6].

Adolescence is a unique developmental period when suboptimal
adherence to ICS is common [7-9]. As adolescents’
responsibility for disease management (eg, taking ICS)
increases, there is less direct caregiver contact and an increased
desire for autonomy [8]. Concurrently, adolescents’ executive
function abilities that undergird the self-regulation and
problem-solving skills integral for successful asthma
self-management are not fully developed [10-15]. Together,
these factors put adolescents at high risk for asthma-related
morbidity and reduced quality of life [16-19]. There are
evidence-based face-to-face programs available addressing
adolescent adherence; however, there are often numerous
barriers to implementation including infrequent encounters at
the point of care and logistical obstacles (eg, transportation,
absence of trained interventionists) [20]. Thus, there continues
to be a large number of youth who do not take their medication
as prescribed [21], leading many researchers to pursue novel
intervention frameworks for improving adherence among
adolescents.

Mobile health (mHealth) interventions have recently received
considerable attention for improving adherence to ICS among
youth [20,22]. Smartphones are a readily available intervention
medium for youth with asthma given their ubiquitous nature
across socioeconomic strata and habitual daily use by
adolescents [23,24]. Furthermore, recent advances in ambulatory
disease management technology (eg, medication sensors) have
led to opportunities in mHealth for continuous passive
monitoring to better identify and contextualize states of
vulnerability for poor or declining disease self-management.
These technological advances have led to burgeoning interest
in the development of adaptive mHealth interventions where
youth could receive in-the-moment support during periods when
a person with a disease may be most in need [25]. To our

knowledge, no adaptive mHealth systems exist that objectively
monitor youth adherence to ICS and use that data to deliver a
tailored, timely, and theory-based intervention.

Our interdisciplinary team of behavioral health experts, pediatric
pulmonologists, and technologists recently developed an
adaptive mHealth adherence promotion intervention, Responsive
Asthma Care for Teens (ReACT), that is grounded in
self-regulation theory (SRT) [23]. ReACT is an integrated
mHealth system that passively monitors adolescents’adherence
to ICS using a novel Bluetooth-enabled sensor, developed in
collaboration with the University of Kansas Instrumentation
Design Laboratory, that attaches to ICS canisters. ReACT
activates when an adolescent’s ICS adherence data indicate a
clinically-derived need (ie, <80% [5]) and delivers tailored
intervention content via the Way to Health text messaging
platform. Once active, ReACT uses 2 components, a goal-setting
algorithm and tailored problem-solving modules, to support
adolescents’ self-reaction to suboptimal adherence and improve
self-efficacy. ReACT’s goal-setting algorithm aids adolescents
in self-monitoring, feedback, and goal setting via gain-framed
[24] messages. ReACT uses algorithms that assess an
adolescent’s recent patterns of adherence (eg, trajectory, patterns
of missing doses) in order to deliver meaningful goal
intention–formatted message content. For example, at times
when adherence is suboptimal, ReACT delivers a brief
motivation assessment. If upon completing this assessment, the
adolescent endorses motivation to take at least some of his/her
medication, then ReACT will ask the adolescent to report any
intrapersonal or external barriers to ICS adherence (eg, stress)
so that ReACT can deliver a tailored problem-solving module
while also continuing to monitor the adolescent’s ICS use and
provide adherence feedback and goal-setting content.
Alternatively, if an adolescent indicates that he or she is not
currently interesting in taking their ICS, then ReACT provides
educational content focused on the importance of medication
adherence and delays restarting the goal-setting algorithm for
3 days, giving the adolescent time to process ReACT’s
educational message.

Current Study
This study illustrates the iterative user-centered design process
we used in developing ReACT, which is consistent with best
practices for the development of mHealth pediatric intervention
content [26]. Specifically, we describe how we leveraged a
combination of individual interviews, national crowdsourced
feedback, and an advisory board comprised of target users to
develop the core ReACT intervention content and supporting
technical and device-related infrastructure. All study procedures
were approved by the Institutional Review Boards at the
University of Florida and University of Kansas.
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Methods

Study Stages
Our intervention development process consisted of 6 stages,
with refinements occurring between iterations. Figure 1 provides
an overview of the study procedures and timeline.

Participants
Participants included 13-17–year-olds with asthma and their
caregivers. Individual interviews were completed by 20
adolescent-caregiver dyads (10 from the University of Florida
and 10 from the University of Kansas Medical Center), 257
adolescents provided crowdsourced feedback via a national
online panel, and 4 adolescent-caregiver dyads participated in
advisory board meetings. One dyad participated in both
individual interviews and advisory board meetings, yielding a
total of 280 adolescents and 23 caregivers. Information regarding
recruitment is provided below. For individual interviews and

advisory board meetings, dyads were eligible to participate if
the adolescent had a physician-verified diagnosis of asthma
with persistent symptoms requiring ICS use for at least 6
months, the adolescent had a daily ICS or ICS/long-acting beta
agonist prescription for at least 6 months, and the adolescent
and caregiver were fluent in English. We excluded dyads from
individual interviews and advisory boards if the adolescent had
a comorbid chronic health condition that may affect lung
function (eg, cystic fibrosis) or if the adolescent had a significant
cognitive impairment or developmental delay that could interfere
with study completion. For crowdsourced feedback, adolescents
were eligible to participate if their caregiver provided affirmative
answers to the following questions: “Have you ever been told
by a doctor, nurse, or other health professional that your child
has asthma?” and “Does your child who is 13-17 still have
asthma?” Epidemiological trials (eg, National Health Interview
Survey) commonly use these questions to screen for persistent
asthma [27].

Figure 1. Study overview and timeline. ICS: inhaled corticosteroids; ReACT: Responsive Asthma Care for Teens.
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Procedure
We recruited a convenience sample of individual interview and
advisory board meeting participants via clinics and flyers at
both sites. At the University of Florida, we also recruited
participants via a database of patients that consented to be
contacted for research. We used Qualtrics, a leading online
panel and survey technology provider, for crowdsourcing to
ensure a nationally representative sample of adolescents with
asthma in regards to race/ethnicity. Participants completed a
screener that ensured that children were between the ages of 13
years and 17 years, had received a diagnosis of asthma, were
physically present to participate in the survey, and still had
asthma. For participants recruited via Qualtrics, we set the
following quotas in order to solicit feedback from youth with
asthma from a diverse range of ethnic backgrounds: 30%
Black/Non-Hispanic, 24% more than one race, 16%
White/Non-Hispanic, 14% Asian, 4% American Indian/Alaska
Native, 4% Native Hawaiian or other Pacific Islander, 4%
White/Hispanic, and 4% Black/Hispanic. We combined all
quotas for non-White participants into one group to allow for
faster data collection after 2 months of recruitment. Please see
our previous work for more detail about the recruitment
procedures [23].

Design Phase I
Design Phase I consisted of individual interviews with 20
adolescents diagnosed with persistent asthma. The study team,
in conjunction with a professional advisory panel comprised of
a pediatric pulmonologist, clinical pharmacist, and advanced
practice registered nurse, created a semistructured interview
guide. The guide assessed salient intrapersonal and external
adherence barriers prior to the start of interviews and the types
of intervention content adolescents would prefer in an mHealth
intervention when encountering these barriers. The guide was
informed by SRT [28], our pilot data [29], and the existing
pediatric asthma literature on adherence to ICS [30,31]. We
used a graduate student (NS) at the University of Florida and a
research coordinator at the University of Kansas to conduct the
interviews. The principal investigators (DF and CC) trained
research staff in interview administration and conducted at least
two mock interviews prior to conducting participant interviews.
Interviews were 30-60 minutes and audiorecorded. Adolescents
and their caregivers completed asthma-related questionnaires
[23] in order to describe the sample and gather data on
asthma-related and adherence-related constructs.
Adolescent-caregiver dyads received US $60 as compensation
for their participation.

A transcription service completed verbatim transcriptions of
e-recordings of individual interviews. We entered interview
files into NVivo (QSR International, Doncaster, Australia), a
qualitative data management system. Two research assistants
coded and aggregated interviews using a theoretical thematic
analysis approach for developing themes [32-34]. This approach
used a priori thematic categories guided by SRT, although we

allowed for de novo themes to emerge from interviews. We
resolved differences via discussion between research assistants
and one of the principal investigators (DF). Subsequently, we
used the information gathered from individual interviews,
preliminary data, and the extant asthma literature to develop
intervention content for ReACT.

Design Phase II
Design Phase II consisted of gathering feedback on ReACT
intervention content via national crowdsourcing via Qualtrics
and an advisory board of target ReACT users. The 7 different
domains of content and branching logic included in ReACT
resulted in approximately 80 pieces of content to rate per
domain. Thus, we elected to allow each participant to view
content from only 1 domain to reduce participant burden. An
average of 33 participants (range 28-35 participants) viewed
content for each domain and rated its appropriateness using a
dichotomous response choice: “yes” (I like the message as it
is) or “no” (change it to make it better). When crowdsourcing
participants answered “no,” they had the option to reword the
message to make it better. Consistent with previous research
[35], content receiving ≥60% “no” votes was discarded, and
content receiving ≤39% “no” votes was accepted as final
content. Content receiving 40%-59% “no” votes was subject to
revision. Finally, to complete this stage of content review and
refinement, an advisory board comprised of 4 adolescents
diagnosed with persistent asthma from the University of Florida
convened 3 times over the span of 4 months to refine the
intervention content based on feedback from the crowdsourcing.
Advisory board members and our previous individual interview
participants completed the same asthma-related questionnaires.
During advisory board meetings, we audiotaped their comments
and transcribed the tapes to inform ReACT design decisions.
Adolescent-caregiver dyads received US $50 for each advisory
board (total of US $150) as compensation for their participation.

Results

Design Phase I

Individual Interviews with Adolescents Diagnosed with
Asthma
We conducted individual interviews with adolescents diagnosed
with persistent asthma to identify what intrapersonal and
external barriers to adherence to ICS are most salient to
adolescents with asthma and to solicit their opinion about the
types of intervention content that an mHealth intervention should
deliver. We conducted the individual interviews with SRT [28]
in mind; we asked about components of SRT if they were not
mentioned or probed about how participants’ comments may
be related to SRT. Multimedia Appendix 1 presents our
individual interview guide questions. Table 1 presents the
characteristics of the individual interview and advisory board
participants. With regards to diversity, ≥50% of our sample was
comprised of racial and ethnic minority groups.
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Table 1. Youth, caregiver, and family demographic and medical characteristics of the interview and advisory board participants.

KUb (n=10)UFa (n=13)Characteristics

15.7 (0.95)15.1 (1.04)Youth age (years), mean (SD)

44.3 (8.22)45.5 (10.90)Caregiver age (years), mean (SD)

Youth gender, n (%)

7 (70)7 (54)Female

3 (30)6 (46)Male

0 (0)0 (0)Other

Caregiver gender, n (%)

10 (100)12 (92)Female

0 (0)1 (8)Male

Other

Youth race, n (%)

0 (0)3 (23)Black/African American

7 (70)6 (46)Caucasian

3 (30)4 (31)Multiracial

Youth ethnicity, n (%)

6 (60)10 (77)Non-Hispanic/Latino

4 (40)3 (23)Hispanic/Latino

5 (50)5 (38)Non-Hispanic Caucasian youth, n (%)

Frequency of youth asthma attacks (past year), n (%)

3 (30)1 (8)A few times a week

4 (40)6 (46)A few times a month

3 (30)6 (46)About once a month or less

Youth asthma-related emergency department visits (past 4 weeks), n (%)

9 (90)12 (92)0

1 (10)1 (8)1

Youth asthma-related emergency department visits (past year)

8 (80)6 (46)0

1 (10)4 (31)1

1 (10)1 (8)2

0 (0)1 (8)3

0 (0)1 (8)5

Youth asthma-related sick visits, mean (SD)

0.3 (0.7)0.6 (0.9)Past 4 weeks

2.7 (3.7)2.6 (2.3)Past year

Youth school days missed due to asthma, mean (SD)

0.4 (1.7)1.5 (4.1)Past 4 weeks

1.7 (4.7)9.9 (20.0)Past year

Frequency of youth quick relief medication use (past 4 weeks), n (%)

3 (30)4 (31)Never

4 (40)5 (38)0-2 days a week

2 (20)1 (8)3-6 days a week

1 (10)3 (23)Every day of the week
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KUb (n=10)UFa (n=13)Characteristics

Caregiver education, n (%)

4 (40)5 (38)High school

1 (10)1 (8)Some college

4 (40)3 (23)College

0 (0)2 (15)Graduate school

1 (10)2 (15)Other

Family income (US $), n (%)

2 (20)0 (0)<12,000

1 (10)3 (23)12,000-24,999

3 (30)4 (31)25,000-49,999

2 (20)3 (23)50,000-99,999

1 (10)1 (8)≥100,000

1 (10)2 (15)No response

aUF: University of Florida.
bKU: University of Kansas.

Individual Interview Themes
Table 2 includes the themes of intrapersonal and external
barriers endorsed by the adolescents. Adolescents noted a range
of intrapersonal barriers to ICS adherence including forgetting
(19/20, 95%), difficulties with time management or having a
busy schedule (16/20, 80%), and being too fatigued or tired
(12/20, 60%). Notably, less than half our sample endorsed a
range of additional intrapersonal barriers (eg, mood, stress,
laziness). Regarding external barriers to adherence, 12
adolescents (12/20, 60%) reported changes to their routine (eg,
being away from home) as barriers. Adolescents also frequently
endorsed not having medication available (11/20, 55%) and
interference from other activities (10/20, 50%).

Adolescents provided several suggestions about how an mHealth
intervention could promote ICS adherence. All adolescents
endorsed that an mHealth intervention should provide reminders
to take ICS medications and suggested the frequency of
notifications from an mHealth intervention should be each time
a dose is scheduled (15/20, 75%) or to be flexible dependent
upon need (13/20, 65%). They also generally agreed that an
mHealth intervention should provide personalized notifications
(13/20, 65%) and facilitate tracking of adherence over time
(20/20, 100%). Finally, a number of adolescents endorsed that
they were receptive to an mHealth intervention sending text
messages (10/20, 50%) and including interactive videos (10/20,
50%) to deliver content.
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Table 2. Adolescent-endorsed intrapersonal and external adherence barriers to inhaled corticosteroid adherence.

Sample quotesDescription of barrierNumber of
times a barrier
was mentioned

Participants who
endorsed, n (%)

Interview themes

Intrapersonal barriers

“I definitely forget to take it at least
2-3 times a week.”

The teen describes forgetting to take
their medicine.

7119 (95)Forgetting

“Having to take medicine on a daily
basis is a bit difficult for me because

The teen does not take medicine due
to busyness or other activities (eg,
going to school or work).

3516 (80)Time management/busyness

I have a busy schedule. I’ll be more
focused on something and end up
forgetting.”

“If I’m really tired or I had a long
day or I got back from a soccer

The teen does not take medicine due
to abnormal sleep patterns, difficulty

2112 (60)Sleep/fatigue

game, usually if it’s a late night, I’llwaking up in the morning, going to
sleep late, or being fatigued. forget to take it because I’ll be so

tired.”

“If I’m kind of like in a ‘eh’ mood,
I won’t take them, but if I’m happy,

The teen’s mood (eg, depression,
anxiety, sadness, frustration, anger)

118 (40)Mood

I’ll take them. Yeah, it definitely
depends on my mood.”

is a barrier that prevents them from
taking medicine.

“Besides forgetfulness, sometimes
I just don’t feel like taking it.”

The teen mentions not wanting to,
deciding not to, or not feeling like
taking meds without giving a reason

126 (30)Not wanting to take meds

that would better fit in another cate-
gory.

“I guess sometimes if I'm super tired
or stressed, then I won't really focus
on [taking meds].”

The teen describes stress as a barrier
to taking medicine.

54 (20)Stress

“It’s kind of embarrassing to pull
out an inhaler right before games…

The teen describes embarrassment
as a barrier to taking medicine (eg,

53 (15)Embarrassment

It’s just not being embarrassed tobeing embarrassed to take medicine
in front of friends). take it in front of other people I

guess.”

“It’s just my own, I don’t know,
laziness I guess that makes it harder
to take my medication.”

The teen mentions laziness as a
barrier to taking medicine.

33 (15)Laziness

“The controller one, it doesn't really
do that much to you. It doesn't have

The teen does not see medicine as
necessary (eg, they believe taking

33 (15)Not seeing meds as necessary

an effect if you stop taking it or not.medicine does not help them, or
That's why it doesn't affect me that
I didn't take it that much.”

they believe they do not need
medicine).

“I could be extremely nauseous one
day and not take it for the reason
that I would throw up if I did.”

The teen does not take medicine due
to feeling sick (eg, nauseous, having
a headache).

32 (10)Feeling sick

“One time [my dog] put my inhaler
somewhere that I couldn't find it.”

The teen does not take medicine
because they or someone else lost
their medicine (inhaler or spacer).

32 (10)Misplacement

“It’s depressing when you can’t run
with the other kids in gym or you

The teen does not take medicine
because it reminds them that their

11 (5)Feeling different

can’t take dance classes or you haveasthma diagnosis makes them differ-
ent from their peers. to sit out of something or just do

your own thing… You feel like
you’re not normal.”

“Not being organized [makes it
harder to take meds], or like having
so much stuff to do.”

The teen mentions “not being orga-
nized” as a barrier to taking
medicine.

11 (5)Lack of organization

External barriers
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Sample quotesDescription of barrierNumber of
times a barrier
was mentioned

Participants who
endorsed, n (%)

Interview themes

“Running late [makes it harder to
take meds], and when it’s not the
weekdays, because in the morning
I just have my routine, but on the
weekends it varies.”

The teen describes changes in their
routine (eg, being away from home)
as a barrier to taking medicine.

2412 (60)Changes in routine

“I won’t check how many I have
left, how many pills or QVAR puffs
or something, I’ll run low, so I have
to take one puff instead of two. Or
I’ll run out before we can order it
and get it back in.”

The teen runs out of medicine be-
cause they forget to fill their pre-
scription or they have insurance
difficulties.

1111 (55)Running out of meds

“Most of the time, it's hard for me
to remember because I'll be thinking
about other things, too, so it isn't
really right there in the top of my
head.”

The teen does not take medicine due
to interference from various activi-
ties (eg, watching TV, caring for
dog). These activities are often un-
specified (eg, “doing other stuff”).

2110 (50)Other things get in the way

“It could be times where I hang out
with friends and stuff that could get
in the way [of taking meds], because
I'm going to forget about every-
thing.”

The teen does not take medicine due
to influence from other people, in-
cluding peers (eg, hanging out with
friends, feeling victimized by peers)
and siblings.

107 (35)Friends, peers, or other people

“There was [a time] when I was in-
between medicine on the one that I
take every day, because they were
changing the style of the inhaler and
the doses, and I didn't take it for a
little while.”

The teen does not take medicine
because they are in the process of
changing their medicine, inhaler, or
dosage.

11 (5)Changes in medication

“[My doctor] wants to put me on a
new inhaler, but the insurance
doesn't want to cover it, so my
pharmacy has to talk to the doctor,
and they're trying to figure that out,
so I'm not able to use what the doc-
tor wants me to right now.”

The teen has difficulty obtaining
medicine because it is too expen-
sive.

11 (5)Cost of medicine

Overview of Intervention Content Creation
We used information gathered from individual interviews in
combination with our pilot data [29] and the broader asthma
literature [30,31] to develop the following ReACT intervention
content: animated videos, goal-setting messages, and
problem-solving modules. We created custom animated videos
to provide orientation to ReACT and national guidelines–based
[4] asthma education [26]. Consistent with SRT [28], we created
text message libraries to prompt self-monitoring, solicit intention
formation for adherence goals, and provide feedback on
adherence and goal progress. Messages were gain-framed [24]
and delivered based on algorithms designed to consider the

recent adherence patterns of the adolescent. Finally, consistent
with data gathered from individual interviews and the extant
asthma management literature [31], we created problem-solving
modules for 7 domains: stress, family conflict, motivation,
regimen, low mood, social support, and asthma knowledge. We
created text messages to guide participants to problem-solve
intrapersonal and external barriers to ICS adherence endorsed
via ecological momentary assessment [36]. Specifically, each
module included text messages to prompt participants to identify
potential goals, solutions, pros and cons, and action plans for
identified barriers. Please see Figure 2 for an example
problem-solving module.
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Figure 2. Example problem-solving workflow: stress.

Design Phase II

Crowdsourcing
See Table 3 for the participant demographics for those who
participated in the crowdsourcing. Notably, our crowdsourcing
sample was predominantly comprised of youth from racial and
ethnic minority groups (219/257, 85%). Crowdsourcing
participants rated 514 out of 555 (93%) problem-solving
messages as not needing modification (ie., received <40% “no”
votes from participants in the crowdsourcing phase). We
accepted this intervention content as semifinal, although study
staff made minor revisions to this content, when appropriate,

based on themes that emerged during advisory board feedback
(eg, modifications to messages). Of the 555 problem-solving
messages, 33 (6%) received 40.0%-59.9% “no” votes, and we
revised these messages in conjunction with the advisory board.
We had 8 (8/555, 1%) problem-solving messages that received
>60% “no” votes. We revised both the wording and content of
these messages on a case-by-case basis (see Table 4 for
crowdsourcing data). Frequently, crowdsourcing participants
correctly identified “problematic” solutions within the
problem-solving framework and gave it a no vote (eg, “I will
get angry and blame everyone else for my stress”). If participants
gave suggestions to modify these messages, study staff made
modifications using a consensus process.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e18400 | p.366https://mhealth.jmir.org/2020/5/e18400
(page number not for citation purposes)

Fedele et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 3. Youth, caregiver, and family demographic characteristics of the crowdsourcing participants.

Caregivers/family (n=257)Youth (n=257)Characteristics

41.6 (7.64)15.0 (1.34)Age (years), mean (SD)

Gender, n (%)

200 (78)127 (50)Female

57 (22)129 (50)Male

0 (0)1 (<1)Other

Race, n (%)

113 (44)113 (44)Black/African American

44 (17)48 (19)Caucasian

42 (16)39 (15)Asian

36 (14)a34 (13)Multiracial

17 (7)18 (7)American Indian/Alaska Native

5 (2)5 (2)Native Hawaiian/Pacific Islander

Ethnicity, n (%)

207 (81)207 (81)Non-Hispanic/Latino

50 (19)50 (19)Hispanic/Latino

38 (15)38 (15)Non-Hispanic Caucasian

Caregiver highest degree, n (%)

19 (7)N/ALess than high school

54 (21)N/AHigh school/GEDb

55 (21)N/AAssociate degree

71 (28)N/ABachelor’s degree

45 (17)N/AMaster’s degree

5 (2)N/ADoctorate

4 (2)N/AProfessional (eg, MDc, JDd)

4 (2)N/AOther

Caregiver income (US $), n (%)

20 (8)N/A<12,000

19 (7)N/A12,000-24,999

61 (24)N/A25,000-49,999

79 (31)N/A50,000-99,999

72 28)N/A≥100,000

6 (2)N/ANo response

aCaregivers were able to select more than one race; when they did, we classified them as multiracial.
bGED: General Educational Development.
cMD: Doctor of Medicine.
dJD: Doctor of Jurisprudence.
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Table 4. ReACT crowdsourcing feedback about the messages.

Total, n (%)Low mood, n
(%)

Stress, n (%)Social sup-
port, n (%)

Routine, n (%)Motivation, n
(%)

Knowledge, n
(%)

Family conflict,
n (%)

Votes received

514 (93)81 (100)69 (91)76 (93)75 (91)69 (91)68 (87)76 (95)<40% “no”
votes

33 (6)0 (0)5 (7)4 (5)7 (9)7 (9)6 (8)4 (5)40%-60% “no”
votes

8 (1)0 (0)2 (3)2 (2)0 (0)0 (0)4 (5)0 (0)>60% “no”
votes

Advisory Board Feedback
During the first advisory board meeting, we introduced core
ReACT functionality, provided a study timeline and overview,
and described the members’ role in helping to refine the
intervention content and functionality of ReACT. We reviewed
themes that emerged from Design Phase I and findings from
the crowdsourcing data gathered as part of Design Phase II. For
homework between the first 2 meetings, adolescents were asked
to review and reword select intervention content that received
40%-60% “no” votes from crowdsourcing participants. During
the second meeting, the group discussed the adolescents’
homework responses and worked together to further refine the
intervention content. Specifically, advisory board members
provided suggestions on how to modify message wording (eg,
using more colloquial language) and generated additional
content (eg, additional solutions) for inclusion in the
problem-solving modules. We dedicated the final advisory board
meeting to demonstrating the features of the core ReACT
intervention elements such as intention formation, feedback,
problem solving, barrier identification, and motivational
assessment. During this meeting, advisory board members
interacted with our adherence sensor and watched the ReACT
orientation and asthma education videos, and we provided them
full examples via an interactive computer presentation of the
ReACT interface and intervention components. The advisory
board provided positive feedback regarding the look and feel
of the adherence sensor. The advisory board suggested several
improvements to the videos, including reducing the length of
the asthma education and increasing the focus on the role of
adherence to ICS in asthma management. The advisory board
provided predominantly favorable feedback regarding the timing
and frequency of participant interactions with ReACT. They
provided suggestions on how to improve intervention messaging
(eg, temper enthusiasm in messages) and sequencing.

Discussion

Principal Findings
Our goal with ReACT was to involve stakeholders throughout
the creation and refinement of intervention content. In this way,
we sought to fill a gap we identified in prior reviews of the
digital intervention literature [37,38]. Consistent with best
practices in mHealth intervention development [26], we used
both qualitative approaches with small samples (ie., advisory
boards and individual interviews) and large-sample
crowdsourced feedback to develop our intervention content.
The feedback we received from participants largely supported

our approach. Consistent with SRT and the extant asthma
literature [31,39], adolescents frequently endorsed intrapersonal
and external barriers to adherence to ICS and provided generally
positive impressions regarding the use of mHealth as an
intervention format. We view that the variability in the types
of barriers endorsed during individual interviews (eg, mood,
stress, forgetfulness) as evidence that an adaptive and
individually tailored mHealth system, like ReACT, may be
especially beneficial for adolescents with asthma. Of note,
adolescent feedback regarding barriers did not address the
frequency of barriers (eg, forgetting to take medicine, feeling
stressed). More research is needed to determine the barriers’
frequency and impact on objective adherence behaviors.

Adolescents suggested improvements to ReACT intervention
content in several instances. Similar to other intervention
development studies, the main lesson learned from this process
was the importance of engaging target users to increase the
likelihood that our intervention content is communicated in a
way that is relevant to adolescents with asthma. Refinements
in intervention content came in 2 forms. First, participants
helped with message clarity and ensured that our team,
comprised of adult academicians, was effectively
communicating behavior change concepts in language
adolescents could understand [35]. Second, adolescents helped
with the tone of the messages. There was a tendency among our
team to generate excessively enthusiastic messages in an attempt
to ensure that participants have a pleasant experience in the
intervention. Our development phase revealed that some
adolescents perceived this style as disingenuous. As a result,
we removed exclamation points and overly enthusiastic phrases
to make our messages more matter-of-fact, while still supportive.

Another important lesson learned from this development phase
was that problem solving can be challenging to convey in text
messages. A critical element of learning to effectively solve a
problem is to briefly entertain goals and solutions that might
not be productive over the long-term and may not ultimately
be selected for implementation. However, our crowdsourcing
participants seemed to vary in the degree to which they
understood this concept. All of the messages that received a
high number of “no” votes were “problematic” goals or solutions
that we intended to help illustrate this component of the
problem-solving process. Free-form responses made it clear
that participants in the crowdsourcing were correctly identifying
the message as “problematic” but appeared to misunderstand
the intentional decision to include nonproductive goals and
solutions as part of the problem-solving process. This confusion
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may have limited the frequency and depth of feedback we
received during the crowdsourcing phase.

Limitations
We acknowledge several limitations with the current study.
First, we recruited participants for individual interviews and
the advisory board via convenience sampling methods. Our
advisory board was comprised of a small, racially and ethnically
diverse sample (n=4) of adolescents with persistent asthma from
one site. Therefore, although advisory board feedback was
helpful in refining messages, it is possible that participants’
feedback on the intervention content is not generalizable to the
larger population of adolescents with asthma. These limitations
should be considered in light of involving target users in the
development of ReACT from 2 study sites and gathering
nationally representative feedback on ReACT intervention
content from a crowdsourcing process in which 85% of youth
were from racial and ethnic minority groups. Given
well-documented health disparities among youth from
racial/ethnic-minority youth [40], it is critical to engage a diverse
sample of target end users in the design of mHealth interventions
like ReACT. We posit that crowdsourcing may be a viable
method to increase diversity in future mHealth intervention
development studies. We acknowledge that we did not collect
data on youth ICS use patterns during the crowdsourcing phase.

Thus, we are unable to examine potential associations between
user preferences for intervention content and self-reported ICS
use. It is also noteworthy that caregiver stakeholders in the
individual interview and advisory board portions were primarily
female. While this likely reflects typical care patterns, we may
be missing valuable perspectives from male caregivers.

Future Research
Our immediate next steps are to conduct a pilot acceptability,
usability, and preliminary efficacy study with target ReACT
users [23]. Specifically, our pretest-posttest design will include
a sample of 20 adolescents with persistent asthma. They will
complete a 4-week baseline ICS monitoring-only period
followed by a 4-week ReACT intervention period. We will
gather data on enrollment rates and usage statistics and monitor
technical difficulties to evaluate feasibility of ReACT.
Acceptability and usability will be determined via questionnaires
and a semistructured interview that asks adolescents to discuss
the perceived usefulness of ReACT, how effective the
intervention was in changing asthma self-management, and
what changes we should make to ReACT in advance of further
testing. Finally, we will evaluate preliminary efficacy by
exploring changes in our hypothesized mediational variables
(eg, self-efficacy) and adherence to ICS
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Abstract

Background: Young people are disproportionately impacted by HIV infection and exhibit poor HIV care continuum outcomes.
Mobile health (mHealth) interventions are promising approaches to meet the unique needs of young people living with HIV.
Youth-focused interventions are needed to improve HIV care continuum outcomes.

Objective: This study assessed the preliminary efficacy and impact of a digital HIV care navigation intervention among young
people living with HIV in San Francisco. Health electronic navigation (eNavigation or eNav) is a 6-month, text message–based,
digital HIV care navigation intervention, in which young people living with HIV are connected to their own HIV care navigator
through text messaging to improve engagement in HIV primary care.

Methods: This study had a single-arm, prospective, pre-post design. The analysis included 120 young men who have sex with
men or transwomen living with HIV aged between 18 and 34 years. We analyzed self-reported sociobehavioral information pre-
and postintervention at baseline and 6 months, which was collected using computer-assisted self-interviewing surveys. We
characterized the sample and built generalized estimating equation (GEE) models to assess differences in HIV care continuum
outcomes at baseline and 6 months.

Results: The characteristics according to the intervention completion status were not different from those of the overall sample.
The mean age of the participants was 27.75 years (SD 4.07). Most participants (103/120, 85.8%) identified as men, and the sample
was racially/ethnically diverse. At baseline, majority (99/120, 82.5%) of the participants had recently received primary HIV care,

yet this was more likely in those who completed the intervention than in those who did not (54/60, 90% vs 45/60, 75%; χ2
1=4.68,

P=.03). More than half of the sample reported taking antiretroviral therapy (92/120, 76.7%) and having an undetectable viral
load (65/120, 54.2%). The 6-month follow-up surveys were completed by 73.3% (88/120) of participants, and these participants
were not characteristically different from the overall sample at baseline. GEE models indicated that participants had increased
odds of viral suppression at 6 months as compared with baseline. No relevant additive or multiplicative interactions were noted
on comparing outcome effects over time according to intervention completion.

Conclusions: Digital HIV care navigation fills a critical gap in public health and HIV care systems, making these systems more
responsive and accountable to the needs of the most vulnerable individuals. Our intervention bridges the time between primary
care visits with interactive, tailored, personalized, and peer-delivered social support; information; and motivational interviewing
to scaffold behavioral change. This study is part of the next wave of system-informed mHealth intervention research that will
offer potentially disruptive solutions to traditional in-person delivered interventions and improve the health of the most vulnerable
individuals.
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Introduction

Background
HIV remains a pressing public health issue, with over a million
people in the United States living with HIV [1]. Although
effective antiretroviral therapy (ART) is available to prevent
HIV transmission from people living with HIV, disparities
persist, and young people are affected. Even though the number
of new infections among people aged 13 to 24 years decreased
between 2010 and 2016, HIV transmission among young adults
aged 25 to 34 years has increased [2]. Youth and young adults
are not only disproportionately at risk for HIV but also
experience relevant gaps in the HIV care continuum. Data from
the Ryan White HIV/AIDS Program show that the viral
suppression rate is less than 70% and is highest among those
aged 25 to 30 years (68%), followed by those aged 13 to 18
years (66%) and aged 19 to 24 years (59%) [3]. Youth-focused
interventions are needed to improve HIV care continuum
outcomes.

Mobile health (mHealth) interventions have greatly increased
over the last decade. A systematic review of systematic reviews
identified 23 systematic reviews representing more than 10,000
scientific articles and involving close to 80,000 participants in
371 mHealth studies [4]. Yet, evidence for the efficacy and
impact of mHealth interventions is unclear. This study assessed
the preliminary efficacy and impact of a digital HIV care
navigation intervention among young people living with HIV
in San Francisco.

Overview of Health Electronic Navigation
Health electronic navigation (eNavigation or eNav) is a 6-month,
text message–based, digital HIV care navigation intervention,
in which young people living with HIV are connected to their
own HIV care navigator through text messaging to improve
engagement in HIV primary care. The intervention includes
delivery of the following: (1) HIV care navigation, (2) health
promotion and education, (3) motivational interviewing, and
(4) social support. HIV care navigation guides participants in
knowing where, when, and how to access all health and related
services, and increases access to appropriate resources (eg,
primary medical care, mental health care, housing, insurance,
and benefits) [5]. Health promotion and education ensure
optimal health literacy for all participants by providing
information on HIV biology, disease management,
communication with providers, risk reduction, healthy behavior,
and ART adherence. Motivational interviewing is a technique
and a style of counseling that can help resolve the ambivalence
that prevents patients from realizing their personal goals [6,7].
Social support is provided through the establishment of an open
nonjudgmental care relationship between participants and their
HIV care navigator to address life events and topics most
important to young people living with HIV that may not be
solely focused on their HIV care.

Methods

Ethics Approval
All procedures were in accordance with the ethical standards
of the institutional and/or national research committee and with
the 1964 Helsinki Declaration and its later amendments or
comparable ethical standards. The study protocol was approved
by the Institutional Review Board of the University of
California, San Francisco (IRB #16-19675).

Study Design and Recruitment
Data for the present analysis were collected from the Health
eNav study at San Francisco Department of Public Health
(2017-2018). Health eNav is a digital care navigation
intervention designed to improve HIV care continuum outcomes
among young men who have sex with men and transwomen
living with HIV. A digital care navigator delivered the
intervention via two-way SMS text messaging. This study had
a single-arm, prospective, pre-post design. Study procedures
are described in-depth in a prior manuscript [8].

Eligibility criteria for the study were as follows: identifying as
a man who has sex with men or a transwoman; being between
the ages of 18 and 34 years; and being newly diagnosed with
HIV, not being engaged/retained in HIV care, or having a
detectable viral load. Participants were recruited via convenience
sampling from five clinics and community-based organizations
in San Francisco serving young people living with HIV. If
eligible, participants visited research staff at study offices within
the San Francisco Department of Public Health, where informed
consent was obtained. Of 170 individuals screened, 140 were
eligible. However, 20 were subsequently lost to follow-up and
were not enrolled. The final sample had 120 young men who
have sex with men or transwomen living with HIV.

Data Collection and Measures
Data for this analysis were collected using computer-assisted
self-interviewing (CASI) surveys. Instruments collected
self-reported sociobehavioral information pre- and
postintervention at baseline and 6 months.

Sociodemographic Information
We assessed age at interview (in years), gender identity
(transwoman vs man), race/ethnicity (non-Hispanic/Latinx,
American Indian/Alaska Native, Asian, black/African American,
multiracial, white, or Hispanic/Latinx), and education level
(high school/General Educational Development [GED] or at
least college education). We also examined the current living
situation, defined as stable (owning or renting a house or
apartment) or unstable (living with someone who owns or rents
a home, living in temporary or transitional housing, or
experiencing homelessness). Income was classified as earning
US $0 to 250, US $251 to 600, US $601 to 1300, or US $1301
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or more in the last month. Finally, we assessed history of
incarceration.

Intervention Completion Status
We defined intervention completion as retention in the 6-month
intervention. Among the 120 participants enrolled in the
intervention, 60 were lost to follow-up and did not complete
the 6-month intervention. The most common reason for loss to
follow-up during the intervention was unknown (40/60, 67%),
followed by participant phone loss (6/60, 10%), moving out of
jurisdiction (9/60, 15%), incarceration (2/60, 3%), withdrawal
(2/60, 3%), and death from causes unrelated to intervention
participation (1/60, 2%). For participants who lost their phones,
a maximum of one phone replacement was provided during the
intervention. Participants who again lost their phones were
unable to complete the intervention. The intervention completion
status was dichotomously coded as “yes (1)” if participants
completed the 6-month intervention and “no (0)” if they did not
complete the intervention.

HIV Care Continuum Outcomes
Self-reported HIV care outcome data were collected using CASI
surveys. In accordance with HIV care goals designated in
90-90-90 objectives [9], we dichotomized outcomes regarding
whether participants received primary HIV care within the last
6 months (yes/no, 1/0), whether participants were taking ART
(yes/no, 1/0), and whether participants were virally suppressed
(eg, had a viral load of 200 copies/mL or less) (yes/no, 1/0).

Statistical Analysis
Initially, we characterized the sample by describing baseline
sociodemographics and self-reported HIV care continuum
outcomes using baseline CASI data. Differences in baseline
sociodemographics and outcomes on comparing participants
who completed the intervention and those who did not were
analyzed with bivariate statistical tests (chi-squared test or t
test). As every participant received the digital care navigation
intervention, we analyzed HIV care continuum outcome effects
for all participants over the 6-month follow-up period. We
produced three models using generalized estimating equations
(GEEs) to account for within-subject correlations and to
calculate the odds of HIV care continuum outcomes for the
6-month follow-up compared with baseline.

Finally, we assessed whether intervention completion modified
HIV care continuum outcomes over time. To accomplish this,
we tested for multiplicative and additive interactions between
intervention completion and time (baseline or 6-month
interview) and computed stratum-specific results. Initially,
outcome odds or prevalences from the GEE models with
interaction terms were converted to probabilities. We then
calculated probability ratios for multiplicative interactions (ie,
probability of having an undetectable viral load over the 6-month
period for those who completed the intervention compared with
those who did not complete the intervention), probability
differences for additive interactions (ie, excess probability of
having an undetectable viral load over the 6-month time period
for those who completed the intervention compared with those

who did not complete the intervention), and stratum-specific
differences (ie, excess probability of having an undetectable
viral load over the 6-month time period only among those who
completed the intervention or only among those who did not
complete the intervention). We reported statistically significant
stratum-specific results and statistically significant interactions
between intervention completion and time. All statistical
analyses were performed using Stata 14 (StataCorp LLC College
Station, Texas, USA) [10]; comparisons were considered
statistically significant if the associated P value was less than
.05.

Results

Table 1 presents baseline sociodemographics and HIV care
continuum outcomes for the Health eNav sample overall (n=120)
and according to the intervention completion status. Except for
incarceration and recent receipt of primary HIV care,
characteristics according to the intervention completion status
were not significantly different from those of the overall sample.
The mean age of the participants was 27.75 years (SD 4.07).
Most participants (103/120, 85.8%) identified as men. The
sample was racially/ethnically diverse, with most participants
identifying as Hispanic/Latinx, followed by white, multiple
races, and black/African American, and few identifying as Asian
or American Indian/Alaska Native. About half (68/120, 56.7%)
of all participants completed some college education, yet most
lived in unstable housing and had a monthly income of US
$1300 or less. Recent incarceration was less likely in participants
who completed the intervention than those who did not complete

the intervention (11.67% vs. 26.67%, χ2
1=4.36, P=.04).

In terms of baseline HIV care continuum outcomes, majority
(99/120, 82.5%) of the participants had recently received
primary HIV care, yet this was more likely in those who
completed the intervention than in those who did not complete

the intervention (54/60, 90% vs 45/60, 75%; χ2
1=4.68, P=.03).

More than half of the sample reported taking ART (92/120,
76.7%) and having an undetectable viral load (65/120, 54.2%)
(Table 1).

The 6-month follow-up surveys were completed by 73.3%
(88/120) of participants (Table 2), and these participants were
not characteristically different from the overall sample at
baseline. Table 2 presents the longitudinal results from the GEE
models. After analyzing HIV care continuum outcomes over
the 6-month study period, we observed that participants had
increased odds of viral suppression at 6 months compared with
baseline. We observed no statistically significant additive or
multiplicative interactions on comparing outcome effects over
time according to intervention completion. However, on testing
for stratum-specific effects, we found that viral suppression
increased over time among those who completed the intervention
(83.89% probability of viral suppression at 6 months vs 69.60%
probability of viral suppression at baseline; probability
difference 14.29%, 95% CI 2.66%-26.41%). No corresponding
stratum-specific difference in viral suppression was observed
among those who did not complete the intervention.
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Table 1. Differences in baseline sociodemographics and HIV care continuum outcomes among young men who have sex with men and transwomen
overall and according to intervention completion (Health eNav, 2017-2019).

Group comparisonCompleted the inter-
vention, n (%) or
mean (SD)

Did not complete the
intervention, n (%) or
mean (SD)

Overall, n (%) or
mean (SD)

Characteristic

P valuet test or chi-square
test (df=1) statistic

——a60 (50.0)60 (50.0)120 (100.0)Total

Sociodemographics

.62t=0.4927.93 (4.07)27.57 (4.09)27.75 (4.07)Age (years)

.79χ2=0.07Gender identity

8 (13.3)9 (15.0)17 (14.2)Transwoman

52 (86.7)51 (85.0)103 (85.8)Man

.22χ2=4.42Race/ethnicity

11 (18.3)11 (18.3)22 (18.3)Black, non-Hispanic/Latinx

14 (23.3)24 (40.0)38 (31.7)Hispanic/Latinx

17 (28.3)11 (18.3)28 (23.3)Multiple races, non-Hispanic/Latinx

18 (30.0)14 (23.3)32 (26.7)White, non-Hispanic/Latinx

.07χ2=3.39Education level

21 (35.0)31 (51.7)52 (43.3)High school/GEDb or less

39 (65.0)29 (48.3)68 (56.7)Some college or more

.08χ2=3.08Current living situation

36 (60.0)45 (75.0)81 (67.5)Unstable

24 (40.0)15 (25.0)39 (32.5)Stable

.98χ2=0.16Income in the last month (US $)

15 (25.0)15 (25.0)30 (25.0)601-1300

16 (26.7)14 (23.3)30 (25.0)251-600

15 (25.0)15 (25.0)30 (25.0)0-250

14 (23.3)15 (25.0)29 (24.2)1301 or more

.04χ2=4.36Incarceration

7 (11.7)16 (26.7)23 (19.2)Yes

53 (88.3)44 (73.3)97 (80.8)No

HIV care continuum outcomes

.03χ2=4.68Received primary HIV care, last 6 months

54 (90.0)45 (75.0)99 (82.5)Yes

6 (10.0)15 (25.0)21 (17.5)No

.06χ2=3.69Currently taking ARTc

50 (83.3)42 (70.0)92 (76.7)Yes

9 (15.0)18 (30.0)27 (22.5)No

.72χ2=0.13Undetectable viral load

37 (61.7)28 (46.7)65 (54.2)Yes

17 (28.3)15 (25.0)32 (26.7)No

aNot applicable.
bGED: General Educational Development.
cART: antiretroviral therapy.
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Table 2. Differences in HIV care continuum outcomes at baseline and 6 months among men who have sex with men and transwomen living with HIV
(Health eNav, 2017-2019).

Generalized estimating equationa outcome
effects over time

Percentage mean change6 months, n (%)Baseline, n (%)Characteristic

P valueOR (95% CI)

———b88 (73.3)120 (100.0)Total

HIV care continuum outcomes

Received primary HIV care, last 6 months

—Reference—9 (10.2)21 (17.5)No

.141.79 (0.82-3.93)7.379 (89.8)99 (82.5)Yes

Currently taking ARTc

—Reference—16 (18.2)27 (22.5)No

.611.13 (0.70-1.83)5.272 (81.8)92 (76.7)Yes

Undetectable viral load

—Reference—13 (14.8)32 (26.7)No

.0032.16 (1.30-3.57)22.067 (76.1)65 (54.2)Yes

aThree generalized estimating equation models were used for the analyses: (1) odds of receiving primary HIV care at 6 months compared with baseline,
(2) odds of taking ART at 6 months compared with baseline, and (3) odds of being virally suppressed at 6 months compared with baseline.
bNot applicable.
cART: antiretroviral therapy.

Discussion

Principal Findings
Our findings suggest that digital HIV care navigation is effective
at promoting viral suppression at post-test compared with
pretest. While many mHealth interventions developed for youth
and young adults living with HIV are increasingly utilizing
methods that leverage automated functionalities (eg, reminders,
calendaring, gamification, and diary studies), Health eNav
demonstrates the importance of real-time bidirectional
interaction with an interventionist using text messaging. In other
research, we found that digital HIV care navigation is feasible
and acceptable and, in particular, responsive to the diverse needs
of young people living with HIV in a metropolitan city with
complex structural barriers [11]. Despite the lack of precedent,
we argue that mHealth interventions must be scalable beyond
the individual level in order to strengthen health systems and
public health action [12]. While local health departments may
be weary of integrating mHealth interventions into their
system-wide approaches, this study provides evidence for the
positive impact that such work can have on individuals in the
health system [13].

Limitations and Future Research
The findings should be interpreted with some limitations in
mind. This study had a single-arm, prospective, pre-post design.
Future studies using more robust study designs with
randomization of participants to multiple study arms are needed
to develop a cogent understanding of the short- and long-term
efficacies of digital HIV care navigation. Additionally, future

analyses that examine dose-response or employ just-in-time
stepped wedge designs may offer more dynamic and responsive
flexibility to the study population of young men who have sex
with men and transwomen living with HIV. These individuals
not only are the most vulnerable to HIV acquisition and the
most likely to have poor HIV care continuum outcomes, but
also face multiple structural barriers and complex stigma. While
adolescence and young adulthood are already dynamic critical
periods, for sexual and gender minorities living with HIV, the
situation is exacerbated by intersectional stigma. More research
on the understanding of how the critical axes of race, sexuality,
gender identity, and HIV interact is needed. mHealth
interventions addressing intersectional stigma must be
developed.

Conclusion
Despite the study limitations, digital HIV care navigation fills
a critical gap in public health and HIV care systems, making
these systems more responsive and accountable to the needs of
the most vulnerable individuals. Our intervention bridges the
time between primary care visits with interactive, tailored,
personalized, peer-delivered social support; information; and
motivational interviewing to scaffold behavioral changes, such
as ART adherence. This study is part of the next wave of
system-informed mHealth intervention research that will offer
potentially disruptive solutions to traditional in-person delivered
interventions and improve the health of the most vulnerable
individuals. For ending the HIV epidemic in San Francisco, the
United States, and globally, novel applications of low-tech
hi-touch mHealth technologies, such as digital HIV care
navigation, should be considered.
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Abstract

Background: Sickle cell disease (SCD) is an inherited blood disorder causing acute complications and chronic progressive end
organ damage. SCD is associated with significant morbidity, early mortality, impaired health-related quality of life, and increased
acute health care utilization. Hydroxyurea is a US Food and Drug Administration–approved medication that reduces disease
complications, acute health care utilization, and costs. However, adherence to hydroxyurea is suboptimal. Mobile health (mHealth)
interventions have the potential to improve hydroxyurea adherence, but few examples exist that are specific to the SCD population.

Objective: This study aimed to design a mHealth intervention for individuals with SCD to improve adherence to hydroxyurea,
using a user-centered design that was informed by specific barriers to hydroxyurea adherence and utilization in this population.

Methods: This study consisted of 4 phases. In phase 1, individuals with SCD and health care providers participated in an
optimization digital workshop. In phase 2, patients completed surveys pertaining to their interest in mHealth use, barriers and
facilitators to hydroxyurea use, and health literacy. Phases 3 and 4 involved semistructured interviews and focus groups, respectively,
and used the Health Belief Model (HBM) as the framework to investigate drivers of poor hydroxyurea adherence and to inform
the development of an app prototype. In addition, in phase 4, we have incorporated the patients’ feedback on the preliminary app
prototype and its features.

Results: Barriers to hydroxyurea adherence were consistent with the literature and included forgetfulness and several specific
thoughts and emotions associated with hydroxyurea use (eg, fear of side effects, depression, stigma, and hopelessness). In addition,
more than half of the participants reported potentially low health literacy. Preferred patient app features included 7 key components,
namely (1) medication reminders and tracker, (2) disease education, (3) communication, (4) personalization, (5) motivation, (6)
support during pain episodes, and (7) social support. Utilizing a user-centered design approach, data obtained from patients and
providers were translated into features within the app, mapping to components of the HBM and the specific drivers of hydroxyurea

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e14884 | p.379https://mhealth.jmir.org/2020/5/e14884
(page number not for citation purposes)

Alberts et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

mailto:Jane.Hankins@stjude.org
http://www.w3.org/Style/XSL
http://www.renderx.com/


adherence and matching the literacy level of the population, resulting in the development of a novel mobile app called InCharge
Health.

Conclusions: The InCharge Health app is an mHealth intervention developed with substantial input from users and by mapping
the HBM as the framework that guided the choice for its components. InCharge Health is a customized product for the SCD
population aimed at optimizing medication adherence, with the end goal of improving quality of life and health outcomes among
patients with SCD. The efficacy and implementation of the InCharge Health app as an mHealth intervention to promote hydroxyurea
adherence will be tested in a future stepped-wedge multicenter trial for adolescents and adults with SCD.

(JMIR Mhealth Uhealth 2020;8(5):e14884)   doi:10.2196/14884
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Introduction

Background
Sickle cell disease (SCD) is a common inherited hemoglobin
disorder in the United States, affecting approximately 100,000
Americans, mainly of African American descent [1-3]. SCD is
a debilitating illness with several acute and chronic
complications, including vaso-occlusive pain episodes, acute
chest syndrome, cerebrovascular events, cognitive dysfunction,
and progressive end organ damage. SCD has been associated
with significant morbidity, early mortality, impaired
health-related quality of life [3-5], and increased health care
utilization [2,6]. Hydroxyurea (also known as
hydroxycarbamide) is a medication approved by the US Food
and Drug Administration (FDA) that has several health benefits
and is cost-effective in pediatric and adult patients with SCD
[7-19]. Hydroxyurea induces fetal hemoglobin production,
thereby decreasing sickle hemoglobin erythrocyte polymers,
hemolysis, and vaso-occlusion [10,11]. Rigorous investigation
over the past 30 years has demonstrated the efficacy of
hydroxyurea in reducing disease complications, health care
utilization, and costs for patients with SCD [7-18].
Consequently, the National Heart Lung and Blood Institute
(NHLBI) has issued guidelines recommending its use among
symptomatic adults and all children with SCD (HbSS and

HbSβ0-thal genotypes) aged ≥9 months [19]. Despite being
evidence-based and endorsed by NHLBI guidelines, adherence
to hydroxyurea in SCD remains suboptimal [7,20-23]. Lower
adherence rates have been associated with worse health
outcomes, including more frequent SCD-related complications,
low health-related quality of life, and increased health care
utilization [4,7,15,24,25].

Medication adherence is a dynamic multifactorial process that
reflects influential factors at three different levels: patient, health
care provider, and health system [26]. In SCD, at the patient
level, various barriers related to hydroxyurea adherence have
been identified, such as concerns about efficacy and side effects,
forgetfulness, inability to obtain refills, and lack of knowledge
about hydroxyurea [20-23,25,27-33]. In addition, among patients
with SCD, the number of adherence barriers is negatively
correlated with the overall adherence rates to different
medications, including hydroxyurea [20]. Optimizing
hydroxyurea adherence throughout the lifespan is critical to
improving health outcomes in this population, particularly
among adolescents and young adults—a vulnerable

subpopulation at a higher risk of low hydroxyurea adherence
and disease-related morbidity and mortality [1-3,19,24,34,35].
In addition, adolescents and young adults are likely to start or
are already managing their medications independently, making
this an ideal developmental period to engage patients with SCD
in building their self-management skills, including adherence
to hydroxyurea, which is essential and could have long-term
benefits [36-38]. Furthermore, achieving a better understanding
of different patient barriers represents a key strategy for
improving hydroxyurea adherence in SCD [20,23,25,31,33].

The Health Belief Model (HBM) is commonly used to explain
the constructs underlying medication adherence behavior [39].
The HBM suggests that patients’ adherence level is related to
a number of factors that are independently weighed [39]. The
health-related action driving the increased use of hydroxyurea
includes 5 constructs within the HBM: perceived susceptibility,
perceived severity, perceived benefits, perceived barriers, and
self-efficacy. Notably, these 5 constructs represent modifiable
factors that, together, can be influenced to increase the use of
hydroxyurea.

Technological solutions are becoming more common in health
care. Access to personal technology is nearly ubiquitous, and
a growing number of patients use technology for their health
care needs [40,41]. Mobile health (mHealth) interventions have
been shown to improve patient activation and engagement
[42-46], making them a possible tool to improve outcomes. In
particular, earlier studies showed that individuals with SCD and
their families were interested in using mHealth technologies to
manage their health [22,47,48]. In other chronic health
conditions (eg, asthma and diabetes mellitus), there is mounting
evidence that self-care and self-management skills can be
improved with the use of mHealth interventions [49-51].
Furthermore, recent systematic reviews showed promising data
to support the overall feasibility, acceptability, and efficacy of
mHealth interventions in promoting adherence behavior and
improving health outcomes in different patient populations
[52-57], including SCD [58]. In this study, we examined barriers
and facilitators to hydroxyurea adherence informed by the HBM
to support the development of a new mHealth intervention to
foster greater hydroxyurea use.

Study Objectives
To date, only a few reported mHealth interventions have focused
on medication adherence among individuals with SCD [58-61].
Additionally, the integration and application of user-centered
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design principles in the development of interventions have been
limited within this population [58,62]. User-centered design has
been defined as “an iterative design process in which designers
focus on the users and their needs in each phase of
the design process, with a call for involving users throughout
the design process via a variety of research
and design techniques so as to create highly usable and
accessible products for them” [63]. The objectives of this study
were to (1) use an agnostic approach to identify patient-level
barriers to hydroxyurea adherence and utilization and (2) apply
a user-centered design approach to develop a
patient-informed SCD mobile app, InCharge Health, as a
behavioral intervention to improve adherence to hydroxyurea.
We hypothesized that hydroxyurea adherence barriers would
vary among patients with SCD and that the barriers could be
targeted by functionalities within an mHealth app.

Methods

Design
This study utilized user-centered design, which is an
evidence-based and iterative approach that incorporates the
needs and context of a specific end-user group (eg, adolescents
and young adults with SCD) and helps ensure that the resulting
digital health intervention is acceptable and effective [62,64].
The first step of this approach is to better understand the users’
needs, context, and experiences [62,64]. Thus, phases 1 to 3 of
this study utilized a mixed method approach, with qualitative
data derived from an optimization digital innovation workshop
(phase 1) and semistructured interviews (phase 3), and
quantitative data derived from a needs assessment survey (phase
2). Together, these data were used to better understand the needs
and experiences of individuals with SCD who aim to
consistently take hydroxyurea and to inform the initial design
of an app prototype. Consistent with the iterative nature of
user-centered design, phase 4 of the study involved obtaining
end-user feedback on the app prototype via focus groups to
further tailor and inform the final design of the app.

Participants
Individuals were eligible if they were between the ages of 15.0
and 44.9 years, had a diagnosis of SCD, and were affiliated with
one of the multicenter National Institutes of Health
(NIH)–funded SCD implementation consortium (SCDIC) sites.
The development of InCharge Health is part of the multicenter
NIH-funded SCDIC that aims at increasing the adoption of
evidence-based interventions, including hydroxyurea treatment,
among individuals aged 15.0 to 44.9 years with SCD using
implementation science approaches [65].

Prior use of hydroxyurea was not an inclusion criterion for the
study. Participants with an indication of hydroxyurea therapy,
but no prior history of receiving this therapy, or who received
this therapy but later discontinued it, were included as we also
sought to obtain the perspectives of individuals who had
previously been offered hydroxyurea but declined to take it, as
such perspectives could provide further insight into potential
barriers to taking hydroxyurea. Participants were recruited
continuously from 2 SCDIC hematology clinics (St Jude
Children’s Research Hospital and Methodist University

Hospital) and a community-based organization in Memphis,
Tennessee, United States. Participants were recruited from these
specific clinics as these were SCDIC sites. Recruitment took
place during regular clinic visits. Participants received
information about the study either via a flyer or via in-person
communication with a study team member. All participants
signed an informed consent before any study procedure. If
participants were minors, their legal guardian signed the consent,
and assent was obtained from the adolescent participants. The
study was approved by the Institutional Review Boards from
St Jude Children’s Research Hospital and the Methodist
Healthcare/University of Tennessee Health Science Center.

Procedure
This study addressed the patient underutilization of hydroxyurea
by developing a new mHealth intervention to improve
hydroxyurea adherence. The study consisted of 4 phases, with
a total of 118 participants. Phase 1: patients (n=6) and health
care providers (n=12) participated in an optimization digital
innovation workshop [62]. Phase 2: patients (n=99) completed
surveys pertaining to demographic information, mHealth use,
perceived barriers and facilitators to hydroxyurea use, and health
literacy. Phase 3: patients (n=20) completed semistructured
interviews pertaining to their experiences with apps and mobile
phones, perceptions of hydroxyurea, perceptions of risk of SCD
complications, and their SCD self-efficacy. Phase 4: patients
(n=12) participated in focus groups to provide feedback on an
initial app prototype. Feedback on the app and several of its
proposed features were used to further refine the app prototype.
Patients were compensated for their time in each phase of the
study as follows: Phase 1, US $100; Phase 2, US $15; Phase
3, US $15; Phase 4, US $20. Completion of all study phases
took 1 year in total.

Phase 1: Optimization Digital Innovation Workshop
Patients and providers were invited to participate in a 1-day
workshop focused on identifying problems around hydroxyurea
use and developing potential solutions. This workshop lasted 8
hours and included patients, clinicians, both hematologists and
psychologists, researchers, and research staff. Preferences for
features of the app were also identified through an iterative
process and group discussions that started with the identification
of gaps in hydroxyurea utilization (specifically why adherence
was low) and ended with possible digital solutions to foster
greater hydroxyurea use.

Phase 2: Needs Assessment Survey
This survey consisted of a total of 20 questions that aimed at
investigating the barriers and facilitators to hydroxyurea use,
patients’ perception of the mHealth benefit, and the health
literacy level of the population. The 4 main sections of the
survey were as follows:

• Demographics: patients completed a demographic survey
that assessed their age, gender, race, ethnicity, SCD type,
zip code, household income, and household size.

• mHealth use: patients completed a 2-item study-specific
survey assessing whether they are currently using or ever
used mHealth to help them take their hydroxyurea.
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• Hydroxyurea use and barriers: patients completed a 7-item
study-specific survey assessing hydroxyurea use (eg, current
and past use, if any, and duration if currently using
hydroxyurea) and perceived barriers to hydroxyurea use.

• Health literacy: patients completed the Newest Vital Sign
(NVS) [66], a 6-item validated screening tool that assesses
an individual’s ability to understand and apply information
displayed on a nutrition label for ice cream. This tool
measures both health literacy and numeracy.

Phase 3: Semistructured Interviews
Individuals who agreed to participate in the survey were invited
to take part in a 30 to 45-min semistructured interview that

provided complementary data on the participant’s knowledge
and perceptions of hydroxyurea. Interview participants were
also asked about their prior history with mHealth apps for
medication adherence and perceptions. Interviews were
conducted in the sickle cell clinic by a single study team
member. The HBM [39] was used as a theoretical framework
for the development of the final interview guide. Figure 1
illustrates the HBM as applied to adherence to hydroxyurea.
Participants were asked specific questions relevant to the model,
including questions about perceived barriers and benefits to
taking hydroxyurea, perceived level of risk of having SCD
complications, and self-efficacy regarding their ability to take
care of their health.

Figure 1. Health belief model applied to hydroxyurea adherence.

Phase 4: Focus Groups
Individuals who completed the surveys were asked to indicate
their interest in participating in a focus group in the future.
Those indicating an interest, and who had not already
participated in the semistructured interviews, were invited to
participate in the focus groups. The overall goal of the focus
groups was to obtain feedback on the app prototype to assist
with further app refinement.

Data Synthesis and Analysis
Quantitative data were analyzed using SPSS version 25 (IBM,
Armonk, New York). Descriptive and correlation analyses were
used to summarize demographic and survey item data. With
regard to the qualitative data obtained in phase 3 and phase 4,
interviews and focus group discussions were audiotaped,
transcribed, and entered into NVivo 12 for coding and analysis.
Coding of the interview data was conducted by two members
of the study team (JH and HK) following a cyclical coding
process using a constructivist grounded theory approach [67-69].
A final coding scheme was developed using a consensus coding
approach where study team members met weekly to discuss
agreement and disagreement and rectified any discrepancies
throughout the coding process [68]. The cyclical coding process
involved 3 coding steps—Step 1: an initial set of codes on the

basis of interview guide questions; Step 2: a subset of codes
within Step 1 codes; Step 3: thematic codes identified by
common codes found within Step 1 and 2 codes.

Results

Study Population
In phase 1, participants were 6 adult patients with SCD between
the ages of 18 and 45 years (3 males and 3 females) and 13
health care providers, community advocates, and researchers,
including 2 physicians, 1 nurse, 2 psychologists, 4 PhD
researchers (behavioral and informatics), 1 health information
security expert, 1 community-based organization member, and
2 research coordinators; 10 patients were not interested in
participating in phase 1. Purposive sampling was used to recruit
patient and provider/researcher participants to phase 1 of the
study. Table 1 presents demographic data for patient participants
in phases 2, 3, and 4. In phase 2, 100 participants were surveyed,
and 99 patients completed the demographic survey, who were
separated by age group in Multimedia Appendix 1. The
upcoming clinic visits of potential patient participants were
reviewed, and patients were randomly approached during their
visits to participate in phase 2 of the study. Participant
demographics were comparable to the larger SCD population
[70]. In phase 2, 10 participants declined to participate; 12
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declined to participate in phase 3, and 19 declined to participate
in phase 4. The mean age of patients was 21.7 years (SD 6.4)
and 46% (46/99) were female. Adolescents (aged 15-17.9 years)
comprised 78% (78/99) of the total participants, and 21%
(21/99) were between the ages of 18 and 44.9 years. Overall,

70% (70/99) of patients had HbSS or Sβ0 thalassemia genotypes,

and the remaining had HbSC, HbSβ+ thalassemia, or another
variant. Almost all patients were African American (94/99,
94%), with the remaining 5.1% indicating “Other” and 1%
choosing Hispanic or Latino as their ethnicity. For household
income, 38% of participants either did not know or preferred
not to answer, 47% had a household income of US $29,999 or
lower, 9% indicated a household income between US $30,000
and US $59,999, and 6% were above US $60,000. These patients
were randomly selected during their clinic visits, and their

demographics were similar to the demographics of the
longitudinal cohort study Sickle Cell Clinical Research and
Intervention Program (SCCRIP), which encompasses nearly
the entire population of the participating sites [70].

During clinic visits, participants who completed the survey were
offered the opportunity to participate in the interviews until a
sample size of 20 was reached. Thus, 20 adolescents and adults
(average age 24.5 years, SD 9.28; 45% female) participated in
phase 3 of the study, which involved semistructured interviews.
In phase 4, 12 adolescents and adults (average age 21.10 years,
SD 6.01; 75% female) participated in focus groups where they
were invited to review an interactive app prototype and provided
feedback on functionality, key features (eg, medication
reminders, tracking, and points/rewards), and overall design.
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Table 1. Participant characteristics across phases 2, 3, and 4.

Phase 4 focus group, (N=12)bPhase 3 interview, (N=20)Phase 2 enhanced NAa survey, (N=99)Characteristics

21 (6.01)24 (9.28)22 (6.46)Age (years), mean (SD)

Age group (years), n (%)

5 (42)7 (35)31 (31)15-17

5 (42)7 (35)47 (48)18-24

1 (8)1 (5)9 (9)25-34

1 (8)5 (25)12 (12)35-45

Gender, n (%)

9 (75)9 (45)46 (46)Female

3 (25)11 (55)53 (53)Male

Race n (%)

12 (100)19 (95)71 (96)African American

—c1 (5)3 (4)Other

SCDd genotype, n (%)

8 (67)12 (60)62 (63)HbSS

—1 (5)8 (8)HbSβ0 thalassemia

3 (25)5 (25)23 (23)HbSC

—1 (5)4 (4)HbSβ+ thalassemia

1 (8)—1 (1)Other variant

—1 (5)1 (1)Do not know

Annual household income (US $), n (%)

2 (17)2 (10)23 (23)Less than 5000

1 (8)2 (10)6 (6)5000-9999

—2 (10)6 (6)10,000-14,999

—1 (5)2 (2)15,000-19,999

1 (8)—9 (9)20,000-29,999

———30,000-39,999

1 (8)1 (5)6 (6)40,000-49,999

—1 (5)3 (3)50,000-59,999

2 (17)—3 (3)60,000-79,999

——2 (2)80,000-94,999

——1 (1)95,000 and above

3 (25)1 (5)13 (13)Prefer not to answer

2 (17)10 (50)25 (25)Do not know

NVSe health literacy, n (%)

7 (58)11 (55)57 (58)High likelihood of limited literacy

2 (17)6 (30)21 (21)Possibility of limited literacy

3 (25)3 (15)21 (21)Adequate literacy

aNA: needs assessment.
bA proportion of patients participated in >1 study phase.
cNo participants in this category.
dSCD: sickle cell disease.
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eNVS: Newest Vital Sign.

Phase 1
During the optimization digital innovation workshop
(Multimedia Appendix 2), patients and providers discussed
obstacles to taking hydroxyurea, which were then categorized
and prioritized. Identified obstacles included (1) side effects,
(2) quantity and size of the pills, (3) busy life and a tendency
to forget medications, (4) cost of the medication, and (5)
attitudes toward medication and negative emotions (eg,
depression, “tired of taking medication,” “no immediate or
visible reward,” stigma, anger, and hopelessness). Group
discussion also focused on features to include in the app, which
derived 7 categories: (1) gaming, competition, and rewards; (2)
group support and community; (3) education, resources, and
ability to contact a doctor/an expert; (4) reminders and
notifications; (5) personalization; (6) visual checklists; and (7)
graphical trackers and charts. Participants also reflected on the
most important features of the app. Overall, features that were
considered the most important included reminders to take
hydroxyurea, followed by personalization and setting individual
goals/motivations, motivation messages, gaming and points,
tracking graphs, and finally features that allow communication
with friends/family if the user forgets to take hydroxyurea.

Phase 2

Mobile Health Use
Overall, 24% (24/99) of those with a history of taking
hydroxyurea had prior experience with text messages as an aid
in taking hydroxyurea; 11% (11/99) indicated that they were
currently using text messages to help them take hydroxyurea.

Hydroxyurea Use and Barriers
Most patients (72/99, 73%) were taking hydroxyurea at the time
of survey completion (current users), and 6% had taken
hydroxyurea at some point in the past (previous users). Among
those currently taking hydroxyurea, 43% (43/99) had taken it
for >6 years, 42% (42/99) had taken it between 1 and 5 years,
and 9% (9/99) had been on hydroxyurea for <1 year. Among
patients who had any history with hydroxyurea, 79% (78/99)
indicated “forgetting to take the medicine” and 24% (24/99)
reported “it was hard to take the medicine at the right time” as
the leading barriers to hydroxyurea adherence. The next most
frequently endorsed barriers included “I don’t like to think about
having sickle cell disease when I am feeling well” (11/99, 11%)
and “I am worried about side effects” (10/99, 10%). Of the total
patients with a history of hydroxyurea use, 33% (33/99)
indicated experiencing no barrier to hydroxyurea use.
Facilitators to hydroxyurea use were rarely cited by the
participants, who rather reported facilitators in the context of
mHealth solutions.

Health Literacy
Most patients were found to have either a high likelihood of
limited health literacy (57/99, 58%) or possibly limited health
literacy (21/99, 21%). Only 21% (21/99) of patients were found
to have an adequate level of health literacy.

Phase 3
Results from phase 3 are presented around the primary content
areas explored during the semistructured interviews and in
alignment with the core modifiable components of the HBM as
applied to this study: background, perceptions pertaining to
expectations, perceptions pertaining to threat, and cues to
action. 

App and Mobile Phone Experiences and Perceptions
All participants indicated regular use of mobile phone apps for
social media, communication with peers or family, and
entertainment consumption (eg, to watch movies, play games,
listen to music, or read books). A minority of participants stated
experience with using an app to assist with health-related
activities, such as using the phone’s reminder function for
medical appointments and medications or tracking physical
activity. Overall, participants expressed positive perceptions
about mobile phones and apps; however, when asked to state
any concerns they might have, ensuring the protection of private
data and general negativity in the realm of social media were
the most common drawbacks to mobile phone apps.

Health Belief Model Perceptions: Benefits, Barriers,
and Sickle Cell Disease Self-Efficacy

Education

Overall, most participants did not perceive a need for additional
education on hydroxyurea, although some did indicate additional
education could be helpful, including information on the pros
and cons of taking hydroxyurea.

Perceived Benefits of Taking Hydroxyurea

The primary perceived benefit of taking hydroxyurea was the
improvement of overall health and quality of life. Participants
specifically mentioned the decrease in pain crises and a decrease
in hospitalizations as benefits of hydroxyurea.

Barriers to Taking Hydroxyurea

A large majority of the participants identified forgetting to take
hydroxyurea as a primary barrier to adherence. Additional
barriers included insurance or price, number of pills in the dose,
fatigue, competing activities (eg, busy schedule), and feeling
“tired” of taking medications. Participants who were not
currently taking hydroxyurea described several barriers to
beginning or restarting hydroxyurea including hearing about
someone who experienced side effects, currently taking several
medications, never having been offered hydroxyurea by a
physician, personal preference, and a lack of need to take it
because of perceived low SCD severity.

High Sickle Cell Disease Self-Efficacy

Overall, the vast majority of participants described feeling
confident or very confident about their ability to take care of
their health, attend their medical appointments, and take
hydroxyurea. Most participants also rated this confidence as 8
or 10 out of 10 (10 being the most confident).
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Health Belief Model Perceptions: Susceptibility to Sickle
Cell Disease Complications, Perceived Severity, and
Sickle Cell Disease–Related Worry

Low Perceived Risk

Overall, most participants viewed themselves as at low risk of
SCD complications. When asked why they are at low risk,
participants reported engaging in strategies such as taking their
medications, drinking water, dressing for the weather, and
abstaining from risky health behaviors (eg, drinking alcohol
and smoking). For those who saw themselves as being at high
risk, reasons for this perception included experiencing elevated
pain and an increased number of surgeries.

Increased Worry About Complications

Interestingly, although most participants perceived themselves
as being at low risk for SCD complications, most also reported
experiencing worry about SCD complications, maintaining good
health, and negative health-related outcomes such as
hospitalization, blood clots or stroke, and the cumulative damage
of SCD. The occurrence of pain and pain crises was the most
common worry reported by participants. It should also be noted
that a subset of participants denied experiencing worry about
SCD complications.

Health Belief Model Cues to Action: Preferred Features
in an App for Hydroxyurea Adherence

Trackers and Reminders

Several participants indicated that they would like to have
reminders within the app, including the ability to customize

these reminders on the basis of their personal preferences.
Participants also indicated it would be helpful to have the ability
to track their adherence to hydroxyurea and other medications.

Education and Communication

Some participants also expressed a desire for the app to provide
additional information about hydroxyurea (eg, dosage), and
some expressed a desire to connect with other patients and
friends and family (eg, parents) to increase accountability for
taking hydroxyurea. Some participants also described a desire
to communicate with their medical team via the app.

Engaging and User-Friendly

Overall, there was a general desire to have an app that was easy
to use while also engaging. In being able to customize
reminders, several participants reported that they would like to
have the ability to make unique and exciting medication
reminders linked to their personal motivation for staying healthy.

Phase 4
Data derived from the focus groups revealed 5 primary themes:
(1) personalization, (2) intrinsic motivation, (3) social support,
(4) support during pain crisis, and (5) education. Participants’
input from this phase led to the development of the InCharge
Health app (Figure 2).

Figure 2. Screenshots of different functions in InCharge Health App mapped to health belief model.

Personalization
Participants expressed a desire to personalize various aspects
of the app, including reminders, motivational messages, and
educational content. Among adolescents, in particular, being
able to put reminders in their own words was viewed as making
the app feel less like “nagging.” Overall, participants also

indicated that they would be less likely to ignore reminders if
they were in their own words. As a result of this feedback,
within the InCharge Health app, patients have the option of
customizing the reminder description and the day and time that
they receive the reminder. The customized reminder feature is
shown in Figure 2.
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Intrinsic Motivation
Contrasting views with regard to motivation to use the app were
found among adolescents and adults. Specifically, adolescents
liked the idea of short-term rewards being offered to increase
motivation, whereas adults generally held the view that
motivation should be more intrinsically based and come from
a personal desire to support health and well-being. To
accommodate both views, the concept of streaks (see Figure 2)
was utilized within the app, such that participants can earn
streaks when they take their hydroxyurea several days in a row
and can, therefore, track their progress. In addition, participants
can rate their pain each day and are provided with a weekly
tracking report of their pain, which is, in turn, graphed next to
their adherence to hydroxyurea (Figure 2). The rationale behind
this feature is that directly showing patients changes in pain
over time and how these are connected to changes in adherence
to hydroxyurea will potentially increase patient motivation to
take hydroxyurea consistently.

Social Support
Participants also expressed a desire to connect with others with
shared experiences. Many reported already connecting with
others with SCD via social media and online forums and liked
the ability to connect with peers and experts all in one place. In
response to this feedback, on the homepage of the
InChargeHealth app, patients have the option of connecting
with their doctor, their medical chart, and other patients via the
website, one SCDvoice [71]. They also have the option of adding
accountability contacts who are sent messages when the patient
does not indicate taking their medication for >4 hours (Figure
2).

Pain Crisis Support
Participants also expressed an interest in app features that would
help provide support during a pain crisis. In response to this
feedback, patients can monitor their pain across time by
recording their daily pain level within the app (Figure 2). In
addition, if a pain crisis occurs, patients can contact their clinic
directly from within the app, access educational information
about pain treatment, and talk to other patients about their
experiences with pain.

Education
Participants also expressed interest in having access to
educational content—both for themselves and for friends and
family members. Specifically, participants were interested in
content related to how hydroxyurea works, side effects, and
pain management and tracking. In response, the InCharge
Health app includes educational content pertaining to SCD,
hydroxyurea, and more general health topics (eg, depression;
Figure 2). Moreover, given the low levels of health literacy
observed in phase 2, education and information more generally
were provided in the app via several visual prompts (eg, graphs
and images) and multiple formats, including videos, written
materials (PDF files), and links to other websites. Additional
app features accounting for low levels of health literacy observed
included easy-to-read and simple instructions and links to the
electronic medical record and the clinic to assist with navigation
of the health system.

The HBM components of perceived barriers, cues to action, and
self-efficacy emerged in the survey, semistructured interview,
and focus group results and were subsequently incorporated in
the development of the InCharge Health app (Figure 2).
Forgetting to take medication was the largest reported barrier
to hydroxyurea adherence. The app addresses this with cues to
action with text messaging reminders that can be personalized
by the user, and the user can enter accountability contacts who
are notified if the user does not take their medication within the
specified time period as indicated through the app. Participants
also reported concern about medication side effects as a barrier;
therefore, the app provides educational content through readings
and videos. Additionally, the app tracks consistent hydroxyurea
use through streaks, and users can track their pain experience
and see how pain and medication use are connected, which in
turn can increase intrinsic motivation and self-efficacy.

Discussion

Principal Findings
Hydroxyurea is one of only 2 FDA-approved medications for
SCD, and the one with the most amount of evidence for its
efficacy. Despite its evidence for clinical benefit, patients with
SCD face difficulty in maintaining adequate adherence. Using
a user-centered approach that investigated the reasons for poor
adherence on the basis of the HBM, we identified the important
drivers of poor adherence and translated them into an mHealth
solution that addresses all important barriers, the InCharge
Health app.

The results of this study indicated that there is an inadequate
level of health literacy among adolescents and young adults
with SCD, which is consistent with prior research showing that
health literacy is suboptimal among adolescents [72,73] and
adults with SCD as well as caregivers [73]. Prior research in
other chronic diseases has also shown low health literacy to be
related to poor medication adherence [74], thus further
highlighting the need to provide appropriate and tailored
education to patients with SCD who are attempting to
consistently take hydroxyurea. Importantly, the InCharge Health
app was developed accounting for the limited health literacy
level of our population. Specifically, text information within
the app was purposely written in a layperson format and at a
sixth-grade reading level to increase the patients’ ability to
understand the information provided. In addition, education and
information more generally were provided via several visual
prompts and multiple formats. In sum, these multi-component
features are simple, intuitive, and aim to provide
easy-to-understand information to patients on their condition
and effective treatments. Furthermore, as low health literacy is
likely strongly associated with both education level [72] and
cognitive functioning among individuals with SCD, our findings
have implications for future investigations examining the
influence of socioeconomic factors and executive functioning
among youths and adults with SCD. Within the SCCRIP study
[70], we examined the relationship between health literacy and
executive functioning and educational level. Results obtained
from these studies will assist in informing future interventions
targeting health literacy.
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Barriers to Hydroxyurea Adherence
SCD patients likely engage in an implicit assessment or an
individual cost-benefit evaluation where possible benefits from
hydroxyurea are weighed against concerns about using it
[75-77]. Our findings showed that a significant number of our
adolescents and adults with SCD had different positive and
negative views about hydroxyurea, which could affect their
perceptions of the necessity of using it, which was consistent
with earlier reports in SCD [20,23,27,55,78] and other chronic
medical conditions [75,77,79-86]. In a study by Haywood et al
[27], SCD patients reported a number of concerns related to the
use of hydroxyurea, including insufficient knowledge, lack of
perceived benefits, and possible side effects, similar to our
findings. In support of our findings, forgetfulness has been a
common reason for low medication adherence among
individuals with SCD and other patient populations [20,26,87].
In particular, among patients with SCD, forgetfulness could be
exacerbated by undiagnosed or underestimated poor executive
functioning and other cognitive deficits experienced in this
population [88-90]. Consistent with our findings, earlier studies
have reported access barriers and difficulties obtaining refills
as a major challenge to hydroxyurea adherence [20,21].
Therefore, understanding patients’ views and perceptions of
hydroxyurea and possible access barriers is critical to developing
an intervention that is customized to a particular population,
increasing its likelihood for adoption and ability to improve
adherence levels. We believe InCharge Health addresses these
important barriers identified in our population and is supported
by the literature.

Overall, the results of this study are consistent with prior
literature examining barriers to medication adherence and the
use of mHealth among diverse and minority populations. For
example, in a cohort of urban minority adults with chronic
obstructive pulmonary disease, nonadherence to medications
was associated with low income, fewer years of informal
education, and concerns about medication [91]. These results
emphasize the importance of our findings pertaining to
suboptimal levels of low health literacy among individuals with
SCD and the potential impact on medication adherence and the
tailoring of interventions to account for this factor. Within this
study, the worry about side effects of hydroxyurea was an
identified barrier to adherence, which is consistent with research
among low-income, racially diverse adults with type 2 diabetes,
which indicated that a common barrier to adherence among
these adults was the belief that medications are harmful [92].
Interestingly, forgetting to take the medication was not a
common barrier among this sample of adults with type 2
diabetes, unlike this study, where it was the most common
barrier reported by patients with SCD. This is perhaps partially
indicative of the cognitive effects prominent within SCD [93-95]
versus other diseases such as diabetes.

Mobile Health Solutions to Improve Medication
Adherence in Sickle Cell Disease
Recent data reported high access to personal technology,
including mobile devices, desktops, laptops, tablets, or iPads,
in the general population and among adolescents and adults
with SCD [22,41,48,96]. Our study focused on adolescents and

adults with SCD who provided invaluable insights into the most
suitable platform for technology-based interventions in our
population. mHealth interventions represent a promising
approach for improving hydroxyurea adherence in patients with
SCD, including text messaging or directly observed therapy
using mobile phones [59-61,97,98]. In our study, we also
evaluated participants’ preferences for a mobile phone app that
would help to promote hydroxyurea adherence. Our participants
identified medication reminder/tracker, education,
communication, personalization, motivation, support during the
pain episode, and social support as the most important features
for their SCD-specific app. Our findings were consistent with
our preliminary data that reported similar mobile phone app
preferences among adolescents and young adults with SCD
[22]. However, a unique feature of our study, and contribution
to this body of work, is our inclusion of both adolescents and
adults (aged 18-45 years) and taking a user-centered approach
from concept elicitation to mobile phone app development
(InCharge Health). In addition, our study was informed by an
established theoretical model, the HBM [39], at different phases
of the project. Recent evidence from several systematic reviews
of medication adherence interventions [53-56,58,99,100] and
experience in patients with SCD [22,58], cystic fibrosis [101],
diabetes [102], and chronic pain [103] suggest that a
personalized user-centered approach with a multi-functional
mobile phone app may have the potential to improve low
hydroxyurea adherence among adults with SCD. This approach
is more likely to help overcome adherence barriers and engage
participants with the app over time.

Although the use of mHealth among diverse and minority
populations has often been an understudied area within the
broader digital health intervention literature, this study adds to
a quickly evolving field that places increased emphasis on
examinations of acceptability and efficacy of mHealth
interventions for underserved and minority populations. For
example, there have been recent examinations of mHealth
interventions (eg, text message, app, and social media based)
to increase medication adherence among HIV-positive men who
have sex with men [104], of app-based and culturally tailored
self-management programs targeting blood pressure among
hypertensive Hispanic adults [105], and of a text
messaging–based intervention designed to increase medication
adherence among low-income, diverse adults with type 2
diabetes [92]. Recent work has also provided evidence for the
acceptability of using an app-based assessment of breast cancer
risk among ethnically diverse, older, and low-income women
[106] and the reliability and validity of mobile phone-based
self-monitoring among African American and Latina mothers
[107]. Despite this progress, it is still important to note that
although the number of individuals with access to the internet
and mobile phones continues to rise, varying levels of access
and mHealth usage still exist among vulnerable populations
nationally and internationally [58,108-111].

Limitations
Our study had a few limitations that are worth noting. First,
data were collected from patients treated at academic institutions
and members of a community-based organization, all in
Memphis, as a convenience sample of adults with SCD, which
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might limit the generalizability of our results to other sickle cell
centers. Second, selection bias can be a concern where motivated
patients are more likely to participate in clinical research studies.
However, our interviews were intentional at enrolling patients
during their regular clinic visits, potentially reducing a selection
of those most motivated to attend a separate research visit.
Patients with SCD who were not compliant with their clinic
visits or did not participate in the study for different reasons
(eg, refusal) may have provided different insights and additional
information to inform app development. Despite the potential
selection of motivated participants, our results on mobile phone
app preferences were consistent with published studies [22,48].
Third, in addition to the NVS, which is a validated tool that was
tested in SCD, we used another nonvalidated survey instrument
to examine hydroxyurea barriers and facilitators. Nevertheless,
our survey was informed by an established behavioral theory
(ie, HBM) and developed by experts in the field. Fourth, the
wide age range within this study somewhat limits the extent to
which the app design and content can be tailored to fit the needs
and preferences of individuals with SCD of all ages. Finally,
we did not examine patients’ access to different personal
technology tools (eg, iPhone or Android mobile phones, tablets,
or laptops). However, prior studies reported wide access to these

devices among adolescents and adults with SCD [22,47,48],
similar to the general population [40,41].

Conclusions
In conclusion, patients with SCD and health care providers
identified several challenges with optimal hydroxyurea
adherence. Our findings of barriers to hydroxyurea utilization
replicated those in the literature, utilized the HBM as the
conceptual framework for understanding the health behavior of
hydroxyurea adherence, and directly informed the translation
of mHealth into an intervention to modify hydroxyurea
adherence. The invaluable insights of patients with SCD on
several preferred app features guided, in all stages of the design,
the development of a novel adherence-enhancing
multicomponent mobile phone app, InCharge Health, focused
on hydroxyurea adherence. The efficacy and implementation
of InCharge Health as an mHealth intervention to promote
hydroxyurea adherence will be tested in a multicenter trial
(NCT04080167) [112]. If this new mHealth intervention is
proven efficacious, it can be incorporated into the regular care
of patients with SCD as an adjuvant to improve medication
adherence. Given the existing evidence, mHealth interventions
have considerable potential to optimize medication adherence,
quality of life, and health outcomes in patients with SCD and
other chronic health conditions.
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Abstract

Background: Digital health solutions have great potential to change the way health care is delivered, including better clinical
outcomes and improved processes and access to health services. However, the adoption of mobile health (mHealth) solutions for
patient monitoring has been rather slow in Switzerland. The reasons are complex, and a better understanding is needed to leverage
the full potential of mHealth.

Objective: This study aimed to deepen the understanding of the potential relevance and influence of mHealth for the health
system and health care provision, and factors influencing its adoption. The findings will be used to provide an outlook on feasible
recommendations for action.

Methods: We conducted a qualitative survey using a maximum variation sample of a heterogeneous group of stakeholders
(N=50) in the Swiss health care system with a profound knowledge of digital health and medical devices. A semistructured
interview guide including open- and closed-ended questions was used to address questions around mHealth relevance and its
influence on the health system, the relevance of selected determinants for mHealth adoption, and important influencing factors.
A content analysis method was applied.

Results: Overall, respondents thought that mHealth would have a beneficial impact on the Swiss health system but that its
adoption would evolve slowly. We derived 23 key opportunities regarding patient and patient pathway, treatment of disease, and
diseases and health conditions. High consistency in answers among respondents was observed for treatment of disease. Stakeholders’
attitudes toward mHealth adoption along the relevance of 23 preselected determinants were relatively consistent. However, we
obtained diverging attitudes regarding the influence of trends, enablers, and restraints in Switzerland and translated them into
26 key themes influencing mHealth adoption. Relevant trends comprise changing needs and expectations of patients, a rising
need for efficient health care delivery, growing interest in improved outpatient care, and emerging technologies and progressing
digitization. Important enablers include growing demand for new financing schemes and incentive concepts, rising demand for
comprehensive information on and stronger body of evidence for mHealth use cases, and increasing need for easy to use alternate
care approaches. Challenging restraints are rigidness of thinking and siloed actions of health system actors, complexity of changing
the existing regulations and structures, little understanding of mHealth use and the role of clinicians, and risk of further polarization
of the population.

Conclusions: This study provides a comprehensive look at mHealth in the Swiss health system. It becomes apparent that strong
governance is inevitable to foster a sustainable data strategy and to reconcile the different interests of stakeholders. The use of
mHealth will add value but will not necessarily reduce the burden on the system caused by emerging societal needs and changing
disease prevalence.

(JMIR Mhealth Uhealth 2020;8(5):e17315)   doi:10.2196/17315
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Introduction

Background
Digital health solutions have great potential to change the way
health care is delivered. This includes better clinical outcomes
as well as improved processes and access to health services. As
shown in literature, the promise of deploying digital solutions
adds value for the patient, provider, and payer [1-5]. Use cases
range from remote patient coaching, monitoring, diagnostics,
prognosis, and adherence management (patient compliance) to
processes that take place between health care providers.

Mobile health (mHealth), a fast-growing field in digital health,
is a wireless mobile health app or device that can be used to
support different phases of the patient journey [5]. It refers to
the collection methods of personal health data (eg, by sensor
technology) and their translation into comprehensive information
(eg, artificial intelligence-enabled data analysis). The versatile
opportunities provide doctors and patients with new insights
regarding the patient´s real-time health status or progress of
disease. This allows for immediate action and more personalized
recommendations [4,5].

The digitization strategy of the Swiss health policy fosters
digitization in the health system, comprising important issues
which aim to advance, for example, the information technology
(IT) infrastructure and adoption of digital solutions such as
mHealth [6,7]. However, the adoption of digital solutions and
services, according to recent studies, is progressing slowly [8,9].

Today, agreed aims and actions at all governance levels still
show neither substantial impact on the hospital landscape nor
the clinical practice in primary care [10-12]. However, during
health care expert panels and conferences in Switzerland, it is
increasingly pointed out where framework conditions have
advanced and may allow next digitization steps.

In many countries, mHealth technology is a fast-developing
field [13], but good practices in health care to promote its
adoption are scarce [14] and the different expectations and needs
of multiple stakeholders involved are rarely sufficiently aligned
[15]. The adoption depends on an interplay of a complex set of
either enabling or hindering factors such as trust of professional
end users, administrators, and patients in digital health solutions
[16]. Necessary adjustments in the different health system levels
along legal, regulatory, technological, and operational
dimensions also fall into these factors [1,7,8,15].

Researchers and experts have described relevant themes
concerning mHealth adoption in the Swiss health system, thus
contributing to a better understanding. These themes include
(1) essential fields of action along the different governance
levels as mentioned in literature and summarized in Table 1
[5,6,14,17,18], (2) the present relevance and usage of solutions
supporting digital health by health care providers and patients
[19-21], and (3) needs and requirements of clinicians regarding
mHealth use [16,22-24]. Less well explored is the potential
mHealth adoption from an integrated perspective of multiple
stakeholders that provide health care or shape health care
provision.

Table 1. Essential fields of action along with the different governance levels.

Important actorsAimArea of action

Authority (regulatory, policy, and norma-
tive); Associations of health care
providers

Regulation of liability risks, a demarcation between a lifestyle and medical
device app.

Legal framework for the use of
mobile health solutions

Mobile health developer; normative au-
thorities

Regulate data transfer and permissions to the data, access rights, permissi-
bility of data transfer to third parties, storage location, and liability issues.

Data privacy and safety

Associations of health care providers;
mobile health developers

Creating trust in mobile health solutions by certification and proof of evi-
dence of mobile health solutions.

Evidence of mobile health solu-
tions

Regulatory authority, associations of
health care providers

Services associated with the use of mobile health must be appropriately
included in the tariff and reimbursement catalog. Similarly, virtual consul-
tations should be billable via mobile health apps or online platforms.

Reimbursement for the use of
mobile health

Authority (normative and policy); Ex-

perts in medical informatics and ITa;
health care providers; mobile health de-
velopers

Implementing the use of mandatory standards for the interoperability of
mobile health solutions and devices as an important prerequisite for real-
izing the potential of mobile health.

Interoperability of mobile
health apps

All stakeholder groupsStepwise introduction of digital tools for health care provision contexts
and training in the use of digital health solutions.

Enabling potential mobile
health users

aIT: information technology.

Objective
This study aimed to deepen the understanding of potential
mHealth adoption in the Swiss health system. To achieve this
aim, we assess and evaluate stakeholder perspectives regarding

the potential relevance and influence of mHealth for the health
system and health care provision, and factors influencing its
adoption. The findings will be used to provide an outlook on
feasible recommendations for action.
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Methods

Study Design
We used an embedded case study methodology to integrate
quantitative and qualitative methods into a single research study
[25,26] by utilizing multiple sources of stakeholders to broaden
and deepen data collection, bring together a wealth of data

through triangulation and contribute to the validity of the
research. These methods helped gain rich insights for this study
that focuses on a multifaceted understanding of the future
mHealth adoption in the Swiss health system by approaching
the same issue from different angles. We have illustrated the
main considerations of this approach in Figure 1 which will
guide our data collection and analysis.

Figure 1. Embedded case study methodology.

We assessed the attitudes of different health system stakeholders
toward future mHealth adoption at the operational level of the
Swiss health system (case). We did this against the background
of the progress of digitization in the Swiss health sector
(context). Further, we based the study design on 4 embedded
subunits (units of analysis) to answer the study objectives. This
gave us the opportunity for a more differentiated analysis.

Sampling Technique and Participants’ Profiles
We used a maximum variation sample [27,28] concentrating
on stakeholders that provide health care or shape health care
provision, and we applied 2 selection criteria: (1) recruitment
of a heterogeneous sample across stakeholders concerned with
digital health topics (clinicians, health care organizations,
pharmacy, medical device industry, health care start-ups, health
sector associations, experts in medical informatics and IT, digital
health-related experts, reimbursement-related actors, and
government- and research-related bodies); and (2) stakeholders
with the ability to provide rich and in-depth information about
digitization, electronic health (eHealth), and mHealth, medical
device regulations, and reimbursement. We conducted the study
with stakeholders from Switzerland and identified interview
participants by first searching listings from websites of
authorities and similar bodies, Swiss health care start-ups, health
technology suppliers, health care organizations, and pharmacies.
We then identified authors of reports on eHealth and mHealth
policy regulation, regulation and use in Switzerland, and finally,

we asked interviewees to recommend other stakeholders. We
contacted prospective interview participants by email or
LinkedIn between July and September 2019.

Sample Size and Data Collection Method
In total, 50 interviews were conducted between July and October
2019 by the principal investigator and a research assistant (Table
2).

Interviewees had a choice of being interviewed in German or
English. We used a file naming system and anonymized
interviewees by generating a list of archival numbers. We
conducted face-to-face (n=38) or phone interviews (n=11), and
1 follow-up phone call was based on written participation (n=1).
Interviews averaged 36 min (range 23-59 min). Interviews were
not audio-recorded, but detailed notes were taken. Written
consent was given by all participants, and monetary or other
compensation for participation was not provided.

We used a semistructured interview guide. The selection of
questions was guided by the experience of the investigators in
health systems, health technologies, and digital health. We used
the themes of Table 1 and a literature search as an orientation
to define the open-ended questions and to select determinants
for the closed-ended questions. The guide was based on 4 sets
of questions: (1) what is the potential relevance of mHealth for
the Swiss health system, (2) what is the potential influence of
mHealth on health care provision, (3) what is the relevance of
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selected determinants for mHealth adoption, and (4) what are
the influencing factors for mHealth adoption. We selected
relevant topics for the operational level where health care
services are provided to patients.

Before data collection, a semistructured interview guide
(Multimedia Appendix 1) was validated based on 2 interviews
with 1 clinician and 1 health technology provider and was
additionally critically revised by 1 scientist.

Table 2. Composition of participants (N=50).

Value, n (%)Main role of participant within the Swiss health care sector

9 (18)Providers of health care services (clinicians, health care organizations, and pharmacies)

9 (18)Providers of health technologies (medical device industry and health care start-ups)

7 (14)Health sector associations (innovation-promoting associations and interest groups in the health sector)

7 (14)Consultancy for health system

5 (10)Digital health-related experts

5 (10)Experts in medical informatics and ITa

4 (8)Reimbursement-related actors (insurance and insurance association)

4 (8)Government- and research-related bodies

aIT: information technology.

Data Analysis
For the data analysis of open-ended questions and comments
provided during closed-ended questions, we thematically
analyzed the transcripts based on a content analysis method
[26] and MAXQDA software (version 11, VERBI GmbH) was
used to aid data management. To begin, both investigators
closely read each transcript (data orientation). The main
investigator then deductively coded one-third of the transcripts
and inductively coded for new themes (data reduction).
Following the coding, both investigators revised the list of
themes, improved codes, and clustered them into categories
(data display). Thereafter, the main investigator systematically
applied coding to all transcripts. The assistant investigator
critically reviewed a sample of 21 coded transcripts (final
coding). Finally, both investigators drew on important themes
(conclusion drawing).

For the data analysis of closed-ended questions, we applied
descriptive statistics. We grouped the 5 scale values of answers
into 3 groups (high to very high, medium, and low to very low)

and calculated proportions per stakeholder group. Descriptive
analyses were conducted using Excel software version 16.16.11
(190619). The data were tabulated.

Ethical Considerations
This study did not fall within the scope of the Human Research
Act. Therefore, authorization from the ethics committee was
not required (BASEC-Nr. Req-2019-01070).

Results

Characteristics of Interviewees
The sample included stakeholders with different roles in the
health sector (Table 3). About half of the participants (26/50,
52%) indicated to have more than 1 professional role in the
health sector (see question 1 of Multimedia Appendix 1). Many
interviewees (36/50, 72%) believed they had high to very high
knowledge of mHealth. Few interviewees (4/50, 8%) thought
they had moderate knowledge of mHealth but high knowledge
of medical devices in general.
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Table 3. Characteristics of interviewees.

Moderate knowledge of
mobile health, n (%)

Average knowledge of
mobile health, n (%)

Very high to high knowledge
of mobile health, n (%)

Main role of participant within the Swiss healthcare sector

1 (11)1 (11)7 (78)Providers of health care services (clinicians, health care or-
ganizations, and pharmacies)

0 (0)1 (11)8 (89)Providers of health technologies (medical device industry
and health care start-ups)

1 (14)1 (14)5 (72)Associations or similar organizations (health and digitization)

0 (0)2 (29)5 (71)Consultancy for health system

0 (0)2 (40)3 (60)Experts in digitization (health and nonhealth sectors)

0 (0)2 (40)3 (60)Experts in medical informatics and ITa

1 (25)1 (25)2 (50)Reimbursement-related actors (insurance and insurance as-
sociation)

0 (0)1 (25)3 (75)Government- and research-related bodies

4 (8)10 (20)36 (72)Total

aIT: information technology.

Potential Relevance and Influence of Mobile Health
for the Health System and Health Care Provision
Among the different stakeholder groups, many interviewees
believed that mHealth would gain a moderate to high importance
in general and for selected aspects of health care provision
(Multimedia Appendix 2). Respondents of the group providers
of health services were relatively reserved about the relevance
of mHealth in the Swiss health system compared with other
survey groups. Overall, interviewees thought that mHealth
would be highly influential for patient monitoring. They argued
that clinical experience with some mobile solutions is already
rising and demonstrated added value to the treatment pathway.
Further, they believed that mHealth would be very influential
for diagnostics because it could be used as a supporting tool for
medical decision-making. Many interviewees saw only limited
potential for mHealth in the field of prognosis of diseases. They
believed that the maturity level of the current generation of
mHealth technologies was still very low.

Overall, respondents deduced that the integration of mHealth
into medical processes will add value to the patient journey.
Interviewees highlighted several opportunities and emphasized
a wide range of areas to illustrate the potential influence of
mHealth on health care provision (Multimedia Appendix 3).
Content analysis resulted in 23 topics that we grouped into
patient and patient pathway, treatment of disease, and diseases
and health conditions.

The number of topics different stakeholder groups focused on
varied; providers of health care services mentioned a relatively
wide range of topics whereas government- and research-related
bodies emphasized fewer areas. Two or less stakeholder groups
brought up the topics: offering a wider spectrum of care and
improving access to health services and improving screening
options before stationary interventions.

Many respondents thought that mHealth could have an impact
in terms of improving health literacy and empowerment of
patients, increasing health care efficiency, establishing new

preventive care approaches, enabling continuous monitoring,
complementing and supporting traditional treatment concepts,
and aiding decision-making based on supportive analysis and
diagnostics. Topics that were of less interest to individual
interviewees but still mentioned by respondents were enabling
early detection of health risks, contributing to outpatient care,
making therapies simpler, better controllable and less
error-prone, fostering disease management, generating and
access to real-life data, improving understanding of disease
progress, and controlling effectiveness of therapies more closely
and enabling early detection of adverse or suboptimal response
to treatments.

Factors Influencing Mobile Health Adoption
Multimedia Appendix 4 shows the results of closed-ended
questions regarding the potential relevance of specific
determinants for future mHealth adoption. Of the 50
respondents, 1 interviewee had no specific opinion on the
determinants of questions 2 and 6 of the interview guide and
answered them with no opinion. Multimedia Appendix 5
provides a selection of comments obtained during this part of
the interviews.

Multimedia Appendix 6 illustrates the topics that respondents
highlighted regarding future mHealth adoption based on
open-ended questions. Content analysis resulted in 26 topics
that we grouped into trends, enablers, and restraints. Multimedia
Appendix 7 provides a selection of comments obtained during
interviews.

Trends
Interviewees emphasized a total of 11 topics that we grouped
into the categories changing needs and expectations of patients
in the health system, rising need for efficient health care
delivery, growing interest in supporting and optimizing
outpatient care, and emerging technologies and progressing
digitization in the health sector.
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Changing Needs and Expectations of Patients in the
Health System
Many interviewees concluded that patients are in a phase of
upheaval driven by their changing needs and referred to similar
changes in the lifestyle area. They considered that mHealth
provides patients with a promising opportunity to actively shape
this phase. They believed that mHealth adoption would be
influenced by patients assuming a more consumer-like mindset,
being better informed, and demanding more comprehensive
information regarding their health status. In addition,
interviewees named the introduction of the electronic patient
record and clinicians’ attitudes toward mHealth as important
steps toward mHealth adoption. They were convinced that by
increasing utilization of digital tools in general and in the health
system, people would gradually become accustomed to sharing
their health data for medical purposes.

Rising Demand for Efficient Health Care Delivery
Many interviewees noted that the rising burden on the health
system would drive mHealth acceptance. They believed that
health care providers would use mHealth as a strategy to
increase process efficiency by integrating it into the patient
pathway and responding to changing requirements of the health
care environment.

They mentioned that cost savings could be realized through
remote follow-up of the patients in both the ambulatory sector
by the improved exchange of data with health care providers
and the stationary sector by shorter inpatient stays. Yet, no
respondent had an opinion about how significant the cost savings
may be. Some pointed out that instead of cost savings, new
costs may arise. They presumed clinicians would integrate
mHealth into their treatment regime in the short term but without
adapting traditional workflows. Further, they supposed that
patients using mHealth would increase their demand and
consumption of health care services in the long term. The driving
factors would be new health service opportunities and a growing
demand for personalized approaches.

Growing Interest in Supporting and Optimizing
Outpatient Care
Some interviewees highlighted the upcoming new opportunities
for patients to engage with the health care system. In addition,
they noted that insurance companies and pharmacies showed
first attempts to reinvent or adapt their role and business model
in their function as health care providers and in response to the
digitization in the health system. Respondents emphasized how
these 2 players would focus on specific issues that meet the
changing needs of patients by utilizing mHealth solutions as a
facilitator (eg, preventive care and follow-up advice). Few
interviewees highlighted that the role of insurances was
controversially discussed among health system stakeholders in
general. On the one hand, they had the opportunity to foster
health promotion and prevention (introducing awarding
programs). On the other hand, they were subject to legal and
societal issues (eg, competences and social scoring debate).

Few respondents accentuated that the rising need for integrated
solutions in long-term and elderly care would increase the use
of mHealth solutions. They felt that the utilization of partially

automated and digitally supported health services would be a
reasonable solution to meet the growing demand for service
and the lack of coordination among caregivers, as well as to
finance the resulting costs.

Enablers
Interviewees emphasized a total of 6 topics that we grouped
into categories growing demand for new financing schemes and
incentive concepts for mHealth, rising demand for
comprehensive information on and stronger body of evidence
for mHealth use cases, and increasing need for easy to use
alternate care approaches.

Growing Demand for New Financing Schemes and
Incentive Concepts for Mobile Health
The majority of interviewees maintained that mHealth adoption
would significantly depend on new financing schemes and
incentive concepts for mHealth that are currently not established
in the health system. They named a wide range of ideas about
how novel financing concepts would enable and foster mHealth
adoption at the ambulatory level. For instance, some highlighted
the importance of the capitation model or a new form of
diagnostic-related group. They claimed that new schemes and
concepts could motivate clinicians to adopt digital health
solutions with the aim to increase the efficiency of their
treatments. Others mentioned that value- or incentive-based
systems for professionals, as seen by the latest developments
in the insurance sector for outpatient units, would be a step in
the right direction.

Few interviewees envisioned a concept beyond monetary
incentives that would increase in importance in the long run
due to changing needs and expectations of patients and
clinicians. Interviewees presumed that patients might pay
mHealth-related costs out of pocket in the long-term once they
were convinced that it promotes their health or improves serious
health conditions. Further, they believed that doctors would
place more emphasis on the quality of the patient-doctor relation
for specific medical situations than on monetary benefits.

Rising Demand for Comprehensive Information on and
Stronger Body of Evidence for Mobile Health Use Cases
Many stakeholders believed that beyond the initial mHealth
hype, its adoption is increasingly challenged by a weak body
of evidence and thus lack of trust in the promised benefits.
Interviewees speculated that potential users would only build
up confidence in mHealth when clinicians, in general, are more
empowered in the use of digital health tools and understand
how it influences their workflow. Some interviewees noted that
as long as there was no systematic introduction of mHealth
based on clinical studies exploring the value proposition along
the treatment pathway, it would not play a significant role in
medical services. However, some interviewees also believed
that the generation of evidence was challenged by 2 aspects:
the rapid development of technology and the lack of recognized
methods to assess the clinical value of mHealth use. For
instance, few mentioned the need for different evidence standard
frameworks for digital health technologies and referred to the
United Kingdom. They highlighted the role and influence of

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e17315 | p.401https://mhealth.jmir.org/2020/5/e17315
(page number not for citation purposes)

Lingg & LütschgJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


research groups and mHealth developers and how they could
contribute to a better body of evidence at a disease level.

Further, some interviewees identified the limited information
regarding data accuracy and quality (collection and analysis
methods used) and noted that it was an important factor for
mHealth adoption. They suggested that a quality label or formal
body concerned with the quality of mHealth would be necessary
to guarantee the quality of mHealth beyond CE certification.

Increasing Need for Easy to Use Alternate Care
Approaches
Few interviewees focused on the political discussion regarding
public funds for inpatient and outpatient care. They purported
that if decision-makers would transfer more funds to the area
of home-based care, novel care approaches would be fostered.
In return, public budgets could be relieved because better and
digitally supported care could contribute to stabilize multimorbid
patients and prevent avoidable emergencies.

Restraints
Interviewees emphasized 9 topics in total that we grouped into
the categories rigidness of thinking and siloed actions of health
system actors, complexity of changing the existing regulations
and structures, little understanding of mHealth use and the role
of clinicians, and risk of polarization of population regarding
mHealth use.

Rigidness of Thinking and Siloed Actions of Health
System Actors
Overall, interviewees mentioned that for successful
implementation of mHealth a new way of thinking was needed,
but they observed opposite behavior. First, instead of using
mHealth as an enabler to contribute to integrative health care
approaches, interviewees said that health system actors provided
health services in silos. Second, instead of promoting the
introduction of digital solutions, interviewees thought that health
system actors took opposite measures (eg, difficulties of
reimbursement of telemedicine services or the recent
cancellation of the poly-medication check provided by
pharmacists). Third, instead of developing strategies for new
financing schemes, interviewees reported that there was a
tendency to force the reimbursement of mHealth into the existing
structure. Fourth, instead of fostering the trend to open science
(eg, open access to research findings and sharing data) and
benefitting from shared data to improve treatments and clinical
outcomes, interviewees believed that people were stuck in the
data privacy discussion and clinicians were trapped in their
habitual management of data.

Complexity of Changing the Existing Regulations and
Structures
Many interviewees mentioned that unresolved legal issues (eg,
liability issues for service providers) and complex regulations
may restrain the use of mHealth, and they also referred to the
topics listed in Table 1. They indicated that digitization would
require an agile mindset, courage, and mutual support. Examples
of countries that are digitally more advanced were given to
illustrate this while noting the different political frameworks as
a major enabler of digitization (eg, Estonia and Singapore).

However, interviewees thought that existing regulations should
be adapted instead of forcing innovation into structures that
have been established for conventional analog approaches.

Furthermore, some interviewees believed that there are still
challenging hurdles regarding interconnectivity and IT
infrastructure of outpatient and inpatient units limiting the use
of mHealth that cannot be solved easily. Moreover, interviewees
noted the present inability of health system actors to handle big
data, which would be a key leverage point for advanced data
analytics.

Improving Understanding of Mobile Health Use and the
Role of Clinicians
Many interviewees focused on the demarcation of the
contribution of clinicians and mHealth to health care provision.
Overall, they thought that mHealth could contribute to most
settings except for acute care.

Many interviewees believed that despite the wide range of
opportunities mHealth applications may provide; many would
continue to depend on the clinician’s support and how the
patients engage with mHealth solutions (openness and skills).
They noted that patients, especially in serious conditions would
request face-to-face contact with their treating clinician and
would reject services that may create any distance between them
and their doctor. In addition, some interviewees supposed that
many mHealth solutions for serious diseases would depend on
professional instructions and monitoring. Consequently, patients
would depend on their clinician’s recommendation and support
to use such a tool.

Some interviewees focused on the technological limitations of
the present mHealth generation. They were convinced that the
level of maturity of mHealth solutions with artificial
intelligence-enabled data analysis function was still low. Further,
few interviewees feared that counteracting effects regarding
people’s health could emerge from increased use of mHealth
for monitoring purposes. They expected that people would tend
to feel less responsible themselves and provoke health issues.

Risk of Polarization of Population Regarding Mobile
Health Use and Counter Effects
Many interviewees believed that attitudes of older generations
of people toward digital health and diverging digital affinity of
people regarding the use of digital solutions in general, would
manifest in an uneven mHealth adoption. They believed that a
growing fragmentation of health service recipients would be
observed in the long-term. For instance, the way people respond
to incentive systems that reward healthy behavior and good
health conditions. Therefore, healthy people would stay
healthier, and people in poorer health would be disadvantaged.

Discussion

Principal Findings
The aim of this study is to deepen the understanding of potential
mHealth adoption in the Swiss health system. For this, we
assessed and evaluated stakeholder perspectives regarding the
potential relevance and influence of mHealth for the health
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system and health care provision, and factors influencing its
adoption. The findings will be used to provide an outlook on
feasible recommendations for action.

We sought to supplement existing knowledge on enablers and
barriers for mHealth use by providing a more differentiated
understanding of mHealth adoption in a Swiss context and from
different thematic angles that were based on a multifaceted
stakeholder perspective. Overall, we found that fostering
mHealth adoption is feasible and that it will likely positively
influence the health system performance regarding process
efficiency and clinical outcome.

We found that mHealth is perceived as a positive development
by the large majority of respondents because it could offer
multiple opportunities for health care. The respondents believed
that mHealth adoption would gradually take place over a longer
period and strongly depend on how the patient and physician
handle it. Current findings in literature suggest that some areas
will likely see more mHealth usage, for example, when it targets
telemedicine and patient monitoring [29]. Other areas may
evolve slower due to specific requirements and needs of the
clinician and patient settings [22], indications, and type of health
care utilization.

Our study findings suggest that people have a relatively diverse
definition of the added value of mHealth solutions to health
care provision. The center of attention of the study participants,
which did not include patients, were rather topics that concern
health care providers and cost efficiency than topics that could
add value to the patient-doctor interface or science (eg, data
science). This finding necessitates closer inspection of the
patient perspective.

Our study showed that respondents had a high consistency in
answering topics that refer to the policy discussion in
Switzerland, for instance, regarding access to patient data.
However, when interviewees were asked what else will trigger
mHealth adoption in Switzerland, new topics were revealed.
Respondents paid high attention to changing conditions
emerging from societal, technological, environmental, economic,
and political domains. This finding is aligned with the current
health policy and expert discussions and also with initiatives
such as the Swiss personalized health network and Midata [30];
High attention is addressed to ensure that the patient has access
and power over his health data but at the same time fostering a
health data sharing culture where data are not owned by profit
organizations or enterprises.

The discussed topics are a matter of multiple actors in the health
system. The findings suggest that the understanding of future
mHealth adoption can be fostered by taking the following
aspects into consideration:

• mHealth contribution to bridge the gap between
conventional approaches in health care provision and
changing conditions will be pivotal for its successful
adoption. The systematic introduction of mHealth, a better
body of evidence, and the role of novel incentive and
financing schemes will be influential.

• The decisive lever will be how well the mHealth solution
can build on or connect to existing habits and systems used

in medical practice. This has been demonstrated by the
examples of mHealth solutions that are already certified by
a notified body and used for medical applications and by
the findings regarding the Swiss health system.

• Innovative approaches that would imply major digitization
steps for health care providers and patients are important
but will be less successful in Switzerland in the near future.
The high complexity of the Swiss health care system makes
it difficult to change existing regulations and structures and
at the moment it does not offer the required flexibility to
create the necessary framework conditions for such
innovations.

• In the triangle of patients, providers, and payers, mHealth
adoption is influenced by the implications of the deeply
entrenched roles of these actors in health care and their
tendency to execute health care provision in a traditional
way. In consequence, an innovative mindset and novel
health care approaches and settings cannot develop easily.

Outlook
The digitization hype has led stakeholders to evaluate legal,
regulatory, and technological framework conditions across all
health system levels to deepen the understanding on how to
exploit the potential of emerging technologies and to promote
digitization in health [31]. However, as technology is evolving
in 3 dimensions (advanced materials, biotechnologies, and
digital technologies), health care is experiencing ever greater
difficulties in responding to the rapid development of digital
solutions. One reason for this is the complexity of changing
existing structures in the Swiss health system. On the other
hand, health system actors require time to understand the broad
spectrum of opportunities for emerging technologies. They have
to develop knowledge by reaching out for professional support,
which is often lacking.

Findings from other research and recent developments in the
health system indicate that discussions and proposals by
stakeholders are seeing gradual developments on how to
promote mHealth adoption from different angles. For instance,
considering social and organizational factors [24] and adopting
a holistic approach for the development of digital health
solutions [32]. However, a wide range of issues that remain as
challenges to mHealth adoption are evolving to increasingly
crucial barriers. For instance, solving policy discussions
regarding self-determination of patient information, managing
digital communication embedded in complex scenarios and
treatment pathways, and addressing implications of the rising
number of software-based medical devices [33-36].

Digitization in the Swiss health system will take place stepwise
as it is an ongoing process of understanding and integrating
emerging technology. It highly depends on how the culture of
health care actors and patients evolves regarding the adoption
and management of digital health solutions [37]. The 2019
commonwealth fund study highlights, for example, that [38]:

• The proportion of Swiss clinicians (69.7%) who document
the medical history electronically is still very low.

• Only 46.6% of the Swiss clinicians consider supporting the
use of the electronic patient record system.
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• A total of 46.5% of Swiss clinicians exchange clinical data
of their patients with clinicians from outside of their office.

As long as the level of digitization in the health sector is low,
mHealth adoption will progress slowly. We do not only have
to manage the expectations regarding added value but also
potential drawbacks of the use of novel digital health solutions
when they fail as seen recently with a diabetes monitor [39].

On the basis of the findings of our study, recent research, and
policy discussion, we reveal an outlook on how mHealth
adoption could be better promoted by approaching the topic
from new angles and thus beyond the already identified restraints
and defined actions:

• Comprehensive information and strong evidence regarding
specific mHealth solutions uncovering relevant potentials
and limitations.

• Better communication by interest groups and media about
the broad application fields of mHealth solutions to support
patients, providers, and payers.

• Active patient lobbying to better represent the needs and
expectations of patients.

• Strong governance to establish long-term perspectives for
the use of digital health technologies and strategies that
give the actors room for actions.

• Open discussion and education to overcome barriers that
are rooted in the culture of traditional health care along the
triangle of patients, providers, and payers.

• Innovative approaches across stakeholders to break down
rigid structures and to empower and enable the use and
integration of digital health solutions.

• New approaches of cooperation at the interfaces of the
triangle of health care recipients, providers, and insurer that
provides added value to all involved stakeholders.

Limitations
Whereas this study contributes to deepening the understanding
of factors influencing mHealth adoption in Switzerland, some
limitations have to be acknowledged. We used a qualitative
method which does not necessarily guarantee the sample being
representative for the population of stakeholders involved in
the Swiss health system. This study included a variety of
stakeholders in terms of expertise and role within the health

system, but not all possible interest groups could be considered.
Even though patients’ needs and demands are important in the
progression of mHealth adoption, they have not been included
because their recruitment proved to be very challenging and the
focus of this study is on stakeholders that provide health care
or shape health care provision (at a system level). Moreover,
the sampling was based on a maximum variation strategy and
may constitute a selection bias. The interpretation of the findings
that not only served to assess enablers and restraints of mHealth
adoption but also to define an outlook on how to promote
mHealth adoption was a subjective process.

Conclusions
This study provides an analysis of mHealth adoption in
Switzerland from new perspectives. What is becoming
increasingly apparent beyond the digital hype, however, is that
governance in general and structured data, in particular, are
becoming more important. Well-executed health data
coordination and exchange are crucial to internalize the added
value of new and digitally supported health care environments
and ecosystems. The introduction of the Swiss electronic patient
record will be an important step forward, but it only provides
a formal framework for an advanced playground of health care
stakeholders. The adoption of different types of digital health
solution is not necessarily disrupting the health system but
transforming it to a certain degree. Governance at the different
levels of the health system plays a central role in reconciling
the different interests of stakeholders and multifaceted impacts
that emerge from changing conditions. Digital solutions promise
to increase efficiency, contribute to treatment effectiveness, and
to improve the mode of communication between patients and
health care providers. However, these solutions will not
necessarily solve the burden on the system caused by emerging
societal needs and changing disease prevalence. Behavioral
change of the society and change of habits of stakeholders will
also be necessary to internalize the positive effects of
digitization. This study provides an outlook on how mHealth
adoption could be better promoted by approaching the topic
from new angles. Thus, it may contribute to enriching
decision-making and actions of policy makers and other
stakeholders who have the aim of fostering the adoption of
digital solutions into health care.
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Abstract

Background: Chronic obstructive pulmonary disease (COPD) is the third leading cause of death by disease worldwide and has
a 30-day readmission rate of 22.6%. In 2015, COPD was added to the Medicare Hospital Readmission Reductions Program.

Objective: The objective of this paper was to survey the current medical technologies for remote patient monitoring (RPM)
tools that forecast COPD exacerbations in order to reduce COPD readmissions.

Methods: We searched literature and digital health news to find commercially available RPM devices focused on predicting
COPD exacerbations. These technologies were reviewed and compared according to four criteria: forecasting ability, cost, ease
of use, and appearance. A rating system was developed to facilitate the evaluation process.

Results: As of June 2019, a list of handheld and hands-free devices was compiled. We compared features and found substantial
variations. Devices that ranked higher on all criteria tended to have a high or unlisted price. Commonly mass-marketed devices
like the pulse oximeter and spirometer surprisingly fulfilled the least criteria.

Conclusions: The COPD RPM technologies with most technological promise and compatibility with daily living appear to
have high or unlisted prices. Consumers and providers need better access to product information to make informed decisions.

(JMIR Mhealth Uhealth 2020;8(5):e16147)   doi:10.2196/16147

KEYWORDS

COPD; disease exacerbation; remote patient monitoring; mobile health; telehealth; at-home monitoring; remote monitoring
system; wearable

Introduction

Chronic obstructive pulmonary disease (COPD) is the third
leading cause of death worldwide and has a 30-day hospital
readmission rate of 22.6% [1,2]. Its exacerbations, if not well
managed, can reduce patients’ quality of life and increase costs
of care [3-6]; COPD is a target condition in the Medicare
Hospital Readmission Reductions Program.

Early COPD exacerbation recognition has been a focus of
inquiries since faster intervention correlates with better outcomes
[7-9]. Oxygen saturation, respiratory rate (RR), and heart rate
(HR) have been identified as useful biomarkers [10-14].
Measuring oxygen saturation alone, however, may not be
sufficient because it naturally fluctuates throughout the day
[14,15]. Measuring these biomarkers in the form of remote
patient monitoring (RPM) technologies has improved patients’
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abilities to self-manage and decreases COPD’s economic and
clinical burden [9,16,17].

This paper reviews RPM technologies targeting early COPD
exacerbation markers. We provide a concise, practical
comparison of technologies to assist consumers and providers
in making informed decisions about available technologies.

Methods

We examined available and commercialized devices by
searching for COPD RPM technologies in the literature. We
searched Medline and ClinicalTrials.gov and digital health news
outlets such as MobiHealthNews, Wearable Technologies, and
FierceBiotech with keywords “COPD,” “COPD exacerbation,”
“AECOPD,” and “chronic obstructive pulmonary disease” in
combinations with “remote patient monitoring,” “at-home
monitoring,” “remote monitoring system,” “device,” “wearable,”
and “technology” in June 2019. We narrowed the focus to

FDA-approved devices or ones slated for approval within a
year. We grouped selected technologies into handheld versus
hands-free devices and compared them using four additional
criteria: forecasting ability, cost, ease of use, and appearance.
Forecasting ability is the likelihood the device would signal a
developing COPD exacerbation based on indicative biomarkers
[10-14]. Costs were compared at retail prices, if listed. Ease of
use was assessed based on efforts required from users to operate
the device because patients are more likely to consistently use
passive and user-friendly devices [18-20]. Appearance was
considered because it influences user acceptability. Unattractive
or uncomfortable devices result in lower take-up [18-20].

Using a star scheme, we rated each device for all criteria besides
cost where actual amount (if available) was considered. One
star indicates poor fulfillment, three stars indicates adequate
fulfillment, and five stars indicates excellent fulfillment of that
criterion (Table 1).

Table 1. Comparison of selected chronic obstructive pulmonary disease handheld and hands-free remote monitors.

AppearanceEase of useCostForecasting abilityDevice

Handheld

★★★★$99-$2500★Spirometer

★★$15-$599★Pulse oximeter

★★★★★★unlisted★Propeller Health sensor

★★★★★★$49/mo★★★Cohero Health kit

Hands-free

★★★★★★★★★★unlisted★★★★★Spry Health Loop System

★★★★★★★★★★$499★★★Omron HeartGuide

★★★★★★$49★★★★★Spire Health Tag

★★★★★★$146.50★Cosinuss One

★★★★$199 + $40/mo★★★★★Current Health Armband

★★★★★★★★★★unlisted★★★★★Adamm RSM

Results

Handheld Monitors
Spirometers are the gold standard pulmonary function test for
COPD diagnosis. With the rise of over-the-counter tabletop to
handheld spirometers, at-home spirometry has become common
for daily monitoring of the amount and/or speed of air that can
be inhaled and exhaled. Spirometers range in cost from a few
hundred to several thousand dollars [21,22].

Pulse oximeters are lightweight devices measuring oxygen
saturation that have been mass-marketed for at-home care. Pulse
oximeters can cost from $15 to $599 [23,24].

The Propeller Health sensor is an electronic inhaler attachment
tracking medication use and potential exacerbations (≥10 inhaler
puffs within a 24-hour period or greater usage over a 48-hour
period) [25,26]. A study showed 17 of a 39-patient cohort
adhered to using the device over a 2-year study [27]. The price
of Propeller’s asthma sensor is negotiated with health care
delivery organizations or payers. It can be free to patients

through sponsored health plans but is otherwise around $300
[28]. The price of its COPD sensor is not listed.

The Cohero Health kit includes a medical-grade handheld
spirometer, medication-tracking sensor, and web app that
centralizes the data [29,30]. The kit comes as a subscription
service for $49 per month [31].

Hands-Free Monitors
Spry Health’s Loop System is a wristband monitor. It tracks
oxygen saturation, HR, RR, and blood pressure, alerting on
significant changes in the wearer’s physiological data [32]. Its
price is unlisted.

Omron’s HeartGuide is a watch-like monitor measuring HR,
blood pressure, physical activity, and sleep quality. These
features are transmitted to a mobile app where patients can track
progress and access health coaching [33]. Although the
HeartGuide directly targets patients with heart conditions, its
ability to track HR, physical activity, and sleep quality can help
detect signs of COPD exacerbation [34,35]. The HeartGuide
costs $499.
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The Spire Health Tag is a disposable adhesive sensor that
attaches to clothing. Each tag tracks RR, HR, breathing pattern,
sleep quality, and physical activity, which are logged into a
smartphone app [36]. The tags have a 1-year battery life and
are washer and dryer safe. Each tag costs $49. Consumers can
opt for a Spire membership, which at $10 per month provides
free replacements and additional tags for $25 each [37].

The Cosinuss One is a monitor placed in the ear that connects
to a smartphone app to measure HR, HR variability, and body
temperature. Cosinuss is currently developing OxMotion, an
add-on specific to COPD patients tracking RR and oxygen
saturation levels. We primarily discuss Cosinuss One because
the OxMotion is not yet available. The Cosinuss One costs
$146.50 [38].

Current Health’s Remotely Monitor system is an armband
monitor measuring HR, RR, skin temperature, oxygen saturation,
and movement. Data are transmitted to a cloud platform and
can be integrated into the patient’s electronic health record. At
the most basic membership, the Current Armband is $199
upfront and $40 per month for continuous service [39].

The Adamm RSM from Health Care Originals is an adhesive
device for the upper torso that monitors cough rate, respiratory
patterns, HR, and temperature. Data go to a mobile app and web
portal viewable by patients and their physicians [40]. Its price
is unlisted.

Discussion

Principal Findings
Selected COPD RPM devices were assessed based on
forecasting ability, cost, ease of use, and appearance. Spry
Health Loop System and Adamm RSM ranked highest across
most dimensions aside from cost. The pulse oximeter fulfilled
the least criteria.

The Loop System, Current Health Armband, Spire Health Tag,
and Adamm RSM ranked highest in forecasting ability since
they monitor the most indicative biomarkers. Although Cosinuss
One tracks multiple biomarkers, it has shown inaccurate
measurements in external studies and thus may not have high
forecasting ability [41-43]. Adamm RSM and Spire Health Tag
track respiratory patterns, which may be even more accurate
[12].

Spirometers, although a well-established COPD diagnostic
method, ranked low in forecasting ability. Spirometry, when
conducted in outpatient settings or unaided by a health care
professional, can often yield inaccurate results due to technical
factors [7,44]. Cohero Health’s mobile spirometer is
International Organization for Standardization (ISO) 9001 and
13485 certified, giving it more accuracy than other
mass-marketed spirometers [30]. Although the Propeller sensor
is easy to use and has been used to predict incoming
exacerbations when it detects increased use of the inhaler, it
does not provide data on pulmonary function considered
important to predict an incoming exacerbation [27]. Both Cohero

and Propeller require patients to use the inhaler, which could
face challenges in adherence [18,26].

The Loop System and HeartGuide ranked highest in ease of
use. Both devices are wristbands that can be worn without
effortful engagement from users to obtain data, which increases
usability and adherence [45]. Adamm RSM similarly can be
easily hidden under shirts. Other devices with three stars
required a little more adjusting. Current Health Armband and
pulse oximeter are easy to wear but may shift throughout the
day due to their locations on the arm and finger, respectively.

Although relatively easy to use, the Current Health Armband
ranked lowest in appearance due to its bulky design and
high-profile arm placement. Pulse oximeters also ranked low
due to high visibility. While patients can choose to spot check
rather than continuously wear the device, this would require
some reminder, therefore decreasing its ease of use.

Other devices were relatively low profile. The Loop and
HeartGuide are modeled after watches while the handheld
spirometer and Propeller inhaler can be carried in a pocket or
bag. The Spire Health Tag is out of view once attached to
clothing. Adherence becomes challenged if consumers change
or discard clothing with the Health Tag attached, however. The
Cosinuss One is a low-profile earpiece but may be
disadvantageous because it may impede hearing.

Cost-wise, the Spire Health Tag seemingly ranks lowest. But
because the sensor may only be attached once, users must decide
which clothing they wear most frequently and wear those items
every day. Over-the-counter options such as spirometers and
pulse oximeters, although inexpensive compared to other RPM
devices, are often inaccurate in measurement and have less
robust premarket testing [7,46].

Limitations
This review is not exhaustive. It provides a review of devices
currently on the market and readily searchable online. Some
technologies were not selected because they were similar in
function but not yet on the market or lacked product information.
Future efforts are necessary to update this review, given digital
health technology is continually improving and evidence for
efficacy of RPM in reducing COPD exacerbations is still
developing [47]. Another limitation concerns the star rating
system, which is based on qualitative assessments rather than
quantitative metrics [47]. Last, technology is only one aspect
of COPD management strategy. More guideline-concordant
treatment and better patient engagement are needed, but they
are beyond the scope of this brief report [48].

Conclusion
Patients can better manage their COPD with the aid of RPM
technology that can be easily adopted into their daily routine.
The most promising devices are either expensive or without
available cost information. Consumers and health care
organizations can benefit from more publicly accessible
information on COPD RPM products and their comparative
effectiveness and costs.
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Abbreviations
COPD: chronic obstructive pulmonary disease
HR: heart rate
ISO: International Organization for Standardization
RPM: remote patient monitoring
RR: respiratory rate
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Abstract

Background: Chronic diseases have recently had an increasing effect on maternal-fetal health, especially in high-income
countries. However, there remains a lack of discussion regarding health management with technological approaches, including
mobile health (mHealth) interventions.

Objective: This study aimed to systematically evaluate mHealth interventions used in pregnancy in high-income countries and
their effects on maternal health behaviors and maternal-fetal health outcomes.

Methods: This systematic review identified studies published between January 1, 2000, and November 30, 2018, in MEDLINE
via PubMed, Cochrane Library, EMBASE, CINAHL, PsycINFO, Web of Science, and gray literature. Studies were eligible for
inclusion if they included only pregnant women in high-income countries and evaluated stand-alone mobile phone interventions
intended to promote healthy maternal beliefs, behaviors, and/or maternal-fetal health outcomes. Two researchers independently
reviewed and categorized aspects of full-text articles, including source, study design, intervention and control, duration, participant
age, attrition rate, main outcomes, and risk of bias. Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines
were followed, and the study was registered in PROSPERO before initiation.

Results: Of the 2225 records examined, 28 studies were included and categorized into 4 themes: (1) gestational weight gain,
obesity and physical activity (n=9); (2) smoking cessation (n=9); (3) influenza vaccination (n=2); and (4) general prenatal health,
preventive strategies, and miscellaneous topics (n=8). Reported sample sizes ranged from 16 to 5243 with a median of 91. Most
studies were performed in the United States (18/28, 64%) and were randomized controlled trials (21/28, 75%). All participants
in the included studies were pregnant at the time of study initiation. Overall, 14% (4/28) of studies showed association between
intervention use and improved health outcomes; all 4 studies focused on healthy gestational weight. Among those, 3 studies
showed intervention use was associated with less overall gestational weight gain. These 3 studies involved interventions with
text messaging or an app in combination with another communication strategy (Facebook or email). Regarding smoking cessation,
influenza vaccination, and miscellaneous topics, there was some evidence of positive effects on health behaviors and beliefs, but
very limited correlation with improved health outcomes. Data and interventions were heterogeneous, precluding a meta-analysis.

Conclusions: In high-income countries, utilization of mobile phone–based health behavior interventions in pregnancy demonstrates
some correlation with positive beliefs, behaviors, and health outcomes. More effective interventions are multimodal in terms of
features and tend to focus on healthy gestational weight gain.

(JMIR Mhealth Uhealth 2020;8(5):e15111)   doi:10.2196/15111
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Introduction

Background
Pregnancy and the postpartum period are times of rapid medical,
social, and behavioral changes for women and their families.
This period is perceived to be a window of opportunity for health
interventions because many women have enhanced access to
health care during pregnancy and may have increased motivation
to improve their health during this time. Healthy maternal
behaviors have been shown to improve the risk of
pregnancy-related morbidities [1]. For example, smoking
cessation, exercise, and healthy weight gain in pregnancy have
all been linked to better maternal and fetal health [2-4].

Chronic disease is a particularly important arena. Per the Centers
for Disease Control and Prevention, although the rate of
maternal death related to traditional risk factors such as
hemorrhage, hypertensive disorders of pregnancy, and anesthesia
complications in the United States is decreasing, mortality
related to cardiovascular disease (CVD), cerebrovascular
accidents, and other medical conditions continues to increase
[5]. Cardiovascular conditions were responsible for more than
one-third of all pregnancy-related deaths in the United States
between 2011 and 2016. Thus, pregnancy is an important time
to improve health behaviors, such as promoting healthy
gestational weight gain and managing chronic disease. However,
changes to health behaviors often require intensive provider
support, consistent follow-up, and frequent counseling that are
difficult to maintain during short outpatient visits. These
requirements may be supported by technology.

Many health behavior and lifestyle interventions have
incorporated technology in various areas of chronic disease
management [6,7]. In particular, the field of mobile health
(mHealth) has recently seen rapid growth. mHealth refers to
the use of mobile technologies including mobile phones,
personal digital assistants, and even tablet computers to improve
patient health. Outside of pregnancy, a growing amount of
literature suggests that mHealth and other digital interventions
are feasible, acceptable, and may promote improved health
behaviors [8-10]. An estimated 76% of people in high-income
countries own a mobile phone, and 87% use the internet [11,12].
Furthermore, a more focused study of pregnant women in the
United States showed that 88% had access to a mobile phone,
and 89% had access to the internet [13]. These data suggest
both are promising media for use with pregnant women in the
management of chronic conditions in high-income environments.

Past studies suggest women are interested in receiving health
information on the Web and are comfortable with using their
mobile phones [14]. However, research on the use of mHealth
in pregnancy has been broad and heterogeneous. Much of the
research done is with small groups in low- or middle-income
countries or utilizes a telemedicine format, defined as
technology-facilitated direct communication with medical
professionals [15-22]. There remains a lack of organized
discussion on mHealth interventions in pregnancy that are

tailored or self-maintaining as well as on studies of women in
high-income countries, where access to mobile phones is the
greatest and women are highly affected by chronic disease

Objective
The objective of this study was to systematically evaluate
mHealth interventions used in pregnancy in high-income
countries and their effects on maternal health behaviors and
maternal-fetal health outcomes.

Methods

Study Registration
Before performance of this search, information about the study
proposal was published electronically in the University of York
PROSPERO register of systematic reviews [23]. The authors
followed all guidelines for the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) statement
[24].

Eligibility Criteria, Information Sources, and Search
Strategy
We conducted a systematic review of studies on mobile
phone–based mHealth interventions designed for pregnant
women. A research librarian (PS) was primarily responsible for
a comprehensive literature search. We included
English-language articles with a patient population that included
pregnant women who utilized pregnancy-related mobile phone
interventions during their pregnancy. In addition, we limited
our studies to those performed in developed or high-income
countries as defined by The World Economic Situation and
Prospects 2012 of the United Nations [25]. Study types included
meta-analyses, systematic reviews, randomized controlled trials
(RCTs) including randomized crossover trials and cluster
randomized trials, and nonexperimental observational studies.
The assessed interventions were stand-alone mobile
phone–based interventions including, but not limited to, mobile
phone apps, text messaging, games, and information services.
We excluded studies that used technology interventions aimed
solely at communication between patients and clinicians without
a stand-alone educational, motivational, or interactive
component (such as telemedicine portals or electronic medical
record–based portals for use with mobile phones), and
interventions that were not primarily intended for mobile phone
use, eg, websites. Studies were excluded if they focused solely
on neonatal health, such as neonatal feeding support
interventions or growth tracking tools. Studies were also
excluded if they were exclusively published as abstracts or
conference proceedings without a full peer-reviewed manuscript.
Finally, studies were excluded if they were solely meant to
evaluate feasibility or desirability of hypothetical interventions
or supplied outcomes with fewer than 2 weeks of intervention
use.

We searched MEDLINE via PubMed, EMBASE, Web of
Science, Cochrane Database of Controlled Trials, CINAHL,
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and PsycINFO databases from January 1, 2000 to November
30, 2018. We began with the MEDLINE search and translated
to the appropriate syntax for each of the other databases, using
controlled vocabulary when possible. Search terms related to
pregnancy, mobile interventions, and select behaviors (including
smoking cessation, weight loss, and diabetes management) were
included. Full search strategies can be found in Multimedia
Appendix 1, and a completed PRISMA checklist is found in
Multimedia Appendix 2.

Study Selection
Titles and abstracts of studies were read by 2 independent
reviewers (TH and LY) on two online abstract organizers
(abstrackr: [26] and Rayyan [27]). Discordant assessments were
resolved by discussion between reviewers or with the
involvement of a third author (PS) when necessary.

Studies were then divided into 4 subgroups based on their
primary clinical focus: (1) gestational weight gain, obesity and
physical activity; (2) smoking cessation; (3) influenza
vaccination; and (4) general prenatal health, preventive
strategies, and miscellaneous topics. For all study types, data
extraction was standardized to include source, study design,
number of participants in the intervention and control groups,
intervention and control descriptions, duration, participant age
and other details if available, attrition rates, and main outcomes.

Data Extraction
Two authors (TH and LY) simultaneously reviewed all abstracts
for inclusion using Abstrackr and Rayyan, as described above.
EndNote X7.2 (EndNote, Clarivate Analytics, Philadelphia,
Pennsylvania, United States) was used to identify and remove
duplicate records. Two searches were conducted; the initial
search reviewed literature to 2016 and an updated search
reviewed more recent literature until November 30, 2018. Once
relevant abstracts were agreed upon, full-text analysis of
included abstracts was then performed by the same authors. In

addition, review of the bibliographies of included full-text
articles were reviewed for additional eligible articles. Relevant
articles meeting the final inclusion criteria were then abstracted
in-depth for bias, study quality, and overall findings.

Assessment of Risk of Bias
Bias was evaluated by 2 independent reviewers (TH and LY).
We applied specific tools for assessment of risk of bias tailored
to each study type. For observational studies (not randomized
controls), we used 1 of 2 National Institutes of Health (NIH)
Quality Assessment Tools (NIH QAT), which consisted of 12
items to assist raters in formulating a holistic final quality
assessment [28]. If a study had a control but was not
randomized, the Quality Assessment of Controlled Intervention
Studies was used; if no control was available, the Quality
Assessment Tool for Before-After (Pre-Post) Studies with No
Control Group was used. For RCTs, we used the Cochrane Risk
of Bias tool [29]. Studies were rated independently by 2
reviewers (TH and LY). Disagreements were resolved by
discussion between reviewers or with the involvement of a third
author (PS) when necessary.

Data Synthesis
Data were collected to be primarily presented descriptively. We
considered a meta-analysis or pooling of data if sufficient
homogeneity in measured outcomes were to be observed, but
the evaluation of data demonstrated heterogeneity that precluded
such analyses.

Results

Study Selection
An electronic search as described previously revealed a total of
2225 titles and abstracts after the removal of duplicates. After
full-text evaluation, a total of 28 studies met the criteria for
inclusion. An adapted PRISMA study flowchart is shown in
Figure 1.
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow sheet.

Study Characteristics and Synthesis of Results
Included studies fell into 4 categories: (1) gestational weight
gain, obesity, and physical activity (n=9); (2) smoking cessation
(n=9); (3) influenza vaccination (n=2); and (4) general prenatal
health, preventive strategies, and miscellaneous topics (n=8).
Reported sample sizes ranged from 16 to 5243 with a median
of 91. All participants in the included studies were pregnant at
the time of study initiation.

Tables 1 and 2 outline studies focused on gestational weight
gain, obesity, and physical activity [28,30-37]. Of the 9 eligible
studies, 2 used exclusively text messages, 4 utilized text
messages in conjunction with other technology, and 3 utilized
mobile phone apps without text messages. One included study
was not randomized, whereas the remainder were RCTs.
Outcomes varied widely among studies. Two studies showed
that intervention participants were significantly less likely to
exceed healthy gestational weight gain during pregnancy (37%

vs 66%; P=.03) [31], and (58% vs 85%; P=.04) [36], but one
found no such difference [33]. Three interventions were

associated with less overall gestational weight gain in
intervention users over the study period [31,33,37]. Notably,
each of these interventions were multimodal and incorporated
at least one additional communicative technology (Facebook
or emails) alongside its main intervention (text messages or an
app). The 2 studies that evaluated gestational weight gain and
utilized interactive text messages or an app alone exhibited no
difference in gestational weight gain compared with controls
[34,36]. Studies also differed regarding behavior change.
Although some showed improvements in behavior analogs such
as increased self-reported exercise [37] and less reduction in
physical activity during pregnancy compared with prepregnancy
[33], others showed no such relationship [32,34,35]. There was
no difference in incidence of gestational diabetes in any study
[31,37]. In terms of cost, 1 study did find that a mobile app
compared with a parallel intervention requiring in-person
counseling by health coaches was significantly less expensive
(US $97 vs US $347) [36]. In this study, both remote and
in-person interventions were associated with lower proportion
of excess gestational weight gain when compared with controls.
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Table 1. Design of trials with a focus on gestational weight gain, obesity, and physical activity.

DurationIntervention description and controlExperimental
arm vs control
arm(s), n

Study
design

Setting/country/populationReference

Until 6 weeks
postpartum

MOMTech text messages: 14 motivational text
messages per week, food and activity diary, goal
setting, and consultation visits vs usual care

Intervention vs
control: 16 vs
15

Observa-
tional

Prenatal clinic/Doncaster,
England/BMI>30; 8-10
weeks’ gestation

Soltani et al (2015)
[28]

12 weeksMobile app: Fitbit-enhanced daily message as text
message or short video script, activity diary, and
automated feedback vs Fitbit only

Intervention vs
control: 15 vs
15

RCTaPrenatal clinics and com-
munity/San Francisco, CA,
United States/Sedentary;
10-20 weeks’ gestation

Choi et al (2016)
[30]

Until 36 weeks’
gestation

Behavior change goals, interactive self-monitoring
text messages, biweekly health coach calls, and
skills training and support through Facebook vs
usual care

Intervention vs
control: 33 vs
33

RCTPrenatal clinics/Philadel-
phia, Pennsylvania, United
States/African American;
<20 weeks’gestation; BMI
25-45

Herring et al (2016)
[31]

Until 36 weeks’
gestation

Interactive mobile phone app with information
about dietary guidelines and physical activity
guidelines during pregnancy; also encouraged
women to set dietary and physical activity goals
and monitor their progress vs lifestyle advice only

Intervention vs
control: 77 vs
85

RCTPublic maternity hospi-
tals/Adelaide, South Aus-
tralia/10-20 weeks’ gesta-
tion

Dodd (2017) [32]

Until 36 weeks’
gestation

txt4two: Tailored text messages, Web-based app,
video messages, and Facebook chat room and
brochure vs brochure only

Intervention vs
control: 45 vs
46

RCTAcademic maternity hospi-
tal/Melbourne, Aus-
tralia/10-17 weeks’ gesta-
tion; prepregnancy
BMI>25

Willcox (2017) [33]

16 weeksPreg CHAT texts: interactive 3 times weekly texts
regarding behaviors–step counts, sweetened drinks,
fruits/vegetables, and eliminating fast foods vs
text4baby alone

Intervention vs
text4baby: 22
vs 11

RCTPrenatal clinics/Durham,
NC, United
States/prepregnancy
BMI=25-40; 12-21 weeks’
gestation

Pollak (2014) [34]

Until 40 weeks’
gestation

3 intervention groups with variations on general
and physical activity texts received per week: Plus
One, Plus Six, Plus Six Choice; participants also
received Fitbit flex to track sleep and exercise data.
All were compared with the standard group, which
was three text4baby SMS per week at noon

3 intervention
groups: Plus
One group (21);
Plus Six (20);
Plus Six Choice
(18); and stan-
dard group (21)

RCTOnline/US residents/8-16
weeks’ gestation; low
physical activity

Huberty (2017) [35]

Until delivery2 intervention groups: In person—dietary intake
advice, exercise advice, paper weight graph and
counseling provided by health coaches; Re-
mote—same information as above provided in a
mobile app format with electronic data capture;
both compared with usual care from obstetrician

2 intervention
groups: In per-
son (18), Re-
mote (19), and
control (17)

RCTVarious clinics/United
States/BMI=25-39.9; first
trimester of pregnancy

Redman (2017) [36]

Until 34 weeks’
gestation

A mobile phone app with low glycemic index
recipes, an exercise advice section, and a home page
with tips and encouraging thought of the day. Also
received emails every 2 weeks and two face-to-face
hospital visits vs usual care

Intervention vs
usual care: 278
vs 287

RCTMaternity hospital/Dublin,
Ireland/BMI=25-39.9; 10-
15 weeks’ gestation

Kennelly (2018)
[37]

aRCT: randomized controlled trial.
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Table 2. Outcomes and bias of trials with a focus on gestational weight gain, obesity, and physical activity.

Bias reasoningBias ratingBias toolMain outcomesAttrition rateParticipant age
(years), mean
(SD)

Reference

Small sample
size

Fair riskNIH QATe13% (2/16)29.1 (5.4) for

IGa vs 31.7

(5.8) for CGb

Soltani et al
(2015) [28]

• No significant difference in mean GWGc (5.6
vs 9.7 kg)

• No significant difference in percentage of

participants who exceeded the IOMd upper
limit of GWG for obese women (28% vs 50%)

N/AhLow riskCochrane

ROBTg
40% to daily
messages,
33% to activi-
ty diary

32.9 (2.5) for
IG vs 34.5 (2.5)
in CG

Choi et al
(2016) [30]

• Significantly less “Lack of energy as a barrier
to being active,” at week 12 in IG (P=.02)

• No difference between groups in change in
weekly mean steps (P=.23)

• No change in numerous outcomes including

CES-Df score, severity of pregnancy symp-
toms, self-efficacy

N/ALow riskCochrane
ROBT

Unclear25.9 (4.9) for
IG vs 25.0 (5.7)
for CG

Herring et al
(2016) [31]

• Significantly greater percentage of IG kept
within IOM guidelines for GWG (37% vs
66%; P=.03)

• Significant adjusted mean difference in total
GWG in IG, early pregnancy to delivery (8.7
vs 12.3 kg; P=.046)

• No significant difference in mean birth weight
or babies small or large for gestational age.
No difference in percentage of women with

GDMi

High attrition,
self-report, and

High riskCochrane
ROBT

38.2%
(62/162)

30.87 (5.07) for
IG vs 31.01
(6.16) for CG

Dodd (2017)
[32]

• No significant difference in self-reported
Healthy Eating Index scores, macronutrient
and food group intake, or physical activity women knew

allocations

Women not
blinded, self-re-
ported exercise

High riskCochrane
ROBT

9.0% (9/100)33.0 (3.4) for
IG vs 32.0 (5.1)
for CG

Willcox
(2017) [33]

• Significantly less GWG with txt4two (7.8 vs
9.7 kg; adjusted P=.04)

• Significantly fewer txt4two women reduced
their minutes of total daily physical activity
over the course of the intervention (P=.001)

• No significant difference in proportion of
women exceeding IOM GWG guidelines.
(47% vs 61%; adjusted P=.07)

• No significant differences in self-reported
consumption of food groups

High proportion-
al attrition, low

High riskCochrane
ROBT

30% (10/33)29 (5) for IG vs
32 (2) in CG

Pollak (2014)
[34]

• No significant difference in mean weight gain,
physical activity level outcomes, or nutrition
score sample size.

Possibly ran-
domized by
study staff

Not blindedFair riskCochrane
ROBT

14% (13/93)31.05 (5.52) for
Plus One vs
31.48 (5.44) for

Huberty
(2017) [35]

• All 3 IGs were consolidated; when compared
with controls, no difference in linear trajecto-
ries or quadratic trajectories regarding active
time, light intensity time, and stepsPlus Six vs

31.44 (4.16) for
Plus Six Choice
vs 30.83 (5.22)
for standard
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Bias reasoningBias ratingBias toolMain outcomesAttrition rateParticipant age
(years), mean
(SD)

Reference

Randomized by
unblinded inter-
vention staff

High riskCochrane
ROBT

• Significantly lower proportion of women with
excess GWG in the remote group compared
with usual care groups (58% vs 85%; P=.04)

• No significant difference in GWG between
the remote group and usual care (least squares
mean 10.0 vs 12.8 kg; P=.07)

• Significantly less intervention cost for remote
compared with in-person group (US $97 vs
US $347; P<.001)

Unclear29.0 (4.2) for
remote vs 29.2
(4.8) for in per-
son vs 29.5
(5.1) for CG

Redman
(2017) [36]

Self-reported
exercise and
food outcomes;
neither partici-
pants nor re-
searchers blind-
ed

Fair riskCochrane
ROBT

• No significant difference in incidence of GDM
(15.4% vs 14.1%; P=.71)

• Significantly less GWG in IG (8.9 vs 10 kg;
P=.02)

• Significantly lower dietary glycemic load
(P=.02) and increased exercise in IG (P=.02)
after multiple correction testing

11.9%
(67/565)

32.8 (4.6) for
IG vs 32.1 (4.2)
for CG

Kennelly
(2018) [37]

aIG: intervention group.
bCG: control group.
cGWG: gestational weight gain.
dIOM: Institute of Medicine.
eNIH QAT: National Institutes of Health Quality Assessment Tool.
fCES-D: Center for Epidemiologic Studies Depression Scale.
gN/A: not applicable.
hROBT: risk of bias tool.
iGDM: gestational diabetes mellitus.

Tables 3 and 4 outline interventions to address smoking
cessation during pregnancy [38-46]. Of the 9 studies, 7 used
exclusively text messages, and the remaining 2 studies used
mobile phone apps. Overall, outcomes were sparse regarding
the ability of interventions to affect smoking cessation. Although
2 small uncontrolled studies showed a decrease in cigarettes
smoked over the course of intervention [38] and more than 70%
achievement of nonsmoking by the end of the intervention [39],
the studies that employed control arms showed no difference
in outcomes. These outcomes varied but included self-reported
abstinence, biochemically reported abstinence, and number of
smoke-free days [40-46]. In 1 study, using text messages as the
intervention mode was associated with increased self-efficacy,
determination to quit smoking in pregnancy, and setting a quit
date [42].

Tables 5 and 6 highlight the 2 studies of interventions to improve
influenza vaccination rates [47,48]. Both utilized text messages
alone. There was no difference in influenza vaccination rates
in intervention vs control groups in either study.

Tables 7 and 8 outline the remaining 8 studies, which focused
on general prenatal health, preventive strategies, and
miscellaneous topics [49-56]. Four studies employed text

messages alone, and 4 used mobile phone apps. In this sphere,
interventions were most associated with improvements in health
beliefs [49] and behaviors including self-reported attempts to
eat more nutritious food [50], belief that taking prenatal vitamins
will improve the health of the fetus [54], and belief that the
participant is prepared to be a new mother [54]. There was also
a significant association between intervention use and attending
a prenatal visit at least 6 months before delivery in 1 controlled
study [51]. In 1 study without formal controls, there was a higher
rate of clinic attendance in intervention users (84%) compared
with that for the general clinic population (50%) [52]. In this
study, attendance was even higher (89%) than in those who
scheduled transportation through a free rideshare service
facilitated through the app. Among these studies, there was no
difference in any measured health outcomes including cesarean
delivery and neonatal intensive care unit admission [51],
hypertensive disorders of pregnancy, gestational weight gain,
delivery outcomes [53], and beliefs and behaviors around
smoking and alcohol [54,55]. One unique study employed a
mobile phone app to improve rates of perineal massage in Japan;
this intervention was not associated with any difference in rates
of practice of perineal massage, perineal lacerations, or
episiotomy rates [56].

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e15111 | p.420https://mhealth.jmir.org/2020/5/e15111
(page number not for citation purposes)

Hussain et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 3. Design of trials with a focus on smoking cessation.

DurationIntervention description and
control

Experimental arm vs
control arm(s), n

Study designSetting/country/populationReference

4 weeksQuit4baby text messages: 1-
5 messages per day in refer-

Intervention (20), no
control arm

ObservationalOnline/United States/current smoker or
recently quit (<4 weeks ago), <30 weeks’
gestation

Abroms et al
(2015) [38]

ence to chosen quit date; al-
so included interactive key-
word-based support mes-
sages. Participants continued
to receive text4baby mes-
sages concurrently

3 monthsMobile phone e-learning
program: smoking cessation

Intervention (52), no
control arm

ObservationalObstetrics consultations/Yamaguchi pre-
fecture, Japan/current smokers, >20
weeks’ gestation

Fujioka et al
(2012) [39]

education, ability to set quit
date, ability to select who
will help quit smoking,
record of declaration of
quitting smoking

3 monthsSmokefreeMOM: Tailored
and interactive texts 3-6

Intervention (55) vs
control (44)

RCTaPrenatal clinics/Washington DC, United
States/current smoker or recently quit (<2
weeks ago)

Abroms
(2017) [41]

times per day regarding
smoking including setting a
quit date, self-efficacy, and
expectations regarding quit-
ting vs usual care

3 monthsMiQuit text messages: Tai-
lored text messages 0-2

Intervention (102) vs
control (105)

RCTPrenatal clinics/England/current smokers,
<21 weeks’ gestation

Naughton et al
(2012) [42]

times/day at random inter-
vals as well as instant-re-
sponse supportive texts for
help or lapses in behavior
and tailored leaflet vs untai-
lored leaflet

5 weeksScheduled gradual reduction
SMS: Gradual program to

Intervention (16) vs
control (15)

RCTPrenatal clinics/United States/current
smokers, 10-30 weeks’ gestation

Pollak et al
(2013) [43]

reduce smoking to 0
cigarettes by the 4th week.
Support messages included
up to 5 messages per day
about various smoking cessa-
tion topics as well as setting
a quit date vs support mes-
sages alone

4 weeksSmokeFree Baby App as-
sessed 5 modules: identity,

565 randomized to
one of 32 groups in

RCTOnline/England/current smokersTombor
(2018) [44]

health information, stressfull factorial design,
management, face-to-facerandomized to full or
support, behavioral substitu-
tion

minimal version of
each module

3 monthsQuit4baby: Tailored and in-
teractive texts 1-8 times/day

Intervention (250) vs
control (247)

RCTOnline/United States; current smokersAbroms
(2017) [40]

regarding smoking including
setting a quit date, self-effi-
cacy, and expectations re-
garding quitting. Was em-
ployed in addition to
Text4baby. Compared with
Text4baby alone

8 weeksText messages every several
days in a tapering pattern

Intervention (14) vs
control (16)

RCTPrenatal clinic, St. Louis, MO, United
States/current smokers

Forinash
(2018) [45]

with encouragement to stop
smoking vs usual care
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DurationIntervention description and
control

Experimental arm vs
control arm(s), n

Study designSetting/country/populationReference

Until 36
weeks’gesta-
tion

MiQuit: an automated 12-
week advice and support
program for quitting smok-
ing delivered by SMS text
message. Tailored to desired
themes including gestation,
motivation to quit, self-effi-
cacy, and partner’s smoking
status vs usual care

Intervention (203) vs
control (204)

RCTPrenatal clinics, England/<25 weeks’
gestation; current smokers

Naughton
(2017) [46]

aRCT: randomized controlled trial.
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Table 4. Outcomes and bias of trials with a focus on smoking cessation.

Bias reasoningBias rat-
ing

Bias toolMain outcomesAttrition rateParticipant age
(years), mean
(SD)

Reference

No pre- to postanalysis,
multiple measurements not
taken, high loss to follow-
up, high attrition

Fair riskNIH QATa35% (7/20)28.1 (6.1) for
total sample

Abroms et
al (2015)
[38]

• Cigarettes smoked decreased from 7.6 (4.9)
to 2.4 (1.8) after 4 weeks but was not signif-
icant

Not all eligible participants
were enrolled, measure-
ments not taken multiple
times

Fair riskNIH QAT7.7% (4/52)25.9 (4.7) for
total sample

Fujioka et
al (2012)
[39]

• 71.1% of participants achieved nonsmoking
• Confidence to continue not smoking in-

creased in both groups (those who ended up
smoking, and those who quit smoking)

No information about
blinding; randomization
scheme changed in the
middle of study

High
risk

Cochrane

ROBTe
26% (26/99)27.18 (4.98) for

IGb vs 28.25

(4.78) for CGc

Abroms
(2017) [41]

• No significant differences in any smoking-
related outcomes including biochemically

confirmed 7-day PPAd, self-reported 7-day
and 30-day abstinence, consecutive days quit,
quit attempts, and changes in cigarettes
smoked/day

N/AfLow
risk

Cochrane
ROBT

11%
(23/207)

27.2 (6.4) for
IG vs 26.5 (6.2)
for CG

Naughton
et al (2012)
[42]

• Significantly higher overall self-efficacy,
habitual self-efficacy, social self-efficacy
and determination to quit smoking in preg-
nancy in IG

• Significantly higher probability to set a quit
date in intervention group (45% vs 30%)

• No difference in outcomes including self-re-
ported point prevalence at 3, 7, and 12
weeks, or making at least one 24 hour quit
attempt

Blinding and randomiza-
tion strategies unclear

High
risk

Cochrane
ROBT

6% (2/31)29 (6) for IG
and 27 (6) for
CG

Pollak et al
(2013) [43]

• No change in 7-day point prevalence (7.5%
vs 13.4%) or cigarettes smoked

Very high attrition rate; of
note, all lost to follow-up
were assumed to be smok-
ers

High
risk

Cochrane
ROBT

68.9%
(389/565)

27.3 (5.5) for
total sample

Tombor
(2018) [44]

• No module was associated with fewer
smoke-free days

Self-reporting patients
knew which group they
were in

Fair riskCochrane
ROBT

28.2%
(140/497)

26.68 (5.94) for
IG vs 25.95
(5.74) for CG

Abroms
(2017) [40]

• Overall, no significant difference in biochem-
ically confirmed 7-day PPA at 3-month fol-
low-up (39% vs 27%) IG vs CG

High attritionHigh
risk

Cochrane
ROBT

39% (19/49)Not providedForinash
(2018) [45]

• No significant difference was found in

eCOg-verified cessation (57.1% vs 31.3%;
P=.15), eCO below 8 ppm at ≥1 visit (64.3%
vs 37.5%; P=.14), or in birth outcomes

Moderately high attrition;
of note, those lost to fol-
low-up assumed to be
smokers

Fair riskCochrane
ROBT

35.9%
(146/407)

26.6 (5.7) for
IG vs 6.4 (5.7)
for CG

Naughton
(2017) [46]

• No difference in self-reported, later biochem-
ically confirmed, abstinence in late pregnan-
cy

aNIH QAT: NIH Quality Assessment Tool.
bIG: intervention group.
cCG: control group.
dPPA: point prevalence abstinence.
eROBT: risk of bias tool.
fN/A: Not applicable.
geCO: exhaled carbon monoxide.
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Table 5. Design of trials with a focus on influenza vaccination.

DurationIntervention description and controlExperimental arm vs control
arm(s), n

Study
design

Setting/coun-
try/population

Reference

12 weeks, up
to 6 weeks
postpartum

12 weekly text messages with information about the
benefits and safety of influenza vaccine in pregnancy
vs control messages about general pregnancy health
alone

Intervention (104) vs control
(100)

RCTaPrenatal clin-
ic/Pittsburgh,
Pennsylvania,
United
States/<28
weeks’ gesta-
tion

Moniz et al
(2013) [47]

Until 6 weeks
postpartum

Text messages twice weekly × 4 weeks emphasizing
pregnant women’s susceptibility to influenza, effec-
tiveness of vaccine, safety of vaccines, and that vac-
cines are recommended for pregnant women vs usual
care

Intervention (153) vs control
(164)

RCTPrenatal clin-
ic/Toronto,
Canada/any
gestational age

Yudin (2017)
[48]

aRCT: randomized controlled trial.

Table 6. Outcomes and bias of trials with a focus on influenza vaccination.

Bias reason-
ing

Bias rat-
ing

Bias toolMain outcomesAttrition rateParticipant age (years),
mean (SD)

Reference

N/AbLow riskCochrane

ROBTa
No difference in influenza vaccination
rate (33% vs 31%)

23% (46/204)Ranged 13-49Moniz et al
(2013) [47]

N/ALow riskCochrane
ROBT

No difference in influenza vaccination
rate (31% vs 27%; P=.51)

10.7% (34/317)32.2 (4.5) for IGc vs 32.4

(4.9) for CGd

Yudin (2017)
[48]

aROBT: risk of bias tool.
bN/A: not applicable.
cIG: intervention group.
dCG: control group.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e15111 | p.424https://mhealth.jmir.org/2020/5/e15111
(page number not for citation purposes)

Hussain et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 7. Design of trials with a focus on general health, preventive health, health beliefs, and other topics.

DurationIntervention description and
control

Experimental arm vs
control arm(s), n

Study designSetting/coun-
try/population

TopicReference

12 weeksGeneral preventive health text
messages regarding tobacco
cessation, sexually transmitted
disease prevention, daily vita-
min use, seat belt use, dietary
discretion and breastfeeding

Intervention (171), no
control arm

ObservationalPrenatal clin-
ic/Pittsburgh,
Pennsylvania,
United
States/<28
weeks’ gesta-
tion

Preventive health
behaviors (smok-
ing cessation, con-
dom use, nutrition
optimization, seat
belt use, breastfeed-
ing)

Moniz et al (2015)
[49]

UnclearTwice weekly text messages
delivered alongside text4baby
messages on days text4baby
messages were not sent

Intervention (31), no
control arm

ObservationalPrenatal clin-
ic/Philadel-
phia, Pennsyl-
vania, United
States/no spe-
cial popula-
tion

General prenatal
health topics

Dalrymple et al
(2013) [50]

6 monthsWyhealth Due Date Plus: mo-
bile phone app that includes in-
formation on 70 health risk
factors, provides pregnancy
timeline, weight tracker, and
appointment reminders

Intervention (85) vs
non–app-Medicaid
members (5158)

ObservationOn-
line/Wyoming
state, United
States/Medi-
caid users

Numerous includ-
ing weight, mile-
stones, Wyoming-
specific resources

Bush (2017) [51]

3 months or
until deliv-
ery

My Healthy Pregnancy App:
Interactive application that
gathered data regarding risk
factors and delivered patient-
specific risk feedback and rec-
ommendations. Could also ar-
range for Uber rides to clinic

Intervention (16), no
control arm

ObservationPrenatal clin-
ic/Pittsburgh,
Pennsylvania,
United
States/Medi-
caid-qualify-
ing women

Numerous, includ-
ing nutrition, rou-
tine prenatal care,
violence, smoking,
preterm labor

Krishnamurti
(2017) [52]

Until 32
weeks’gesta-
tion

Mobile app for journaling with
space for recording weight,
blood pressure, and experience
between prenatal appointments
vs spiral notebook alone

Intervention (87) vs
control (86)

RCTaPrenatal clin-
ic/Bethesda,
MD, United
States/10-12
weeks’ gesta-
tion

General obstetric
care, health litera-
cy

Ledford (2016)
[53]

4 weeksText messages: 3 automated,
tailored text messages per week
vs usual care

Intervention (498) vs
control (498)

RCTArmy Medical
Center/Taco-
ma, WA, Unit-
ed States/<14
weeks’ gesta-
tion

General prenatal
health topics

Evans et al (2014)
[54]

28 weeks’
gestation

Automated, tailored text mes-
sages vs usual care

Intervention (48) vs
control (38)

RCTPrenatal clin-
ic/Fairfax
county, VA,
United
States/largely
low-income

General prenatal
health topics

Evans et al (2012)
[55]

Until deliv-
ery

Mobile phone website underlin-
ing effects of perineal massage,
massage technique, support
through peer group, communi-
cation with professional, and
reminders/encouragement vs
leaflet alone

Intervention (81) vs
control (80)

RCTPrenatal clin-
ic/Tokyo,
Japan/30-33
weeks’ gesta-
tion

Perineal massageTakeuchi (2016)
[56]

aRCT: randomized controlled trial.
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Table 8. Outcomes and bias of trials with a focus on general health, preventive health, health beliefs, and other topics.

Bias reasoningBias rat-
ing

Bias toolMain outcomesAttrition rateParticipant
age (years),
mean (SD)

Reference

No before/after
or multiple

Fair riskNIH QATaParticipants agreed that receiving text messages changed
their beliefs about targeted preventive health behaviors:

8% (13/171)24.0 (4.5)Moniz et al
(2015) [49]

measurements
taken

• Smoking (50%)
• Sexually transmitted disease prevention (72%)
• Prenatal vitamins (83%)
• Seat belt use (68%)
• Nutritious food intake (84%)
• Breastfeeding (68%)

No before/after
or multiple

High riskNIH QAT84% (26/31)
for posttest;

UnclearDalrymple et
al (2013) [50]

• 100% agreed “I tried to eat better for myself and the
baby.”

35% (11/31) measurements• 60% agreed “I understood what was happening to
my body better.” taken, smallfor any

monthly
form

sample size,
high attrition

Used a compari-
son that was not

High riskNIH QATUnclearUnclearBush (2017)
[51]

• Significant association between app use and comple-
tion of a prenatal visit at least 6 months before deliv-

ery (ORb 1.76; P=.02) randomly select-
ed (self-selected
app users)

• Borderline significant association between app use
and low birth weight (OR 0.25; P=.06)

• No association between app use and cesarean deliv-

ery or NICUc admission

Sample size too
low

High riskNIH QAT0% (0/16)Median 24,
range (18-35)

Krishnamurti
(2017) [52]

• Intervention users reported higher intention to
breastfeed at 2 months (t13=−4.16; P=.001) and 3
months (t15=−2.76; P=.01)

• No statistical significance in intention to use prenatal
vitamins

• Clinic attendance rate was higher in participants than
nonparticipant clinic patients (84% vs 50%)

• Attendance was even higher (89%) among those
who scheduled free Uber transportation

Unclear how
randomization

Fair riskCochrane

ROBTf
27%
(46/173)

29.29 (4.8) for

IGd vs 29.37

(4.83) for CGe

Ledford
(2016) [53]

• Mobile group reported more frequent use (P=.04)
and greater patient activation (P=.02) than the note-
book group occurred, pa-

tients not blind-
ed

• No difference in biometrics including blood pressure
control, weight gain, delivery outcomes

Selective report-
ing, high attri-
tion

Fair riskCochrane
ROBT

51.3%
(484/943)

26.53 (SD not
noted)

Evans et al
(2014) [54]

• Significantly more of the intervention group agreed
that “Taking prenatal vitamins will improve the
health of my developing baby” (OR 1.91; P=.02)

• No difference in outcomes including self-reported
smoking, consumption of alcoholic beverages or
fruit and vegetable consumption

Unclear blind-
ing of partici-

Fair riskCochrane
ROBT

27%
(33/123)

27.6 (SD not
noted)

Evans et al
(2012) [55]

• Significantly more of the intervention group agreed
that “I am prepared to be a new mother” (OR 2.73;
P=.04) pants and per-

sonnel; incom-• No difference in outcomes including beliefs that
smoking will harm the developing baby, that drink- plete outcome

dataing alcohol will harm the developing baby, and that
taking prenatal vitamins will improve the health of
the developing baby

High attrition
rate, self-assess-

High riskCochrane
ROBT

40%
(65/161)

32.7 (4.59) for
IG vs 32.5
(4.18) for CG

Takeuchi
(2016) [56]

• No difference in practice of perineal massage, per-
ineal lacerations, or episiotomy rates

ment by unblind-
ed participants,
unclear random-
ization
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aNIH QAT: NIH Quality Assessment Tool.
bOR: odds ratio.
cNICU: neonatal intensive care unit.
dIG: intervention group.
eCG: control group.
fROBT: risk of bias tool.

Risk of Bias in Included Studies
Bias ratings for all studies are included above in Tables 1-8. In
total, 5 studies received a low risk rating, 11 studies received a
fair risk rating, and 12 received a high risk rating. Reasons for
the ratings were varied, and several studies had multiple reasons
for increased risk of bias. Most commonly, studies with fair or
high risk scores had issues with blinding (10 studies), high
attrition (9 studies), or randomization (7 studies). Blinding issues
most commonly revolved around patients and/or providers
knowing a patient’s allocation during the study. Randomization
issues were varied and included unclear randomization schemes
and lack of true randomization (being allocated by study staff).
Other less common issues included low sample size (5 studies)
and high rates of participant-reported outcomes (5 studies).

Discussion

Principal Findings
The findings from this systematic review suggest that available
stand-alone mobile phone interventions show some positive
changes in behavior and health outcomes in pregnant patients.
Although findings were limited and some studies had high risk
of bias, these early data suggest such interventions may have
some ability to improve behaviors and health outcomes.

With regard to gestational weight gain, obesity, and physical
activity, certain interventions did correlate with better health
outcomes. In particular, there was less overall gestational weight
gain in intervention users over the study period, but all three
interventions used a multimodal intervention–either an app or
text message in combination with another method of
communication, such as social media or email. Regarding
smoking cessation, controlled trials did not appear to exhibit
an effect of interventions on improved rates of smoking.
Regarding influenza vaccination, text message interventions
did not improve rates of influenza vaccination. Finally, in the
fourth group, which reviewed general prenatal health,
interventions were associated with greater knowledge and
positive health beliefs, but not with important health outcomes
including cesarean delivery or other birth outcomes. Most
studies we evaluated exhibited bias, most commonly with
unclear blinding, high attrition and poor randomization, though
also with low sample sizes, and self-reported outcomes,
sometimes from unblinded participants.

Previous research has also explored the multimodal approach
in this arena and found it effective. A Dutch study reviewed a
6-month mixed intervention involving Web-based, email, and
provider-input components used with 1878 participants who
were pregnant or contemplating pregnancy. The usability of the
complete program was judged as positive or very positive by
54.7% of participants and study compliance was 64.86%

(1218/1878) among all participants who activated the program.
It was also associated with numerous improvements in nutrition
and lifestyle behaviors such as improvement in adequate
vegetable intake (26.3%, 95% CI 23.0-29.9), fruit intake (38.4%,
95% CI 34.5-42.5), folic acid use (56.3%, 95% CI 48.8-63.6),
tobacco abstinence (35.1%, 95% CI 29.1-41.6), and alcohol
abstinence (41.9%, 95% CI 35.2-48.9). The strongest
effectiveness was for participating couples, which again may
point to the multifactorial and social nature of successful
interventions [57].

Chronic diseases continue to affect women at high rates during
pregnancy and are also associated with increased risk of
morbidity later in life, underscoring the need for continued
exploration of efficient, wide-reaching interventions for
monitoring and behavior modification. A very recent study with
a focus on cardiovascular risk in pregnancy and the postpartum
period emphasized that women with adverse obstetric outcomes
such as preeclampsia, gestational hypertension, and gestational
diabetes are at increased risk of developing CVD later in life.
Specifically, women with preeclampsia have higher rates of
overall CVD (relative risk [RR] 2.15; 95% CI 1.76-2.61),
ischemic heart disease (RR 2.06; 95% CI 1.68-2.52), diabetes
(RR 2.27; 95% CI 1.55-3.32), and premature cardiovascular
death (RR 1.49; 95% CI 1.05-2.14) compared with women with
uncomplicated pregnancies. The study authors urge that
postpartum women with risk factors should be followed up
vigilantly for blood pressure, BMI, waist circumference, lipid
profile, fasting glucose, and oral glucose tolerance testing [58].
We propose monitoring and feedback for these patients be
included in future mHealth interventions. Further exploration
of wearable technologies including smartwatches, fitness bands,
and other novel devices may assist with this endeavor.

Further research in this area could take multiple forms. For
example, medication adherence for patients with diabetes and
hypertension could be explored; a study of adolescents and
young adults with sickle cell disease found that of proposed
mobile phone app features for improving adherence, daily
medication reminders were ranked first most frequently; this
sentiment may be shared by pregnant patients in the same age
group [59]. Further economic data may also be beneficial. One
study of various mHealth interventions with reported economic
evaluations found that 74.3% of interventions were
cost-effective, economically beneficial, or cost saving [60]. This
was briefly noted in one of our reviewed studies [36], but
additional data on the topic are necessary. In addition, future
work may investigate cross-platform technologies, such as those
that are both stand-alone mobile phone platforms and available
via the Web.
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Strengths and Limitations
The primary strength of this review is its inclusion of a wide
variety of studies that investigated changes in behavior and
clinical outcomes, both critical pieces necessary to evaluate
novel behavioral technologies. Our study was focused on
stand-alone interventions that did not require intensive clinical
support and also reviewed data from high-income countries,
which may provide more specifically applicable data for patients
and physicians.

However, limitations include insufficiency of existing data and
lack of granular clinical outcomes data in existing reports. Many
included studies also exhibited high levels of bias with an
unclear effect on results. In addition, no systematic evaluation
of the interventions was performed (for example, using a
specified taxonomy), which would allow more formal
organization of intervention features themselves. Finally,
intervention designs varied widely as did the measured outcomes
and time frames of studies. All of these factors precluded the
completion of a meaningful meta-analysis.

Comparison With Existing Literature
A systematic review recently published in April 2018 by
Overdijkink et al [61] described a similar review of studies
employing text messages and mobile phone apps in pregnancy.
Although there was an overlap in included studies, their
methodology differed most notably because of the inclusion of
telemedicine-based approaches. Most notably, at least five of

their studies addressed gestational diabetes telemedicine and
remote monitoring systems in which glucometers were coupled
with mobile phone communications for nurse or physician
feedback. In contrast, we aimed to find studies with minimal
clinician input, preferring automated systems, and self-tracking
technologies that supported or enhanced behavior changes
without added clinician burdens. Furthermore, several of their
included studies utilized primarily email and Web-based
approaches, whereas we aimed to limit our review to mobile
phone app and text-based technologies that could be
implemented with use of phones or other primarily mobile
technology. Despite these differences, we identified similarly
that results are heterogeneous and that additional research is
required to evaluate the effects of mHealth interventions on
long-standing positive health outcomes.

Conclusions
In high-income countries, utilization of mobile phone–based
health behavior interventions in pregnancy demonstrates some
correlation with positive beliefs, behaviors, and health outcomes.
More effective interventions are multimodal in terms of features
and tend to focus on healthy gestational weight gain. As mHealth
interventions become increasingly available, future work must
aim to maximize the clinical effectiveness of such interventions.
As researchers, we should aim to broaden the scope of effective
and sustainable interventions and continue to augment our care
with appropriate evidence-based technologies.

 

Acknowledgments
LY is supported by NICHD K12 HD050121-11. The funding source was not involved in study design; collection, analysis, and
interpretation of data; writing of the report; and in the decision to submit the article for publication.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Search strategies.
[DOCX File , 19 KB - mhealth_v8i5e15111_app1.docx ]

Multimedia Appendix 2
Preferred Reporting Items for Systematic Reviews and Meta-Analysis checklist.
[PDF File (Adobe PDF File), 524 KB - mhealth_v8i5e15111_app2.pdf ]

References
1. Kaaja RJ, Greer IA. Manifestations of chronic disease during pregnancy. J Am Med Assoc 2005 Dec 7;294(21):2751-2757.

[doi: 10.1001/jama.294.21.2751] [Medline: 16333011]
2. Walsh JM, McGowan CA, Mahony RM, Foley ME, McAuliffe FM. Obstetric and metabolic implications of excessive

gestational weight gain in pregnancy. Obesity (Silver Spring) 2014 Jul;22(7):1594-1600 [FREE Full text] [doi:
10.1002/oby.20753] [Medline: 24715415]

3. Johansson AL, Dickman PW, Kramer MS, Cnattingius S. Maternal smoking and infant mortality: does quitting smoking
reduce the risk of infant death? Epidemiology 2009 Jul;20(4):590-597. [doi: 10.1097/EDE.0b013e31819dcc6a] [Medline:
19289964]

4. Harrison AL, Shields N, Taylor NF, Frawley HC. Exercise improves glycaemic control in women diagnosed with gestational
diabetes mellitus: a systematic review. J Physiother 2016 Oct;62(4):188-196 [FREE Full text] [doi:
10.1016/j.jphys.2016.08.003] [Medline: 27637772]

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e15111 | p.428https://mhealth.jmir.org/2020/5/e15111
(page number not for citation purposes)

Hussain et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=mhealth_v8i5e15111_app1.docx&filename=b65e520b40618f84feb6b531aa85be06.docx
https://jmir.org/api/download?alt_name=mhealth_v8i5e15111_app1.docx&filename=b65e520b40618f84feb6b531aa85be06.docx
https://jmir.org/api/download?alt_name=mhealth_v8i5e15111_app2.pdf&filename=ea91a88092b49e81bb31ca47ddd14e49.pdf
https://jmir.org/api/download?alt_name=mhealth_v8i5e15111_app2.pdf&filename=ea91a88092b49e81bb31ca47ddd14e49.pdf
http://dx.doi.org/10.1001/jama.294.21.2751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16333011&dopt=Abstract
https://doi.org/10.1002/oby.20753
http://dx.doi.org/10.1002/oby.20753
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24715415&dopt=Abstract
http://dx.doi.org/10.1097/EDE.0b013e31819dcc6a
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19289964&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1836-9553(16)30053-4
http://dx.doi.org/10.1016/j.jphys.2016.08.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27637772&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


5. Centers for Disease Control and Prevention. Pregnancy Mortality Surveillance System URL: https://www.cdc.gov/
reproductivehealth/maternal-mortality/pregnancy-mortality-surveillance-system.htm [accessed 2019-05-29]

6. Sieverdes JC, Treiber F, Jenkins C, Hermayer K. Improving diabetes management with mobile health technology. Am J
Med Sci 2013 Apr;345(4):289-295. [doi: 10.1097/MAJ.0b013e3182896cee] [Medline: 23531961]

7. Scott-Sheldon LA, Lantini R, Jennings EG, Thind H, Rosen RK, Salmoirago-Blotcher E, et al. Text messaging-based
interventions for smoking cessation: a systematic review and meta-analysis. JMIR Mhealth Uhealth 2016 May 20;4(2):e49
[FREE Full text] [doi: 10.2196/mhealth.5436] [Medline: 27207211]

8. Payne HE, Lister C, West JH, Bernhardt JM. Behavioral functionality of mobile apps in health interventions: a systematic
review of the literature. JMIR Mhealth Uhealth 2015 Feb 26;3(1):e20 [FREE Full text] [doi: 10.2196/mhealth.3335]
[Medline: 25803705]

9. Badawy SM, Barrera L, Sinno MG, Kaviany S, O'Dwyer LC, Kuhns LM. Text messaging and mobile phone apps as
interventions to improve adherence in adolescents with chronic health conditions: a systematic review. JMIR Mhealth
Uhealth 2017 May 15;5(5):e66 [FREE Full text] [doi: 10.2196/mhealth.7798] [Medline: 28506955]

10. Thakkar J, Kurup R, Laba T, Santo K, Thiagalingam A, Rodgers A, et al. Mobile telephone text messaging for medication
adherence in chronic disease: a meta-analysis. JAMA Intern Med 2016 Mar;176(3):340-349. [doi:
10.1001/jamainternmed.2015.7667] [Medline: 26831740]

11. Poushter J, Bishop C, Chwe H. Pew Research Center. 2018 Jun 19. Social Media Use Continues to Rise in Developing
Countries but Plateaus Across Developed Ones URL: https://www.pewresearch.org/global/2018/06/19/
social-media-use-continues-to-rise-in-developing-countries-but-plateaus-across-developed-ones/ [accessed 2019-05-29]

12. Silver L. Pew Research Center. 2019 Feb 5. Smartphone Ownership Is Growing Rapidly Around the World, but Not Always
Equally URL: https://www.pewresearch.org/global/2019/02/05/
smartphone-ownership-is-growing-rapidly-around-the-world-but-not-always-equally/ [accessed 2019-05-29]

13. Urrutia RP, Berger AA, Ivins AA, Beckham AJ, Thorp JM, Nicholson WK. Internet use and access among pregnant women
via computer and mobile phone: implications for delivery of perinatal care. JMIR Mhealth Uhealth 2015 Mar 30;3(1):e25
[FREE Full text] [doi: 10.2196/mhealth.3347] [Medline: 25835744]

14. Osma J, Barrera AZ, Ramphos E. Are pregnant and postpartum women interested in health-related apps? Implications for
the prevention of perinatal depression. Cyberpsychol Behav Soc Netw 2016 Jun;19(6):412-415. [doi:
10.1089/cyber.2015.0549] [Medline: 27327069]

15. Ming W, Mackillop LH, Farmer AJ, Loerup L, Bartlett K, Levy JC, et al. Telemedicine technologies for diabetes in
pregnancy: a systematic review and meta-analysis. J Med Internet Res 2016 Nov 9;18(11):e290 [FREE Full text] [doi:
10.2196/jmir.6556] [Medline: 27829574]

16. Mastrogiannis DS, Igwe E, Homko CJ. The role of telemedicine in the management of the pregnancy complicated by
diabetes. Curr Diab Rep 2013 Feb;13(1):1-5. [doi: 10.1007/s11892-012-0352-x] [Medline: 23242646]

17. Rasekaba TM, Furler J, Blackberry I, Tacey M, Gray K, Lim K. Telemedicine interventions for gestational diabetes mellitus:
A systematic review and meta-analysis. Diabetes Res Clin Pract 2015 Oct;110(1):1-9. [doi: 10.1016/j.diabres.2015.07.007]
[Medline: 26264410]

18. Odibo IN, Wendel PJ, Magann EF. Telemedicine in obstetrics. Clin Obstet Gynecol 2013 Sep;56(3):422-433. [doi:
10.1097/GRF.0b013e318290fef0] [Medline: 23903374]

19. Ahl SG, Jovanovič L, Hod M. Technology and pregnancy. Diabetes Technol Ther 2013 Feb;15(Suppl 1):S75-S82. [doi:
10.1089/dia.2013.1508] [Medline: 23441710]

20. Sondaal SF, Browne JL, Amoakoh-Coleman M, Borgstein A, Miltenburg AS, Verwijs M, et al. Assessing the effect of
mHealth interventions in improving maternal and neonatal care in low- and middle-income countries: a systematic review.
PLoS One 2016;11(5):e0154664 [FREE Full text] [doi: 10.1371/journal.pone.0154664] [Medline: 27144393]

21. Coleman J, Bohlin KC, Thorson A, Black V, Mechael P, Mangxaba J, et al. Effectiveness of an SMS-based maternal
mHealth intervention to improve clinical outcomes of HIV-positive pregnant women. AIDS Care 2017 Jul;29(7):890-897.
[doi: 10.1080/09540121.2017.1280126] [Medline: 28107805]

22. Joos O, Silva R, Amouzou A, Moulton LH, Perin J, Bryce J, et al. Evaluation of a mHealth data quality intervention to
improve documentation of pregnancy outcomes by health surveillance assistants in Malawi: a cluster randomized trial.
PLoS One 2016;11(1):e0145238 [FREE Full text] [doi: 10.1371/journal.pone.0145238] [Medline: 26731401]

23. Hussain T, Smith P, Yee LM. CRD Database - University of York. 2016. A Systematic Review of Smartphone-based
mHealth Interventions in Pregnancy on Maternal Behaviors and Maternal and Fetal Health Outcomes in Developed Countries
URL: http://www.crd.york.ac.uk/PROSPERO/display_record.php?ID=CRD42016051055 [accessed 2018-12-31]

24. Moher D, Liberati A, Tetzlaff J, Altman DG, PRISMA Group. Preferred reporting items for systematic reviews and
meta-analyses: the PRISMA statement. PLoS Med 2009 Jul 21;6(7):e1000097 [FREE Full text] [doi:
10.1371/journal.pmed.1000097] [Medline: 19621072]

25. United Nations. World Economic Situation and Prospects 2012. New York: United Nations; 2012.
26. abstrackr. URL: http://abstrackr.cebm.brown.edu/ [accessed 2020-02-25]
27. Rayyan QCRI. URL: https://rayyan.qcri.org [accessed 2020-02-25]

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e15111 | p.429https://mhealth.jmir.org/2020/5/e15111
(page number not for citation purposes)

Hussain et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://www.cdc.gov/reproductivehealth/maternal-mortality/pregnancy-mortality-surveillance-system.htm
https://www.cdc.gov/reproductivehealth/maternal-mortality/pregnancy-mortality-surveillance-system.htm
http://dx.doi.org/10.1097/MAJ.0b013e3182896cee
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23531961&dopt=Abstract
https://mhealth.jmir.org/2016/2/e49/
http://dx.doi.org/10.2196/mhealth.5436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27207211&dopt=Abstract
https://mhealth.jmir.org/2015/1/e20/
http://dx.doi.org/10.2196/mhealth.3335
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25803705&dopt=Abstract
https://mhealth.jmir.org/2017/5/e66/
http://dx.doi.org/10.2196/mhealth.7798
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28506955&dopt=Abstract
http://dx.doi.org/10.1001/jamainternmed.2015.7667
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26831740&dopt=Abstract
https://www.pewresearch.org/global/2018/06/19/social-media-use-continues-to-rise-in-developing-countries-but-plateaus-across-developed-ones/
https://www.pewresearch.org/global/2018/06/19/social-media-use-continues-to-rise-in-developing-countries-but-plateaus-across-developed-ones/
https://www.pewresearch.org/global/2019/02/05/smartphone-ownership-is-growing-rapidly-around-the-world-but-not-always-equally/
https://www.pewresearch.org/global/2019/02/05/smartphone-ownership-is-growing-rapidly-around-the-world-but-not-always-equally/
https://mhealth.jmir.org/2015/1/e25/
http://dx.doi.org/10.2196/mhealth.3347
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25835744&dopt=Abstract
http://dx.doi.org/10.1089/cyber.2015.0549
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27327069&dopt=Abstract
https://www.jmir.org/2016/11/e290/
http://dx.doi.org/10.2196/jmir.6556
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27829574&dopt=Abstract
http://dx.doi.org/10.1007/s11892-012-0352-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23242646&dopt=Abstract
http://dx.doi.org/10.1016/j.diabres.2015.07.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26264410&dopt=Abstract
http://dx.doi.org/10.1097/GRF.0b013e318290fef0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23903374&dopt=Abstract
http://dx.doi.org/10.1089/dia.2013.1508
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23441710&dopt=Abstract
http://dx.plos.org/10.1371/journal.pone.0154664
http://dx.doi.org/10.1371/journal.pone.0154664
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27144393&dopt=Abstract
http://dx.doi.org/10.1080/09540121.2017.1280126
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28107805&dopt=Abstract
http://dx.plos.org/10.1371/journal.pone.0145238
http://dx.doi.org/10.1371/journal.pone.0145238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26731401&dopt=Abstract
http://www.crd.york.ac.uk/PROSPERO/display_record.php?ID=CRD42016051055
http://dx.plos.org/10.1371/journal.pmed.1000097
http://dx.doi.org/10.1371/journal.pmed.1000097
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19621072&dopt=Abstract
http://abstrackr.cebm.brown.edu/
https://rayyan.qcri.org
http://www.w3.org/Style/XSL
http://www.renderx.com/


28. Soltani H, Duxbury A, Arden M, Dearden A, Furness P, Garland C. Maternal obesity management using mobile technology:
a feasibility study to evaluate a text messaging based complex intervention during pregnancy. J Obes 2015;2015:814830
[FREE Full text] [doi: 10.1155/2015/814830] [Medline: 25960889]

29. Higgins JP, Altman DG, Sterne JA. Cochrane Handbook for Systematic Reviews of Interventions. Chapter 8: Assessing
Risk of Bias in Included Studies URL: https://handbook-5-1.cochrane.org/chapter_8/
8_assessing_risk_of_bias_in_included_studies.htm [accessed 2018-12-20] [WebCite Cache ID 74oFdbnqA]

30. Choi J, Lee JH, Vittinghoff E, Fukuoka Y. mHealth physical activity intervention: a randomized pilot study in physically
inactive pregnant women. Matern Child Health J 2016 May;20(5):1091-1101 [FREE Full text] [doi:
10.1007/s10995-015-1895-7] [Medline: 26649879]

31. Herring SJ, Cruice JF, Bennett GG, Rose MZ, Davey A, Foster GD. Preventing excessive gestational weight gain among
African American women: a randomized clinical trial. Obesity (Silver Spring) 2016 Jan;24(1):30-36 [FREE Full text] [doi:
10.1002/oby.21240] [Medline: 26592857]

32. Dodd JM, Louise J, Cramp C, Grivell RM, Moran LJ, Deussen AR. Evaluation of a smartphone nutrition and physical
activity application to provide lifestyle advice to pregnant women: The SNAPP randomised trial. Matern Child Nutr 2018
Jan;14(1). [doi: 10.1111/mcn.12502] [Medline: 28836373]

33. Willcox JC, Wilkinson SA, Lappas M, Ball K, Crawford D, McCarthy E, et al. A mobile health intervention promoting
healthy gestational weight gain for women entering pregnancy at a high body mass index: the txt4two pilot randomised
controlled trial. Br J Obstet Gynaecol 2017 Oct;124(11):1718-1728 [FREE Full text] [doi: 10.1111/1471-0528.14552]
[Medline: 28220604]

34. Pollak KI, Alexander SC, Bennett G, Lyna P, Coffman CJ, Bilheimer A, et al. Weight-related SMS texts promoting
appropriate pregnancy weight gain: a pilot study. Patient Educ Couns 2014 Nov;97(2):256-260 [FREE Full text] [doi:
10.1016/j.pec.2014.07.030] [Medline: 25153313]

35. Huberty JL, Buman MP, Leiferman JA, Bushar J, Hekler EB, Adams MA. Dose and timing of text messages for increasing
physical activity among pregnant women: a randomized controlled trial. Transl Behav Med 2017 Jun;7(2):212-223 [FREE
Full text] [doi: 10.1007/s13142-016-0445-1] [Medline: 27800565]

36. Redman LM, Gilmore LA, Breaux J, Thomas DM, Elkind-Hirsch K, Stewart T, et al. Effectiveness of SmartMoms, a novel
eHealth intervention for management of gestational weight gain: randomized controlled pilot trial. JMIR Mhealth Uhealth
2017 Sep 13;5(9):e133 [FREE Full text] [doi: 10.2196/mhealth.8228] [Medline: 28903892]

37. Kennelly MA, Ainscough K, Lindsay KL, O Sullivan E, Gibney ER, McCarthy M, et al. Pregnancy exercise and nutrition
with smartphone application support: a randomized controlled trial. Obstet Gynecol 2018 May;131(5):818-826. [doi:
10.1097/AOG.0000000000002582] [Medline: 29630009]

38. Abroms LC, Johnson PR, Heminger CL, van Alstyne JM, Leavitt LE, Schindler-Ruwisch JM, et al. Quit4baby: results
from a pilot test of a mobile smoking cessation program for pregnant women. JMIR Mhealth Uhealth 2015 Jan 23;3(1):e10
[FREE Full text] [doi: 10.2196/mhealth.3846] [Medline: 25650765]

39. Fujioka N, Kobayashi T, Turale S. Short-term behavioral changes in pregnant women after a quit-smoking program via
e-learning: a descriptive study from Japan. Nurs Health Sci 2012 Sep;14(3):304-311. [doi: 10.1111/j.1442-2018.2012.00702.x]
[Medline: 22950611]

40. Abroms LC, Johnson PR, Leavitt LE, Cleary SD, Bushar J, Brandon TH, et al. A randomized trial of text messaging for
smoking cessation in pregnant women. Am J Prev Med 2017 Dec;53(6):781-790 [FREE Full text] [doi:
10.1016/j.amepre.2017.08.002] [Medline: 28982527]

41. Abroms LC, Chiang S, Macherelli L, Leavitt L, Montgomery M. Assessing the national cancer institute's SmokefreeMOM
text-messaging program for pregnant smokers: pilot randomized trial. J Med Internet Res 2017 Oct 3;19(10):e333 [FREE
Full text] [doi: 10.2196/jmir.8411] [Medline: 28974483]

42. Naughton F, Prevost A, Gilbert H, Sutton S. Randomized controlled trial evaluation of a tailored leaflet and SMS text
message self-help intervention for pregnant smokers (MiQuit). Nicotine Tob Res 2012 May;14(5):569-577. [doi:
10.1093/ntr/ntr254] [Medline: 22311960]

43. Pollak KI, Lyna P, Bilheimer A, Farrell D, Gao X, Swamy GK, et al. A pilot study testing SMS text delivered scheduled
gradual reduction to pregnant smokers. Nicotine Tob Res 2013 Oct;15(10):1773-1776 [FREE Full text] [doi:
10.1093/ntr/ntt045] [Medline: 23569007]

44. Tombor I, Beard E, Brown J, Shahab L, Michie S, West R. Randomized factorial experiment of components of the SmokeFree
Baby smartphone application to aid smoking cessation in pregnancy. Transl Behav Med 2019 Jul 16;9(4):583-593 [FREE
Full text] [doi: 10.1093/tbm/iby073] [Medline: 30011020]

45. Forinash AB, Yancey A, Chamness D, Koerner J, Inteso C, Miller C, et al. Smoking cessation following text message
intervention in pregnant women. Ann Pharmacother 2018 Nov;52(11):1109-1116. [doi: 10.1177/1060028018780448]
[Medline: 29857773]

46. Naughton F, Cooper S, Foster K, Emery J, Leonardi-Bee J, Sutton S, et al. Large multi-centre pilot randomized controlled
trial testing a low-cost, tailored, self-help smoking cessation text message intervention for pregnant smokers (MiQuit).
Addiction 2017 Jul;112(7):1238-1249 [FREE Full text] [doi: 10.1111/add.13802] [Medline: 28239919]

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e15111 | p.430https://mhealth.jmir.org/2020/5/e15111
(page number not for citation purposes)

Hussain et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://dx.doi.org/10.1155/2015/814830
http://dx.doi.org/10.1155/2015/814830
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25960889&dopt=Abstract
https://handbook-5-1.cochrane.org/chapter_8/8_assessing_risk_of_bias_in_included_studies.htm
https://handbook-5-1.cochrane.org/chapter_8/8_assessing_risk_of_bias_in_included_studies.htm
http://www.webcitation.org/74oFdbnqA
http://europepmc.org/abstract/MED/26649879
http://dx.doi.org/10.1007/s10995-015-1895-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26649879&dopt=Abstract
https://doi.org/10.1002/oby.21240
http://dx.doi.org/10.1002/oby.21240
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26592857&dopt=Abstract
http://dx.doi.org/10.1111/mcn.12502
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28836373&dopt=Abstract
https://doi.org/10.1111/1471-0528.14552
http://dx.doi.org/10.1111/1471-0528.14552
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28220604&dopt=Abstract
http://europepmc.org/abstract/MED/25153313
http://dx.doi.org/10.1016/j.pec.2014.07.030
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25153313&dopt=Abstract
http://europepmc.org/abstract/MED/27800565
http://europepmc.org/abstract/MED/27800565
http://dx.doi.org/10.1007/s13142-016-0445-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27800565&dopt=Abstract
https://mhealth.jmir.org/2017/9/e133/
http://dx.doi.org/10.2196/mhealth.8228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28903892&dopt=Abstract
http://dx.doi.org/10.1097/AOG.0000000000002582
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29630009&dopt=Abstract
https://mhealth.jmir.org/2015/1/e10/
http://dx.doi.org/10.2196/mhealth.3846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25650765&dopt=Abstract
http://dx.doi.org/10.1111/j.1442-2018.2012.00702.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22950611&dopt=Abstract
http://europepmc.org/abstract/MED/28982527
http://dx.doi.org/10.1016/j.amepre.2017.08.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28982527&dopt=Abstract
https://www.jmir.org/2017/10/e333/
https://www.jmir.org/2017/10/e333/
http://dx.doi.org/10.2196/jmir.8411
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28974483&dopt=Abstract
http://dx.doi.org/10.1093/ntr/ntr254
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22311960&dopt=Abstract
http://europepmc.org/abstract/MED/23569007
http://dx.doi.org/10.1093/ntr/ntt045
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23569007&dopt=Abstract
http://europepmc.org/abstract/MED/30011020
http://europepmc.org/abstract/MED/30011020
http://dx.doi.org/10.1093/tbm/iby073
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30011020&dopt=Abstract
http://dx.doi.org/10.1177/1060028018780448
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29857773&dopt=Abstract
http://europepmc.org/abstract/MED/28239919
http://dx.doi.org/10.1111/add.13802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28239919&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


47. Moniz MH, Hasley S, Meyn LA, Beigi RH. Improving influenza vaccination rates in pregnancy through text messaging:
a randomized controlled trial. Obstet Gynecol 2013 Apr;121(4):734-740. [doi: 10.1097/AOG.0b013e31828642b1] [Medline:
23635672]

48. Yudin MH, Mistry N, de Souza LR, Besel K, Patel V, Mejia SB, et al. Text messages for influenza vaccination among
pregnant women: A randomized controlled trial. Vaccine 2017 Feb 1;35(5):842-848. [doi: 10.1016/j.vaccine.2016.12.002]
[Medline: 28062124]

49. Moniz M, Meyn L, Beigi R. Text messaging to improve preventive health attitudes and behaviors during pregnancy: a
prospective cohort analysis. J Reprod Med 2015;60(9-10):378-382. [Medline: 26592061]

50. Dalrymple PW, Rogers M, Zach L, Turner K, Green M. Collaborating to develop and test an enhanced text messaging
system to encourage health information seeking. J Med Libr Assoc 2013 Jul;101(3):224-227 [FREE Full text] [doi:
10.3163/1536-5050.101.3.014] [Medline: 23930095]

51. Bush J, Barlow DE, Echols J, Wilkerson J, Bellevin K. Impact of a mobile health application on user engagement and
pregnancy outcomes among Wyoming medicaid members. Telemed J E Health 2017 Nov;23(11):891-898 [FREE Full text]
[doi: 10.1089/tmj.2016.0242] [Medline: 28481167]

52. Krishnamurti T, Davis AL, Wong-Parodi G, Fischhoff B, Sadovsky Y, Simhan HN. Development and testing of the
MyHealthyPregnancy app: a behavioral decision research-based tool for assessing and communicating pregnancy risk.
JMIR Mhealth Uhealth 2017 Apr 10;5(4):e42 [FREE Full text] [doi: 10.2196/mhealth.7036] [Medline: 28396302]

53. Ledford CJ, Canzona MR, Cafferty LA, Hodge JA. Mobile application as a prenatal education and engagement tool: a
randomized controlled pilot. Patient Educ Couns 2016 Apr;99(4):578-582. [doi: 10.1016/j.pec.2015.11.006] [Medline:
26610389]

54. Evans WD, Bihm JW, Szekely D, Nielsen P, Murray E, Abroms L, et al. Initial outcomes from a 4-week follow-up study
of the Text4baby program in the military women's population: randomized controlled trial. J Med Internet Res 2014 May
20;16(5):e131 [FREE Full text] [doi: 10.2196/jmir.3297] [Medline: 24846909]

55. Evans WD, Wallace JL, Snider J. Pilot evaluation of the text4baby mobile health program. BMC Public Health 2012 Nov
26;12:1031 [FREE Full text] [doi: 10.1186/1471-2458-12-1031] [Medline: 23181985]

56. Takeuchi S, Horiuchi S. Randomised controlled trial using smartphone website vs leaflet to support antenatal perineal
massage practice for pregnant women. Women Birth 2016 Oct;29(5):430-435 [FREE Full text] [doi:
10.1016/j.wombi.2016.01.010] [Medline: 26906970]

57. van Dijk MR, Huijgen NA, Willemsen SP, Laven JS, Steegers EA, Steegers-Theunissen RP. Impact of an mHealth platform
for pregnancy on nutrition and lifestyle of the reproductive population: a survey. JMIR Mhealth Uhealth 2016 May
27;4(2):e53 [FREE Full text] [doi: 10.2196/mhealth.5197] [Medline: 27234926]

58. Smith GN, Louis JM, Saade GR. Pregnancy and the postpartum period as an opportunity for cardiovascular risk identification
and management. Obstet Gynecol 2019 Oct;134(4):851-862. [doi: 10.1097/AOG.0000000000003363] [Medline: 31503139]

59. Badawy SM, Thompson AA, Liem RI. Technology access and smartphone app preferences for medication adherence in
adolescents and young adults with sickle cell disease. Pediatr Blood Cancer 2016 May;63(5):848-852. [doi:
10.1002/pbc.25905] [Medline: 26844685]

60. Iribarren SJ, Cato K, Falzon L, Stone PW. What is the economic evidence for mHealth? A systematic review of economic
evaluations of mHealth solutions. PLoS One 2017;12(2):e0170581 [FREE Full text] [doi: 10.1371/journal.pone.0170581]
[Medline: 28152012]

61. Overdijkink SB, Velu AV, Rosman AN, van Beukering MD, Kok M, Steegers-Theunissen RP. The usability and effectiveness
of mobile health technology-based lifestyle and medical intervention apps supporting health care during pregnancy:
systematic review. JMIR Mhealth Uhealth 2018 Apr 24;6(4):e109 [FREE Full text] [doi: 10.2196/mhealth.8834] [Medline:
29691216]

Abbreviations
CVD: cardiovascular disease
mHealth: mobile health
NIT: National Institutes of Health
NIH QAT: NIH Quality Assessment Tool
PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analysis
RCT: randomized controlled trial
RR: relative risk

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e15111 | p.431https://mhealth.jmir.org/2020/5/e15111
(page number not for citation purposes)

Hussain et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://dx.doi.org/10.1097/AOG.0b013e31828642b1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23635672&dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2016.12.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28062124&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26592061&dopt=Abstract
http://europepmc.org/abstract/MED/23930095
http://dx.doi.org/10.3163/1536-5050.101.3.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23930095&dopt=Abstract
http://europepmc.org/abstract/MED/28481167
http://dx.doi.org/10.1089/tmj.2016.0242
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28481167&dopt=Abstract
https://mhealth.jmir.org/2017/4/e42/
http://dx.doi.org/10.2196/mhealth.7036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28396302&dopt=Abstract
http://dx.doi.org/10.1016/j.pec.2015.11.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26610389&dopt=Abstract
https://www.jmir.org/2014/5/e131/
http://dx.doi.org/10.2196/jmir.3297
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24846909&dopt=Abstract
https://bmcpublichealth.biomedcentral.com/articles/10.1186/1471-2458-12-1031
http://dx.doi.org/10.1186/1471-2458-12-1031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23181985&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1871-5192(16)00034-2
http://dx.doi.org/10.1016/j.wombi.2016.01.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26906970&dopt=Abstract
https://mhealth.jmir.org/2016/2/e53/
http://dx.doi.org/10.2196/mhealth.5197
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27234926&dopt=Abstract
http://dx.doi.org/10.1097/AOG.0000000000003363
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31503139&dopt=Abstract
http://dx.doi.org/10.1002/pbc.25905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26844685&dopt=Abstract
http://dx.plos.org/10.1371/journal.pone.0170581
http://dx.doi.org/10.1371/journal.pone.0170581
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28152012&dopt=Abstract
https://mhealth.jmir.org/2018/4/e109/
http://dx.doi.org/10.2196/mhealth.8834
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29691216&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Edited by G Eysenbach; submitted 26.06.19; peer-reviewed by J Coleman, S Badawy, MDG Pimentel, SGS Shah; comments to author
03.10.19; revised version received 22.11.19; accepted 26.01.20; published 28.05.20.

Please cite as:
Hussain T, Smith P, Yee LM
Mobile Phone–Based Behavioral Interventions in Pregnancy to Promote Maternal and Fetal Health in High-Income Countries:
Systematic Review
JMIR Mhealth Uhealth 2020;8(5):e15111
URL: https://mhealth.jmir.org/2020/5/e15111 
doi:10.2196/15111
PMID:32463373

©Tasmeen Hussain, Patricia Smith, Lynn M Yee. Originally published in JMIR mHealth and uHealth (http://mhealth.jmir.org),
28.05.2020. This is an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in JMIR mHealth and uHealth, is properly cited. The complete bibliographic information,
a link to the original publication on http://mhealth.jmir.org/, as well as this copyright and license information must be included.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e15111 | p.432https://mhealth.jmir.org/2020/5/e15111
(page number not for citation purposes)

Hussain et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://mhealth.jmir.org/2020/5/e15111
http://dx.doi.org/10.2196/15111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32463373&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Mobile App to Improve House Officers’ Adherence to Advanced
Cardiac Life Support Guidelines: Quality Improvement Study

Vittal Hejjaji1, MD; Ali O Malik1, MD; Poghni A Peri-Okonny1, MD, MSc; Merrill Thomas1, MD; Yuanyuan Tang1,

PhD; David Wooldridge2, MD; John A Spertus1, MD, MPH; Paul S Chan1, MD, MSc
1Department of Cardiovascular Medicine, Saint Luke's Mid America Heart Institute, University of Missouri Kansas City, Kansas City, MO, United
States
2Department of Internal Medicine, University of Missouri Kansas City, Kansas City, MO, United States

Corresponding Author:
Vittal Hejjaji, MD
Department of Cardiovascular Medicine
Saint Luke's Mid America Heart Institute
University of Missouri Kansas City
4401 Wornall Rd
Kansas City, MO
United States
Phone: 1 2162781685
Email: hejjajiv@umkc.edu

Abstract

Background: Effective and timely delivery of cardiac arrest interventions during in-hospital cardiac arrest resuscitation is
associated with greater survival. Whether a mobile app that provides timely reminders of critical interventions improves adherence
to Advanced Cardiovascular Life Support (ACLS) guidelines among house officers, who may lack experience in leading
resuscitations, remains unknown.

Objective: The aim of this study was to assess the impact of a commercially available, dynamic mobile app on house officers’
adherence to ACLS guidelines.

Methods: As part of a quality improvement initiative, internal medicine house officers were invited to participate and randomized
to lead 2 consecutive cardiac arrest simulations, one with a novel mobile app and one without a novel mobile app. All simulations
included 4 cycles of cardiopulmonary resuscitation with different cardiac arrest rhythms and were video recorded. The coprimary
end points were chest compression fraction and number of correct interventions in each simulation. The secondary end point was
incorrect interventions, defined as interventions not indicated by the 2015 ACLS guidelines. Paired t tests compared performance
with and without the mobile app.

Results: Among 53 house officers, 26 house officers were randomized to lead the first simulation with the mobile app, and 27
house officers were randomized to do so without the app. Use of the mobile app was associated with a higher number of correct
ACLS interventions (out of 7; mean 6.2 vs 5.1; absolute difference 1.1 [95% CI 0.6 to 1.6]; P<.001) as well as fewer incorrect
ACLS interventions (mean 0.3 vs 1.0; absolute difference –0.7 [95% CI –0.3 to –1.0]; P<.001). Simulations with the mobile app
also had a marginally higher chest compression fraction (mean 90.9% vs 89.0%; absolute difference 1.9% [95% CI 0.6% to
3.4%]; P=.007).

Conclusions: This proof-of-concept study suggests that this novel mobile app may improve adherence to ACLS protocols, but
its effectiveness on survival in real-world resuscitations remains unknown.

(JMIR Mhealth Uhealth 2020;8(5):e15762)   doi:10.2196/15762
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Introduction

Background
Advanced Cardiovascular Life Support (ACLS) guidelines
provide evidence-based algorithms to optimize the likelihood
of survival in patients with in-hospital cardiac arrest (IHCA)
[1]. Several ACLS components as well as the recent 2015
American Heart Association (AHA) resuscitation guidelines
are critical for high-quality cardiopulmonary resuscitation (CPR)
[2]. These include minimizing interruptions to chest
compressions to achieve a high compression fraction, timely
defibrillation, accurate and timely dosing of vasoactive drugs,
and avoiding inappropriate ACLS treatments (eg, atropine for
asystole). However, there is wide hospital-level variability in
the delivery of timely defibrillation and epinephrine [3,4].
Whether a novel and portable mobile app that tracks critical
interventions and provides real-time reminders and dosing
guidance during a resuscitation improves adherence to ACLS
guidelines remains unclear, but this would be important to
understand as it may help reduce variability in the delivery of
potentially lifesaving interventions.

Acute resuscitations are often chaotic, which may contribute to
the variability in adherence to ACLS guidelines, thus attenuating
the benefits of ACLS [5]. At many hospitals, this is compounded
by the fact that house officers often lead resuscitations, although
they may have little experience and feel inadequately prepared
[6]. Use of an auxiliary mobile phone tool that includes real-time
prompts for when to defibrillate or administer vasoactive
medications, separate clocks for tracking chest compression
duration and time since last defibrillation or vasoactive
medication intervention, and dosing guidance for vasoactive
medications (such as for epinephrine and amiodarone) may be
an important adjunct to facilitate high-quality CPR among house
officers. Moreover, such a tool has the potential to minimize
interventions that are no longer recommended or even
inappropriate per the current ACLS guidelines, such as
procainamide or sodium bicarbonate.

Objective
As part of a quality improvement program, we conducted a
clinical trial wherein each house officer was randomized to
perform a cardiac arrest simulation with and without a mobile
app designed to support the use of ACLS guidelines. We
examined whether use of the mobile app was associated with a
higher number of correct ACLS interventions performed and
chest compression fraction, as well as fewer inappropriate
interventions, in a simulation setting.

Methods

Study Population and Setting
This study required all participants to perform 2 resuscitation
simulations, one with and one without the ACLS mobile app.
The study was a quality improvement initiative within the
internal medicine residency program at the University of
Missouri-Kansas City School of Medicine. All categorical and
preliminary house officers were invited to participate by the
residency director (DW). Participation was voluntary. A total
of 53 ACLS-certified house officers out of 60 participated in
the study between August 6, 2018, and September 7, 2018. The
study was approved by the institutional review board at Saint
Luke’s Hospital in Kansas City, Missouri (approved on
November 4, 2018), as a quality improvement study. Regardless,
individual informed consent was obtained for randomization
and study participation.

Study simulations were conducted at an AHA-certified training
center in Kansas City, Missouri, which frequently conducts
mock codes to mimic a real-world inpatient setting. All house
officer participants completed 2 different 10- to 12-min
simulations consecutively—one with the mobile app and the
other without the mobile app. Each of the 2 simulations
comprised 4 cycles of CPR, rhythm identification, and
defibrillation or drug administration, each cycle lasting for 2
min. A random number generator determined whether the house
officer performed the first or second simulation with the mobile
app tool (Figure 1).

Figure 1. Scheme of randomization for leading each scenario with or without the mobile app.
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The different cardiac arrest rhythms used in each scenario are
shown in Figure 2. Although the scenario in which the house
officer would use the mobile app was decided randomly, the
sequence of the 2 simulations itself varied depending on the
day of the week on which the house officer participated in the
study, such that half the days started with scenario 1 and the
other half started with scenario 2.

All resuscitation equipment, such as the defibrillator,
medications, intravenous lines, and airway, were obtained from
a real-world crash cart. Two certified training personnel with
predefined roles were assigned to each simulation. For data
acquisition, both simulations (with and without the mobile app)
were videotaped to ensure accurate documentation and timing
of interventions for end point assessment.

Figure 2. Scheme of cardiac arrest rhythms used in each scenario.

Study Intervention
The intervention of interest was a mobile app for ACLS delivery,
which can be downloaded onto any smartphone and is
compatible with both Android and iPhone operating system
platforms. The Redivus Code Blue app was created and licensed
by Redivus Health, and it is commercially available on Google
Play and Apple App Store.

The goal of the mobile app is to offload team leader burden and
simultaneously reduce delays in ACLS treatments, while
increasing adherence to ACLS guidelines and AHA quality
metrics. Activation of the Code Blue interface within the app
initiates 2 sets of timers. One timer is for the CPR cycle and
provides prompts for regular pulse checks at 2-min intervals,
as recommended in ACLS. The second timer provides prompts
for when the next defibrillation attempt or vasoactive medication
dose should be administered, depending on the identified cardiac
arrest rhythm (Multimedia Appendices 1 and 2 show the
screenshots of the mobile app depicting the sequence of events).
These time intervals are based on existing resuscitation
guidelines (eg, 3 to 5 min between subsequent epinephrine
doses). In addition to avoiding delays in administering
treatments, the mobile app also provides guidance for the next
recommended intervention and dosing in the ACLS algorithm
to prevent deviation from guideline recommendations.

For this study, once informed consent was obtained, each
participant was oriented to the mobile app through a 10-min
prerecorded video, as well as to the simulation environment
including personnel. All participants were permitted to use other
decision aids (eg, ACLS algorithm card) they would normally
use in either simulation to reflect usual care. They were then
randomized to perform the first or second simulation with the
mobile app.

Study Outcomes
Our coprimary outcomes were overall compression fraction and
the number of correct ACLS interventions. For the outcome of
correct ACLS interventions, each of the 2 scenarios had a total

of 7 correct interventions (defibrillation, epinephrine, and
amiodarone). A correct intervention was defined as timely
administration of the correct intervention (defibrillation or
medication, including drug dose) per the ACLS protocol. If a
correct intervention was skipped or the wrong medication dose
was administered, a point was deducted from the total score of
7. In addition, we examined as a secondary outcome, the number
of incorrect interventions, defined as an inappropriate ACLS
treatment based on cardiac arrest rhythm. Examples of incorrect
treatment include defibrillation for a nonshockable cardiac arrest
rhythm and medications not recommended in the current ACLS
guidelines (eg, atropine, bicarbonate, and procainamide).

Statistical Analysis
Each simulation recording was viewed and graded by research
personnel, equally divided among the 4 individuals, with 10%
of the simulations validated by a second reviewer, who
separately graded the simulation to ensure accuracy and
consistency in scoring. Discordant ratings between 2 graders
were resolved by a third researcher (PC). Each research
personnel grading the simulations was provided with a structured
score sheet and instructions detailing the use of the score sheet.
Compression fraction was defined as the total amount of time
(in seconds) taken for performing CPR divided by the total time
of the simulation, and this was obtained from the time stamp
for each period in the simulation scenario when CPR was and
was not being administered. Similarly, for the number of correct
ACLS interventions, we used the time stamp to ensure timely
delivery of medications and defibrillations. For epinephrine and
amiodarone dosing, where the recommended interval is 3 to 5
min between doses, we allowed a 15-second grace window on
either side of this time interval and graded all medication doses
ordered between 2:45 and 5:15 min as correct, as long as the
medication dosing was also correct (1 mg of epinephrine; 300
mg and 150 mg for the first and second doses of amiodarone,
respectively) and as long as it was the appropriate treatment for
the identified rhythm.

For the coprimary outcomes, we used a paired t test to assess
differences. For the secondary outcome of incorrect number of
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interventions, we used the Wilcoxon signed-rank test to estimate
the effect of the mobile app on ACLS adherence. In addition,
we conducted additional interaction analyses to assess whether
the study outcome results differed by the house officer’s level
of training (first vs second vs third year), whether the mobile
app was used for the first or the second simulation to rule out
a “learning effect,” and whether the house officer had previous
experience with leading a real-world resuscitation event in the
hospital. To accomplish this, we constructed 3 multivariable
models with correct and incorrect interventions as the outcome
and separately evaluated interaction terms between use of the
mobile app and these 3 study factors, using linear regression.
All analyses were performed using SAS version 9.4 (SAS
institute, Cary, North Carolina, United States) and were
evaluated at a two-sided significance level of .05.

Results

User Statistics
Of the 53 participants in the study, 24 (45%) participants were
first-year, 15 (28%) participants were second-year, and 14 (26%)
participants were third-year house officers. Approximately half
of the (26/53, 49%) house officers were randomized to use the
mobile app for their first simulation. A total of 10 house officers
(10/53, 19%) had previously led at least one real-world
resuscitation for cardiac arrest in the hospital.

Evaluation Outcomes
Overall, use of the mobile app resulted in a small improvement
in compression fraction (mean 90.9% vs 89.0%; absolute
difference 1.9% [95% CI 0.6% to 3.4%]; P=.007; Table 1).

Table 1. Effect of the mobile app on study outcomes.

P valueAbsolute difference with the app, (95% CI)With the app, mean (SD)Without the app, mean (SD)Outcome variable

.0071.9% (0.6% to 3.4%)90.9% (2.3%)89.0% (5.0%)Compression fraction

<.0011.1 (0.6 to 1.6)6.2 (1.1)5.1 (1.6)Number of correct interventions

<.001−0.7 (−0.3 to −1.0)0.3 (0.6)1.0 (1.3)Number of incorrect interventions

The number of correct ACLS interventions (out of 7) was
significantly higher among simulations in which the mobile app
was used (mean 6.2 vs 5.1; absolute difference 1.1 [95% CI 0.6

to 1.6]; P<.001). The reasons for not receiving credit for a
correct intervention during the simulations, stratified by mobile
app use, are outlined in Table 2.

Table 2. Most common reasons for not performing a correct Advanced Cardiovascular Life Support intervention.

With the app, nWithout the app, nTotal, NReason for missing intervention

Epinephrine

Incorrect epinephrine timing

21315First dose

72027Second dose

Amiodarone

91928Failed to give second dose of amiodarone

41317Failed to give any dose of amiodarone

Incorrect amiodarone dose

268First dose

415Second dose

5510Incorrect amiodarone timing

Chest compressions

077Pulse check at irregular intervals affecting overall compression fraction

The most common reasons for missing a correct ACLS
intervention were incorrect timing of epinephrine dose (n=42)
and not administering amiodarone at all when indicated by
ACLS guidelines (n=45). These occurred more commonly in
simulations performed with usual care than with the mobile
app.

For our secondary outcome, use of the mobile app also resulted
in a fewer number of incorrect interventions (mean 0.3 vs 1.0;
absolute difference −0.7 [95% CI −0.3 to −1.0]; P<.001). The
most common reasons for an incorrect intervention are
summarized in Table 3.
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Table 3. Most common incorrect Advanced Cardiovascular Life Support interventions performed.

With the app, nWithout the app, nTotal, NIncorrect intervention

71017Incorrect rhythm identification

31013Incorrect administration of epinephrine and failure to defibrillate pulseless ventricular
tachycardia/ventricular fibrillation

178Inappropriate defibrillation for PEAa

257Used atropine to treat PEA

336Checked blood pressure during chest compressions

aPEA: pulseless electrical activity.

The most common reasons included incorrect rhythm
identification (n=17), incorrectly administering epinephrine and
not performing defibrillation for a shockable cardiac arrest
rhythm (n=13), inappropriate defibrillation for a nonshockable
pulseless electrical activity (PEA) rhythm (n=8), and use of
atropine for a PEA cardiac arrest rhythm (n=7). Use of the
mobile app resulted in a numerically lower number of each of
these incorrect interventions.

Finally, there were no significant interactions (all P values for
interaction were >.31) between the use of the mobile app and

the year of house officer training, whether the mobile app was
used for the first or second simulation, and whether the
participant had previously led a resuscitation in the hospital
setting for either the end point of the number of correct
interventions or the number of incorrect interventions (Table
4).

After the completion of the 2 simulations, participants were
given the opportunity to describe their experience using the
mobile app, and the most common comments reported by 2 or
more participants are summarized in Textbox 1.

Table 4. Interaction analyses for the end points of total correct interventions and total incorrect interventions.

P valueInteraction variables

Number of correct interventions

>.99App usage x house officer training level

.32App usage x sequencea

.50App usage x previous experience in leading codes

Number of incorrect interventions

.50App usage x house officer training level

.31App usage x sequencea

.52App usage x previous experience in leading codes

aIndicates the sequence of simulations (whether mobile app was used with the first or second simulation).
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Textbox 1. Qualitative data from the participants.

House officers’ comments postintervention:

1. Advantages

• “The app was most useful for timing of cycles and Epi intervals”

• “Good experience. I like the functionality of the app. If the documents section can be integrated into the existing EMR so that the physician
can look at comorbidities and history that would be very helpful.”

• “I could definitely see an improvement in adhering to the guidelines using the app. At our institution nursing staff keeps track of time.
Having to keep time threw me off a little during the simulation without the app. Overall it was a great experience using the app”

• “If you don’t remember the sequence the app prompts you which is great. If you do remember the sequence the app still keeps all the timing
appropriate and code running smoothly”

• “Although this study was among resident doctors due to the fact that it is currently expected of all doctors to be well versed in running code
blues, with apps like these it should be possible for any health care professional to successfully run a code blue”

2. Limitations/suggestions for improvement

• “I would strongly suggest use vibratory cues for the timing. I found myself looking down too much at the app and not enough at assessing
clinical status”

• “My only concern with the app is for some medications, it doesn’t specify the dose until it is time for it to be given. It would be nice if the
amount of the next dose was displayed, so you could ready it in advance”

Discussion

Principal Findings
In this quality improvement trial to improve the rates of ACLS
adherence among internal medicine house officers in simulations
of IHCAs, we evaluated the impact of a dynamic mobile app
that provides timely reminders and dosing guidance for ACLS
interventions to the resuscitation team leader. Using each
participant as their own control, we found that the use of this
mobile app increased overall compression fraction and the
number of correct interventions. Moreover, the use of the mobile
app resulted in 19 fewer occasions of incorrect interventions
delivered. In addition, the results for all 3 outcomes were not
different, regardless of the house officer’s year of training,
previous experience with leading in-hospital resuscitations, and
whether the app was used for the first or second simulation.
This study’s findings suggest that the use of novel assistive
technologies such as this mobile app could improve adherence
to ACLS guidelines in hospitalized patients with cardiac arrest.

Comparison With Previous Work
To the best of our knowledge, this is the first study in the United
States to have evaluated the use of a cardiac arrest mobile app
among house officers. Most teaching hospitals have resuscitation
teams structured around house officers being the team leader
[7]. The chaotic and often disorganized environment of an
emergent cardiac arrest resuscitation, as well as house officers’
infrequent exposure to leading resuscitations, makes house
officers particularly suitable candidates for the use of mobile
apps, such as the one used in this study, to minimize team leader
burden. Dynamic decision aids that can reduce this burden on
physician trainees have the potential to improve resuscitation
care by increasing ACLS adherence and the overall quality of
CPR delivered [8]. Improving adherence and standardizing care
are important, as delays in the administration of defibrillation
for a shockable rhythm and epinephrine for a nonshockable

rhythm have been associated with worse survival outcomes for
IHCA [9-11]. Furthermore, ACLS and the 2015 AHA
resuscitation guidelines have highlighted the importance of
effective chest compressions throughout the resuscitation
process; therefore, minimizing interruptions to chest
compressions should be a primary goal of all resuscitations [12].

Overall, this study found that house officers achieved a 22%
relative increase in the number of correct ACLS interventions
(6.2 vs 5.1). We found that the use of the mobile app ensured
proper timing and dosing of the vasoactive medications,
epinephrine and amiodarone, and failure to do so was the most
common reason for missing a correct ACLS intervention in this
study (see Table 2). Less robust results (15% relative increase)
were observed in another study examining the use of a different
electronic decision support tool among fourth-year medical
students [8]. Moreover, this other study was conducted before
the 2015 AHA/ACLS update, which delineated the importance
of compression fraction and recommended an average fraction
of more than 60% to be ideal [13]. Although this study showed
a small improvement in compression fraction with the use of
the mobile app, it remained above 60% and, more importantly,
was not lower than that with usual care, as there may be
concerns that decision tools may increase the frequency of
interruptions to chest compressions [14].

Beyond improving adherence to correct ACLS interventions,
we also found that it decreased the delivery of incorrect
interventions. Inaccurate rhythm identification by house officers
was the most common error and an issue for which the mobile
app provides no benefit, as the app relies on the house officer
to correctly identify the cardiac arrest rhythm to trigger the
proper algorithm. We found that there were 10 inaccurate
rhythm identifications in simulations without the mobile app
and 7 inaccurate rhythm identifications with the app. The other
reasons for an incorrect ACLS intervention were areas for which
the mobile app can provide benefit. Administering epinephrine
without defibrillating a shockable cardiac arrest rhythm or
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defibrillating a nonshockable rhythm clearly indicates difficulty
of the team leader to recall the correct ACLS algorithm, and
this was more common in simulations without the mobile app
than with its use (see Table 3). Given that the use of the mobile
app significantly reduced the number of potentially
life-threatening incorrect interventions, we believe it to be
extremely useful in a clinical setting, but further studies with
real-world use of the app will determine if the differences
noticed in this analysis are clinically relevant.

Limitations
This study should be interpreted in the context of several
limitations. First, the mobile ACLS app was evaluated in a
controlled simulation setting, and its use and impact during
emergent hospital resuscitations were not evaluated. As such,
this trial is a proof-of-concept study of the mobile app’s value,
but it will require further validation in real-world settings. This
is particularly important because the potential benefits of using
a mobile app are dependent on the app being used and the
frequency and consistency of launching the app, and any delays
in doing so are unknown and need to be examined in future
studies. Moreover, the impact of the mobile app on overall
survival rates for IHCA is unknown. Second, other components
of resuscitation quality, such as ventilation and chest

compression depth and rate, are not influenced by the mobile
app. Therefore, the mobile app is only able to affect some, but
not all, aspects of emergent resuscitation care. Third, this mobile
app was evaluated among house officers only, and its benefits
may not be generalizable to more experienced physicians. It is
possible that experienced physicians have fewer gaps in the
quality of their acute resuscitation care and that the mobile app
would have little benefit. It is also possible that house officers
attend more acute resuscitations in the hospital than other
physicians and that the mobile app may show even greater
benefit in physicians who have long completed their training.
Fourth, this was a single-center study, and the findings may not
reflect practice patterns at other institutions. Finally, the mobile
app was designed to reduce team leader burden, but it has no
direct effect on the team leader’s leadership skills, which can
play an important role in resuscitation care variability.

Conclusions
The use of a novel mobile app by house officers during
simulations for IHCA was associated with better adherence to
ACLS performance measures, a lower rate of incorrect
interventions, and a mildly higher chest compression fraction.
Given these promising findings, further testing in real-world
care should be conducted.
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Multimedia Appendix 1
Mobile app screenshots depicting the sequence of events for a nonshockable rhythm. A: The appropriate rhythm type is selected
by the user. B: The app prompts the user to use epinephrine. C: Once epinephrine is delivered, a separate timer starts for the next
dose of epinephrine. VFIB: ventricular fibrillation; VTACH: ventricular tachycardia; PEA: pulseless electrical activity; AED:
automated external defibrillator; Defib: defibrillation.
[PNG File , 210 KB - mhealth_v8i5e15762_app1.png ]

Multimedia Appendix 2
Mobile app screenshots depicting the sequence of events for a shockable rhythm. A: The appropriate rhythm type is selected by
the user. B: The app prompts the user to use the defibrillator by following steps 1 to 4, thereby avoiding chest compression
interruptions during defibrillation. C: Once shock is delivered, a separate timer starts for the next dose of amiodarone. VFIB:
ventricular fibrillation; VTACH: ventricular tachycardia; PEA: pulseless electrical activity.
[PNG File , 255 KB - mhealth_v8i5e15762_app2.png ]

Multimedia Appendix 3
CONSORT-eHEALTH checklist (V 1.6.1).
[PDF File (Adobe PDF File), 1696 KB - mhealth_v8i5e15762_app3.pdf ]
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Abstract

Background: Cancer care coordination addresses the fragmented and inefficient care of individuals with complex care needs.
The complexity of care coordination can be aided by innovative technology. Few examples of information technology-enabled
care coordination exist beyond the conventional telephone follow-up. For this study, we implemented a custom-designed app,
the Personal Health Network (PHN)—a Health Insurance Portability and Accountability Act-compliant social network built
around a patient to enable patient-centered health and health care activities in collaboration with clinicians, care team members,
caregivers, and others designated by the patient. The app facilitates a care coordination intervention for patients undergoing
chemotherapy.

Objective: This study aimed to understand patient experiences with PHN technology and assess their perspectives on the
usability and usefulness of PHNs with care coordination during chemotherapy.

Methods: A two-arm randomized clinical trial was conducted to compare the PHN and care coordination with care coordination
alone over a 6-month period beginning with the initiation of chemotherapy. A semistructured interview guide was constructed
based on a theoretical framework of technology acceptance addressing usefulness, usability, and the context of use of the technology
within the participant’s life and health care setting. All participants in the intervention arm were interviewed on completion of
the study. Interviews were recorded and transcribed verbatim. A summative thematic analysis was completed for the transcribed
interviews. Features of the app were also evaluated.

Results: A total of 27 interviews were completed. The resulting themes included the care coordinator as a partner in care,
learning while sick, comparison of other technology to make sense of the PHN, communication, learning, usability, and usefulness.
Users expressed that the nurse care coordinators were beneficial to them because they helped them stay connected to the care
team and answered their questions. They shared that the mobile app gave them access to the health information they were seeking.
Users expressed that the mobile app would be more useful if it was fully integrated with the electronic health record.

Conclusions: The findings highlight the value of care coordination from the perspectives of cancer patients undergoing
chemotherapy and the important role of technology, such as the PHN, in enhancing this process by facilitating better communication
and access to information regarding their illness.

(JMIR Mhealth Uhealth 2020;8(5):e16527)   doi:10.2196/16527
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Introduction

Background
Cancer care in the United States is fragmented [1-5] and
complex [6]. The management of therapies, such as
chemotherapy, requires the coordination of multiple hospital
services and outpatient clinics [7]. Care coordination has been
identified as a promising strategy for improving health care
quality [8,9]. Engaging health care teams to actively participate
in care coordination can be beneficial to patients in areas of
improving communication, building trust, and facilitating
transitions in care [10,11]. Successful care coordination involves
effective communication among patients, their family members,
and their care providers [12,13]. Communication between cancer
patients and their health care team members can affect important
health care decisions [14-16]. Patients face challenges such as
lack of effective ways to document their health information
while at the clinic or when they are away from home and lack
of access care-related information [17].

It has been suggested that technology can aid in care
coordination [18,19]. However, most information
technology-enabled care coordination interventions have
primarily utilized telephonic contact with limited examples of
telehealth [9,20]. With technologies in communication and
computing that have improved rapidly over the past decade,
mobile health (mHealth) has enabled the collection of data,
encouragement of healthy lifestyle changes, and improved
management of care, especially in underserved and remote areas
[21,22]. Mobile apps developed for cancer treatment can
facilitate patient and provider communication, help manage
patient information, and provide education around treatment

follow-up [23]. Some features that may support a person’s
confidence in their ability to manage their own care include
calendars, logging symptoms, tracking medications, and taking
notes as needed [17]. Although mHealth is promising, the
specific benefits to cancer care coordination have yet to be
evaluated.

Objective
The Personal Health Network (PHN), a personalized, electronic
social network built around a patient for collaboration with
clinicians, care team members, caregivers, and others designated
by a patient, was designed to address the challenges of cancer
care coordination [24]. The objective of this study was to
understand the participants’ experiences with PHN technology
and to assess their perceptions of usability and usefulness of
the PHN on care coordination during chemotherapy.

Methods

Application Description
The PHN care coordination mHealth app was developed by a
multidisciplinary group of experts who reviewed features from
the published literature, assessed prototype versions [24] and
conducted a user-centered design study with an evaluation of
usability among patients [25]. The app consists of a dashboard
for viewing all components of the care plan, contact information
for members of the care team, regular symptom assessment
surveys and other validated instruments to collect data on health
issues and patient-reported outcomes, a self-management library
of curated health information in Web, print, and video formats,
a calendar with space for open-ended notes/journaling, secure
messaging, and multiparty video chat (Figure 1).
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Figure 1. The Personal Health Network app, top left, dashboard, top right, care team including health professionals and family caregivers, bottom left,
symptom assessment and person-reported outcomes, bottom right, self-management library.

Recruitment and Enrollment
This study was a component of a small, two-arm (N=63),
randomized, pragmatic trial, in which the intervention group
received the PHN technology and nurse care coordination,
whereas the control group received nurse care coordination
alone. Three registered nurses with care coordination training
and experience provided care coordination to both arms. All

trial participants were English-speaking, over the age of 18
years, received care at an urban comprehensive cancer center,
had a primary diagnosis of cancer (any site), were initiating
chemotherapy and had an expected survival of at least six
months. All participants were followed up for 6 months after
enrollment. Those in the intervention arm received an 8.4-inch
Samsung Galaxy tablet with Wi-Fi and 4G data plan (Galaxy
Tab Pro 8.4 SM-T325 loaded with Android 4.4 Kitkat and
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TouchWiz UX software), and an individual orientation to the
tablet and the PHN on enrollment. Technical assistance was
embedded in the PHN app, and a telephone helpline was also
made available. On study completion, all participants were
allowed to retain the tablet. All participants in the intervention
arm were asked to participate in the interviews. This study was
approved by the Institutional Review Board of the University
of California Davis. Written informed consent was obtained
before data collection (trial registration: NCT02238951).

Data Collection
Interviewers used a semistructured interview guide based on
concepts of the Unified Theory of Acceptance and Use of
Technology [26], including usability and usefulness, impact on
health, the experience of the participants using the PHN,
usability of features, and barriers and facilitators to use.
Interviews were conducted with the intervention-arm
participants at 6 months or at the end of care coordination,
whichever was earlier, recorded, and transcribed verbatim.
Interviews were conducted by three individuals trained by a
senior investigator who also reviewed recordings and discussed
interview techniques to reinforce shared understanding and
consistency among them.

Data Analysis
A two-phased thematic analysis method [27] was utilized: first,
to identify the general themes and second, to review the themes
identified in the context of usability and usefulness of the PHN
app. NVivo 12 Pro (QSR International) was used to organize
the data during the analysis. Two analysts (VN and CG) first

familiarized themselves with the data by reading through the
interview transcripts. They selected words and short phrases
that symbolically evoked a salient attribute (ie, single idea
codes) [27,28] and noted if the terms suggested positive, neutral,
or negative sentiments. The researchers collaborated on the first
two transcripts to develop a draft codebook, which was used
for independent coding of the remaining transcripts. Any
additions or revisions to the codes were discussed and added
as needed. The analysts compared their coding and worked to
align the differences found. Notations were made with analytic
memos for discrepancies and changes in coding. Discrepancies
between coders were resolved by a third researcher (KK). The
three researchers conducted a final review of all the interviews
to iteratively compare and discuss the patterns that were refined
into themes based on discussion and consensus.

Results

Participant Characteristics
A total of 33 participants were randomized to the intervention
arm of the underlying trial, and 82% (27/33) participated in
interviews (Table 1). One participant passed away from the
disease while enrolled in the study, and the rest declined being
interviewed because of scheduling conflicts. The mean age was
59 years (range 22-79 years). Most participants were female
(23/27, 85%) and white (24/27, 89%). The participants were
highly educated (17/27, 63% college graduates), and more than
a third had high incomes (10/27, 37%, had annual incomes >US
$80,000).
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Table 1. Characteristics of interview participants.

Values, n (%)Variables

Gender

4 (15)Male

23 (85)Female

Age (years)

1 (4)18 to 45

15 (56)46 to 64

11 (41)65 and older

Race and ethnicity

0 (0)Hispanic or Latino

24 (89)Non-Hispanic white

0 (0)Black or African American

2 (7)Asian

1 (4)Native Hawaiian or Pacific Islander

Education

2 (7)High school graduate or GEDa

8 (30)Some college

6 (22)College graduate

11 (41)More than 4-year college degree

Income

7 (26)Less than US $49,999

9 (33)US $50,000 to US $79,999

10 (37)US $80,000 and more

1 (4)Prefer not to state

aGED: general education diploma.

Thematic Analysis of the Interviews
A total of 82 single idea codes were generated and separated
into positive and negative subgroups, resulting in 177 unique
codes (13 codes were neutral). Key themes were uncovered
through the systematic categorization of codes. In addition to
overall usability and overall usefulness, 5 themes emerged from
the data.

The 5 themes are listed below, and exemplar quotes are provided
in Multimedia Appendix 1.

• Nurse care coordinator as a partner in care: this theme
referred to someone who had a relationship with the patient,
routinely checked in with the patient, helped find resources,
communicated between team members, and assisted with
problem solving;

• Learning: the learning theme refers to learning how to use
a mobile app both via teaching and via experience using it;

• Learning while sick: participants gave insight on what it
felt like to learn something new while going through
chemotherapy, and for some, experiencing side effects from
treatment;

• Comparison of other technology to make sense of the PHN:
many participants made references to similar technologies,
both apps, and devices, they used and how this knowledge
was transferrable and helped them make sense of the PHN;

• Communication: the communication theme encompasses
both access to people and information.

Overall Usability
Participants expressed that a usable app would be accessible
through the internet, compatible with other apps (such as the
electronic health record patient portal), easy to use, portable,
navigable, and performed quickly. Some participants appreciated
using the PHN because of access to information:

You know I never tried to manage my healthcare
through PHN or even if I can pull MyChart into it or
any of those things before. So it’s all been a new and
very good experience to always have access. The
accessibility is just the best part of the whole thing.
It’s a 24/7 type thing.

The portability of the tablet and its ease of use allowed the
participants to use the technology:
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And I know that when I came here for treatment and
used it, I liked using it. It was you know very small,
not heavy, so it’s easy to carry with you. And like I
said it’s relatively easy to use too.

Connectivity to the internet was important:

I think everybody you know I think if you’re going to
push through with this program I think it’ll be very
helpful for all patients as long as they have access to
Internet.

Not everyone found the app easy to use or usable because of
the slow performance they experienced:

And I have very, very fast internet connections and
things were sluggish and kind of kludgy. I know that’s
not a technological term but I was challenged and
I’m looking at this thing going, this is literally driving
me crazy. All this, you know, open up my laptop and
go find this information quickly somewhere else.

Another participant said:

I know it’s asking a lot but that was just my initial
feel because I find the other technology so easy to use
and I did not find that with the one that we were using
from my care for the Project.

Due to some issues with usability and software upgrades, some
participants felt discouraged from using the PHN:

And I’m trying to think back over the last 6-8 months
since I’ve been using it and it just seems like it’s just
been really glitchy. And there has been a lot of
changes so you know it seems like every time I was
starting it up, I was looking at another update or
another change.

And that’s sort of what it felt like for me, it’s like I
mean I literally had to put on my glasses and to even
see the font sizes and the buttons. And those are just
navigational issues that I think that start that
frustration where you go, I don’t care what else is in
here because I can’t even get past the screen opening,
or I can’t do those kinds of things. And I think the
organization of it was confusing and it didn’t seem
to make a whole lot of sense to me.

Overall Usefulness
Usefulness refers to the benefits of technology for participants
to accomplish their health goals. Participants generally expressed
that the PHN was useful because of the ability to answer
questions beyond regular business hours. One person said:

It was helpful because it was on my time. So when I
had to come up with a question at 7 o’clock at night
when there’s no one there and come 7 o’clock in the
morning when I’m really running around doing
something else and maybe not having the time to sit
down and think about it at that moment I was able to
ask my question whenever I wanted knowing I wasn’t
going to get a response till the next day but at least I
wasn’t, you know I was able to deal with it then before
I forgot, before something else happened. So it’s
really–it’s being able to do things on my time and my
schedule.

Another participant mentioned that the PHN was helpful at the
beginning of the chemotherapy journey, but not so much later:

Well, when I was really sick when I was in the
beginning, I used to a lot more than I of course use
now because I don’t you know I’m not using it for the
things that the nurse coordinator was dropping in for
me and for that sort of stuff it was really, really useful.

As time progressed over a six month period I didn’t
use it as much. I didn’t find it as useful because I
wasn’t searching out for those answers.

Another participant wanted more interaction with the PHN:

I was hoping it to be more interactive and more
personalized to me as opposed to it was kind of
generic, the information that was sent.

A suggestion mentioned was that the PHN might be useful for
patients who require more support:

If I was in a situation where I needed more support
it would have been really well, and so I think finding
out how much support does the patient want and
expect. Because I had the support at home, I had other
things there I didn’t feel that this was something that
I needed but I can see where there are people that
this would fill a gap in their care and I think it would
be very well. And I’m probably not the best person
to fully utilize the benefits that you have there.

Usefulness of the Personal Health Network’s Functions
Overall, participants were more positive than negative regarding
PHN functions. Table 2 shows the number of positive and
negative comments made for each function. Participants
identified ways in which these functions were useful to their
overall health goals or specific needs related to chemotherapy
care. Examples of usefulness are summarized in Multimedia
Appendix 2.
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Table 2. Perception of the Personal Health Network by function.

Total, nNeutral comments, nNegative comments, nPositive comments, nFunction

8841272Library

4801830Survey

4501134Messaging

7061Camera

311984Calendar

9081Overall interface

Discussion

Comparison With Prior Work
As digital technology continues to develop and create more
opportunities to provide health worldwide [29], the
implementation of a digital health ecosystem—where the
community health network of people, devices, and technology
are interconnected—must take into consideration not only the
interactions of technologies but also the network and interaction
of key health care stakeholders both in receiving and providing
care [30,31]. Especially in digital health ecosystems within the
care and assistance domain, not all stakeholders are often invited
to participate in the technology design process [32]. There have
been few randomized controlled trials (RCTs) of mHealth in
cancer care coordination described in the literature, and fewer
still that involved clinicians and patients in the design and testing
of the technology [33]. Before this study, the research team
proposed a conceptual framework for person-centered,
community-wide care coordination and defined the concept of
point of need for coordination, which includes both settings
where health care services are delivered and everyday settings
where individuals need to make health-related decisions [9,34].
In addition, a user-centered design study of the PHN prototype
investigated the usability of the platform to improve the design
before starting the RCT [25].

Principal Results
The work presented in this paper investigates both usability and
usefulness upon completion of care coordination among
individuals undergoing chemotherapy. Similar to other studies
[33,35,36], our findings show that adults find mobile apps useful
for monitoring symptoms and side effects, and as a way of
communicating needs and coordinating care in a timely manner
[37]. Although the literature on cancer care coordination
activities in the United States is sparse [38], the themes that
emerged from our summative interviews contribute viewpoints
that can enhance future interventions and the design and
implementation of mobile apps for this purpose.

An important aspect of care coordination is access to health
information. Individuals with cancer and their caregivers want
information about the illness, treatment options, care needs, and
often turn to the internet to seek resources [15,39-41].
Individuals with cancer face challenges in managing their
health-related information [17], which includes collecting
relevant data, communicating about that data, and accessing
informational resources to make sense of the data. There can

be barriers to access, such as paywalls or membership-only
portals [39]. Moreover, individuals may experience information
overload, where synthesizing information becomes an obstacle
[42,43].

mHealth is well suited to facilitate information management
tasks and may support health impacts [44]. The PHN, which
was designed with these information management tasks in mind,
was viewed as a supportive platform for accomplishing them.
Although having the PHN was helpful for organizing
information and care, the presence of a nurse care coordinator
was important to help with problem solving. The PHN
complemented the knowledge and experience of a nurse care
coordinator to help guide, organize, and tailor information. The
PHN library feature, in particular, received a substantial
proportion of positive sentiments, indicating that it was viewed
as very beneficial to participants. Participants shared that it was
most helpful when the nurse care coordinator worked with the
patient to identify specific information in the library and
highlight it on the participant’s dashboard. It may be that the
PHN library offered benefits in reducing this overload by
curating relevant and clinician-endorsed information.

PHN symptom surveys were designed to increase awareness of
symptoms, communicate about symptoms for early intervention,
and track progress based on the patient-reported outcomes.
Participants found that filling out the PHN symptom surveys
was a simple task. They indicated that these surveys prompted
them to think about their symptoms and discuss them with the
nurse care coordinator who could deliver useful
self-management information via the PHN or alert a physician
for possible changes in therapy. This finding is aligned with
previous studies that reported that tracking and reporting
symptoms cause patients to reflect on their own well-being [45].
For those who were undergoing chemotherapy, tracking
symptoms in real time increased awareness of self-care and
improved communication with the health care team [46]. This
also paves the way for the potential to improve clinical
outcomes. Basch et al [47] reported that an intervention using
Web-based symptom collection, evaluated in a large RCT among
patients with cancer, was associated with improved outcomes,
including quality-adjusted survival rates, fewer emergency
department visits and hospitalizations, and improved quality of
life. Thus, the combination of symptom awareness,
self-management support, and early intervention shows promise
in improving both clinical and person-centered outcomes in
cancer care.
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PHN messaging features were also viewed positively.
Participants expressed the importance of communication outside
of regular business operating hours. One participant highlighted
the stress caused by not being able to communicate with a
member of the health care team when experiencing an unfamiliar
symptom. Although messages in the PHN were not monitored
outside of business hours, there may have been some comfort
in being able to express concern at the moment with the
confidence that the care coordinator would respond the next
morning. In our on-demand information era, consumers have
become used to a very quick turnaround on questions and
concerns, and this expectation has added urgency when
involving a health care concern.

Although participants were willing to use the PHN, difficulties
associated with learning something new while sick was a reality.
Participants experiencing chemo brain—a term participants
used to describe how they feel their thinking is impaired during
chemotherapy treatment—emerged as a challenge to adopting
new technology or intervention. Even though the need for
information resources during initial diagnosis and early
treatment may be great, the ability to adopt a tool such as the
PHN may be difficult. Future study designs might target
caregivers who are actively involved in care coordination. The
PHN may also be an aid to survivors who are managing
maintenance therapy or a survivorship care plan. In addition,
participants did not use the tablet’s built-in camera, but some
were enthusiastic about trying to show their doctor something
(they found concerning on their body) or video chat face-to-face
with a care team member. A future study may consider the
different preferences of communication routes (eg, telephone,
messaging, video conferencing, or virtual reality) when
coordinating care.

Perceptions of the usability of the PHN were mixed. Participants
made suggestions for improvements in navigation within the
app, visual layout and increased font size and graphics,
confirmation of tasks completed, and reminders for upcoming
tasks. Even in the current environment of ubiquitous access to
broadband, participants still reported challenges connecting to
the internet (a data plan was provided). Interoperability with
the patient portal in the electronic health record was highly
preferred. There is room to improve technology to further
enhance adoption.

Limitations
There were several limitations to this study. Participants were
recruited from one urban cancer center and were primarily older,
white females with a higher socioeconomic status. Interviews
were conducted as each participant completed their study period,
and the sample size was determined based on an RCT. Coding
was conducted after all the interviews were complete. We were
not able to add interviews to assure theoretical saturation or
explore new avenues of inquiry. Thus, our analysis offers limited
perspectives on the usefulness and usability of PHNs.

Conclusions
This study contributed to expanding the knowledge of cancer
care coordination efforts, specifically around incorporating the
use of technology to organize information, services, and people.
Insight into the patient experience of PHN during chemotherapy
provided a better understanding of participants’ perceptions of
usability and usefulness. Findings from this analysis revealed
that participants believed that care coordination is a valuable
benefit for cancer patients undergoing chemotherapy, and the
use of PHN technology can enhance this process by facilitating
better communication and access to information.
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Abstract

Background: Many previous papers have investigated most-cited articles or most productive authors in academics, but few
have studied most-cited authors. Two challenges are faced in doing so, one of which is that some different authors will have the
same name in the bibliometric data, and the second is that coauthors’ contributions are different in the article byline. No study
has dealt with the matter of duplicate names in bibliometric data. Although betweenness centrality (BC) is one of the most popular
degrees of density in social network analysis (SNA), few have applied the BC algorithm to interpret a network’s characteristics.
A quantitative scheme must be used for calculating weighted author credits and then applying the metrics in comparison.

Objective: This study aimed to apply the BC algorithm to examine possible identical names in a network and report the most-cited
authors for a journal related to international mobile health (mHealth) research.

Methods: We obtained 676 abstracts from Medline based on the keywords “JMIR mHealth and uHealth” (Journal) on June 30,
2018. The author names, countries/areas, and author-defined keywords were recorded. The BCs were then calculated for the
following: (1) the most-cited authors displayed on Google Maps; (2) the geographical distribution of countries/areas for the first
author; and (3) the keywords dispersed by BC and related to article topics in comparison on citation indices. Pajek software was
used to yield the BC for each entity (or node). Bibliometric indices, including h-, g-, and x-indexes, the mean of core articles on
g(Ag)=sum (citations on g-core/publications on g-core), and author impact factor (AIF), were applied.

Results: We found that the most-cited author was Sherif M Badawy (from the United States), who had published six articles
on JMIR mHealth and uHealth with high bibliometric indices (h=3; AIF=8.47; x=4.68; Ag=5.26). We also found that the two
countries with the highest BC were the United States and the United Kingdom and that the two keyword clusters of mHealth and
telemedicine earned the highest indices in comparison to other counterparts. All visual representations were successfully displayed
on Google Maps.

Conclusions: The most cited authors were selected using the authorship-weighted scheme (AWS), and the keywords of mHealth
and telemedicine were more highly cited than other counterparts. The results on Google Maps are novel and unique as knowledge
concept maps for understanding the feature of a journal. The research approaches used in this study (ie, BC and AWS) can be
applied to other bibliometric analyses in the future.
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Introduction

Background
As of April 12, 2018, more than 146 papers were found by the
keyword “author collaboration” (Title), 1168 by “author
collaboration,” and 53 by “author collaboration” and
“bibliometric” in the Medline Library. A phenomenal increase
has been found in the number of research papers with multiple
authors [1]. The knowledge of discovery is no longer contained
merely in the departments of a local university but in an
international article author byline [2]. Increasing academic
pressure and prestige-concerned individuals with prolific
publications have also been forced to claim authorship for many
aspirants on paper publications [3]. Given academic
developments in recent years, the features of author
collaboration on one topic or for a specific journal should be
investigated.

Issue of Duplicate Authors in a Network
An author’s publication features can be determined by social
network analysis (SNA) [4-8]. However, no study currently in
the literature describes the issue of duplicate names in
bibliometric data, which might result in biases because some
different authors with the same name exist [7]. For instance,
authors [7] stressed that:

[T]here might be some biases of understanding for
author collaboration because some different authors
with the same name or abbreviation exist, who are
affiliated to different institutions. The result of author
relationship analysis for mHealth research would be
influenced by the accuracy of the indexing author.

Three main centrality measures (ie, degree, closeness, and
betweenness) are frequently used to evaluate the influence (or
power) momentum of an entity (or the author of a study) in a
network [9,10]. Few studies have applied betweenness centrality
(BC) to interpreting a network’s characteristics. In this study,
we aimed to explore whether BC can solve the problem of
detecting duplicate authors in a network.

Issue of Most-Cited Authors in a Given Journal
As of June 31, 2020, over 269 articles were found by searching
the keyword “most cited” (Title) in PubMed Central (PMC)
and 39 papers by “most productive author” or “most prolific
author.” However, few had studied most-cited authors. The
reason might be that there is no quantitative scheme that has
been successfully used to calculate weighted author credits in
the literature; even many counting schemes have been proposed
for quantifying coauthor contributions [11-13]. Thus, an
authorship-weighted scheme (AWS) will be required for
application to bibliometric metrics to allow for comparison.

Issue of a Dashboard Possibly Shown on Google Maps
The author’s publication patterns are always presented with
static .jpg format pictures [4-7] instead of a dynamic dashboard
that allows readers to see further details on their own. We have
observed many bibliometric studies [7,14-19] using coword (or
coauthor) analysis to visualize study data. However, no work
has displayed their findings with a zoom-in and zoom-out
functionality on Google Maps [20,21]. A breakthrough in
showing data on Google Maps is a worthwhile task to develop.

Objectives
The journal of JMIR mHealth and uHealth was targeted for BC
algorithm application to examine possible duplicate authors
with the same names in a network. Our goal is to select the most
highly cited authors in author collaborations. Also, both features
(ie, the affiliation regions distributed for the first author in
geography, and the keywords related to article topics) will be
investigated using the citation analysis in this study.

Methods

Data Collection
When searching the PubMed database (Pubmed.org) maintained
by the US National Library of Medicine, we used the keywords
“JMIR mHealth and uHealth” (Journal) on June 30, 2018. We
then downloaded 676 articles that had been published since
2013, because the first article in JMIR mHealth and uHealth
was published in 2013. An author-made Microsoft Excel
(Microsoft Corporation, Albuquerque, New Mexico, United
States) VBA (visual basic for applications) module was used
to analyze the research data. All downloaded abstracts were
based on the type of journal article involved. Ethical approval
was not necessary for this study because all the data were
obtained online from the Medline library.

Social Network Analysis and the Betweenness
Centrality
SNA [22] was applied to explore the pattern of entities in a
system using the software Pajek [in Koeln; PajekMan in Osoje
(Ossiach, Austria)] [23]. In keeping with the Pajek guidelines,
we defined an author (or paper keyword) as a node (or an actor)
that is connected to other nodes through the edge (or the
relation). The number of connections usually defines the weight
between two nodes.

Centrality is a vital index for analyzing a network. Any
individual or keyword in the center of a social network will
determine its influence on the network and its speed at gaining
information [9,24]. In this study, we used the BC, which may
be defined loosely as the number of times a node needs a given
node to reach another node [9,25], as in, the number of shortest
paths passing through a given node. The BC is expressed as
follows, in Standalone Equation 1:
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By contrast, the BC of node v, which is denoted as g(v), is
obtained as svt in Standalone Equation 1. The BC of node v is
the number of shortest paths from node s to node t (s,t≠v).
Finally, the BC should be divided by the possible number of

connected nodes, (N-1)(N-2)/2, where N is the number of nodes
in the network. If all the nodes go through v in the shortest path,
g(v) is equal to 1.

The BC for node b is calculated in Figure 1 and Standalone
Equation 2.

Figure 1. Calculation of betweenness centrality.

The two nodes (ie, a and e) have two equal shortest paths (ie,
abce and abde). The number of shortest paths from node a to
node e is 2.

The method used to ensure there are no authors with duplicate
names in the network is to identify the large bubble (with high
BC) by clicking the linked coauthors and checking if the author
is identical between any two neighbor subnetworks (see
Multimedia Appendix 1 and 2).

The Author-Weighted Scheme
The AWS and the author impact factor (AIF) calculations are
shown in Standalone Equations 3 and 4:

Considering a paper of m+1 authors with the last being the
corresponding author, Wj denotes the weight for an author on
the order j in the article byline. The power, γj, is an integer
number from m–1 to 0 in descending order. The sum of author
weights in a byline is Standalone Equation 5.

The sum of authorships equals 1 for each paper referred to in
Standalone Equation 5. This is a basic concept ensuring that all
papers have an equal weight irrespective of the number of
coauthors [26]. Accordingly, more importance is given to the
first (exp[m], primary) and the last (exp[m–1], corresponding
or supervisory) authors, whereas it is assumed that the others
(the middle authors) have made smaller contributions [27,28].
In Standalone Equation 5, the smallest portion (exp(0)=1) is
assigned to the last second author with the odds=1 as the basic
reference [29,30].

Pattern of Author and Nation Collaboration in JMIR
mHealth and uHealth
We selected JMIR mHealth and uHealth as the target journal.
The authors (n1=3522) (see Multimedia Appendix 3) were
collected. The most cited authors using citation analysis were
plotted on Google Maps. Bibliometric indices, including the h-,
g-, and x-indexes [31-33], the mean of core articles on g(Ag)

(citations on g-core/publications on g-core), and the AIF [34,35]
for representing individual research achievements were used to
evaluate authors and article topics (ie, the keyword clusters).
The most highly cited authors can be plotted with a dashboard
on Google Maps using the Kano diagram [36,37] to display it.
The authors’ x-indexes are located on the X-axis, the h-index
is on the Y-axis, and the bubbles are sized by AIF and colored
by type within four dragrants (ie, from I to IV denoted by the
fearure of excellence, citation-oriended, low performance, and
production-oriended, respectively). It is worth noting that the
Kano diagram separates all authors into three parts (ie, the
h-index originated excitement, the one-dimension performance,
and the x-index-originated achievement) [36,37].

The countries/areas of authors for each published paper were
extracted to show the distribution of countries/areas on Google
Maps using choropleth maps [38]. The darker regions indicate
the most pivotal (or influential) role or bridge in the network if
the BC algorithm is performed. Furthermore, the top ten
keyword clusters were particularly extracted by SNA, and the
representatives with the highest BC in their respective clusters
were highlighted on Google Maps. SNA thus filtered the
author-defined keywords (n2=1678). Details about the graphical
process using SNA and Google Maps are illustrated in
Multimedia Appendices 4 and 5.

Results

The Most Cited Authors Shown on Google Maps
The most-cited author is Sherif M Badawy (from the United
States), who published six articles on JMIR mHealth and
uHealth with high bibliometric indices (h=3; AIF=8.47; x=4.68;
Ag=5.26). His top five weighted citations are 9.5 ,7.6, 7.3, 1.3,
and 0.5, which yield an h-index of 3 at the third position due to
the fourth cited value (1.3) being less than the paper number of
4. The Ag (5.26) and x-index (4.68) are yielded because of g
being at 5 (ie, the total citations (26.29) are greater than 25) and

x at 3 [ci = 7.3 when computing ], respectively. The biggest
bubble denotes the author Paul Krebs from the United States,
who has the highest AIF because one of his articles [39] was
cited 178 time in the past. Interested authors can scan the
QR-code in Figure 2 [40] to examine the various authors’
publication outputs and details in PMC by clicking the bubble
of a specific author.
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Figure 2. Authors’ citations dispersed on Google Maps.

Pattern of Countries/Areas Distributed by the First
Author
Figure 3 [41] shows the county/area distribution on Google
Maps, indicating most “bridge” coauthors are from two
countries, the United States and the United Kingdom, using the
BC algorithm.

The top six countries with the highest increase in number of
production outputs (ie, Growth>0.90) were the United States,
the United Kingdom, South Korea, Canada, Australia, and New
Zealand (Table 1). The top two countries with the highest
proportion of papers produced were the United States (36.83%)
and Australia (9.47%). The x-indexes for each country/area are
present in the last column in Table 1. It is worth noting that the
x-index for JMIR mHealth and uHealth is 26.56, as shown in
the bottom right corner.
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Figure 3. Dispersion of country/area on author collaborations for JMIR mHealth and uHealth.
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Table 1. Dispersions of author collaboration across continents over the years

x-indexGrowthaTotal, n (%)201820172016201520142013Continent, Country

—0.718 (1.18)12212—bAfrica

1.95—1 (0.15)———1——Kenya

—0.711 (0.15)—1————Nigeria

2.420.325 (0.74)—12—2—South Africa

——1 (0.15)1—————Uganda

—0.8384 (12.43)322298103Asia

3.190.5725 (3.7)1271122China

3.080.9414 (2.07)6422——South Korea

3.56–0.128 (1.18)41——3—Singapore

2.25—7 (1.04)21—22—Thailand

1.390.886 (0.89)321———Taiwan

—0.9724 (3.55)575331Others

—0.89207 (30.62)676035181215Europe

6.650.9145 (6.66)121399—2United Kingdom

5.970.6829 (4.29)11112122Germany

5.410.2326 (3.85)1054115Spain

4.70.8124 (3.55)6791—1Netherlands

4.840.6718 (2.66)43443—Sweden

—0.7165 (9.62)24217265Others

—0.99293 (43.34)54907052216North America

17.130.99249 (36.83)47795842176United States

8.740.9244 (6.51)71112104—Canada

—0.9376 (11.24)1119211591Oceania

11.030.9164 (9.47)1015171381Australia

4.810.9712 (1.78)14421—New Zealand

—0.318 (1.18)13—13—South America

2.520.295 (0.74)12——2—Brazil

1.59–0.351 (0.15)————1—Colombia

1.590.582 (0.3)—1—1——Peru

26.560.99676 (100)166196137955725Total

aGrowth based on data from 2013 and 2017.
bNot applicable.

Clusters of Keywords
The top ten keyword clusters are presented in Figure 4. The
representative terms with the highest betweenness centrality are

shown for each cluster. The biggest one is that of “mHealth.”
It is recommended that interested readers should scan the
QR-code in Figure 4 [42] to see the details of the information
on Google Maps.
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Figure 4. Dispersion of keyword clusters for the first author clusters of JMIR mHealth and uHealth. mHealth: mobile health.

Analyses of Article Topics Related to Bibliometric
Indices
The numbers of citable and cited articles across the keyword
clusters are shown in Tables 2 and 3. Five bibliometric indices
are present at the right-hand side. We found that the AIF had a
weak relation with the other four indices, as shown in the bottom

right side in Table 2. However, the journal impact factor is 4.37,
equivalent to the impact factor of journal citation report (JCR
IF)=4.541 in 2017. The two keyword clusters of mHealth and
telemedicine earned the highest indices in comparison to their
counterparts (Figure 5), indicating both topics have a higher
metric (ie, the normalized mean of h, g, x, and Ag) than the
other topic clusters.

Table 2. Bibliometric indices for medical subject heading (MeSH) terms over the years for publications.

(g)AgbxghAIFaPublication countKeywords

Total (N)2018 (n)2017 (n)2016 (n)2015 (n)2014 (n)2013 (n)

9.677.489742566544—cText messaging

21.5719.1321164.423655685139167mHealthd

11.187.211162.834714168432Physical activity

24.2616.4323154.8717251573318112Telemedicine

14.0812.4113104.670152114983Mobile health

52.24111.1761221——Ecological momentary

assessment

149.541387.3625453643Internet

10.46.931065.921148521Obesity

32111531—1——Wearable

7.295.48753.5616236221Mobile phone

————2.634810136676Others

————4.37671162196136955725Total

aAIF: author impact factor.
b(g)Ag: publications on g-core.
cNot applicable.
dmHealth: mobile health.
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Table 3. Correlation coefficients of metrics for medical subject heading (MeSH) terms over the years for quantity of citations.

(g)AgbxghAIFaCorrelationPublication countKeywords

Total (N)2018 (n)2017 (n)2016 (n)2015 (n)2014 (n)2013 (n)

————1AIF100014302828—cText messaging

———10.57h10397131242335212112mHealthd

——10.980.63g13302348191825Physical activity

—10.960.990.54x838229518630718246Telemedicine

10.960.990.980.58Ag322038100918211Mobile health

——————70052——Ecological momentary
assessment

——————184049815733Internet

——————12401225591216Obesity

——————502—3——Wearable

——————57001525107Mobile phone

——————1260223463520Others

——————293529321683996636270Total

aAIF: author impact factor.
b(g)Ag: publications on g-core.
cNot applicable.
dmHealth: mobile health.

Figure 5. Comparison of article topics related to bibliometric indices. Ag: publication on g-core.

Discussion

Principal Findings
We found that the most-cited author is Sherif M Badawy (from
the United States), who has published six articles on JMIR
mHealth since 2016. Other authors also gained excellent citation
indices on Figure 2, such as Stoyan R Stoyanov from the United
States (4 papers since 2015), John Torous from Germany (5
papers since 2014), Paul Krebs from Germany (3 papers since
2014), and Kathryn Mercer from Germany (3 papers since

2015). It is easy to examine their publications on PubMed by
clicking the author’s bubble on Google Maps.

The most productive authors with six papers were Urs-Vito
Albrecht (citable=2.6; cited=18.1; AIF=6.8) from Germany,
and Sherif M. Badawy (citable=3.3; cited=27.7; AIF=8.5) from
the United States. The reason why Badawy has a higher
weighted value of citable papers than Albrecht is that the latter
was the middle author more often than the former if the AWS
in Standalone Equation 3 was applied. If the BCs were applied,
the author Ralph Maddison, from Australia, who had five papers
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(citable=1.1; cited=6.1; AIF=5.5), played the most pivotal
(bridge) role in the authoring network.

The two countries with the highest BC were the United States
(x-index=17.13) and the United Kingdom (x-index=6.65),
thereby proving that the United States and Europe still dominate
publication output in science [43,44]. Another new finding is
about the two keyword clusters of mHealth and telemedicine
with the highest metrics among types of article feature, which
is rarely seen when combining citation analysis and SNA in
previous articles.

Strength of the Study
Traditionally, in dealing with a test with multiple questions and
answers, we often count the item with the highest frequency as
representing the most important value. For instance, many
customers purchase their goods in a shopping cart, which is like
a test of multiple answers without considering any associations
between entities. Accordingly, many articles [4-8] merely
present the highly frequency counts of authors instead of the

association of authors in a network, such as the most productive
authors Urs-Vito Albrecht and Sherif M. Badawy in Figure 2,
instead of the most pivotal author Ralph Maddison with the
highest BC, who is associated with many coauthors in the
network. Many data scientists have developed ways to discover
new knowledge from the vast quantities of increasingly available
information [45], especially by applying SNA [4-6] to large
data analysis.

We also ensured that no author had duplicate names in the
network via identification of the large bubble (ie, with a high
BC) first by clicking the linked coauthors (eg, Francois Modave
at the left-bottom bubble in Figure 6), and then checking the
author without duplicate names in the network by clicking the
associated coauthors in the opposite neighbor subnetworks to
examine whether the author had the same names in each paper.
The dashboard [46] could easily be linked to the published
papers in Medline if the author was clicked. For further details
about the steps made to ensure there were no authors without
duplicate names, see Multimedia Appendices 1 and 2.

Figure 6. Author clusters in a collaboration network.

Furthermore, we found 335 papers in Medline because of the
keyword social network analysis (Title) as of May 20, 2018. In
practice, we found studies on duplicative prescriptions using
SNA in Japan [47] and one explaining HIV risk multiplexity
[48]. However, no such study like ours has incorporated the
SNA analysis with Google Maps to interpret the results. Many
papers investigated most-cited articles or most productive
authors in academics. Few inspected most-cited authors in a
given journal. Overall, two challenges we faced have been
overcome in this study: (1) some different authors with the same
name in bibliometric data; and (2) coauthors’ contributions
differing in the article byline. Furthermore, we illustrated a way

to examine article topics associated with the number of citations
for a journal.

Previous studies [49-51] reported: (1) a higher impact factor
being associated with the publication of reviews and original
articles instead of case reports; (2) rigorous systematic reviews
receiving more citations than other narrative reviews; and (3)
case reports with low impact factors due to them being rarely
cited by articles. In comparison, we applied the author-defined
keywords to cluster article features, which is different from
previous studies in that an objective verification was made for
a given journal. As such, the bibliometric metrics can be linked
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to the article features if each article has been assigned to its
corresponding type.

Regarding the incorporation of Google Maps with SNA, Google
Maps are sophisticatedly linked in references [41-52] for readers
interested in manipulating the link as a dashboard. The
country/area distribution in Figure 3 easily illustrates the feature
of international author collaborations in JMIR mHealth and
uHealth. We hope subsequent studies can report other types of
information using the Google application programming interface
to readers in the future.

Limitations and Future Study
Although findings were based on the above analysis, the results
should be interpreted with caution because of several potential
limitations. First, this study only focused on a single journal.
Any generalization should be made in similar fields of journal
contents. Second, although SNA is quite useful in exploring the
topic evolution and identifying hotspots for keywords, the results
might be affected by the accuracy of the author-defined terms.
The medical subject heading (MeSH) terms included in the
PubMed library are recommended for use in the future. Third,
many different algorithms are used for SNA. We merely applied

community cluster and density with BC in the figures. Any
changes made along with the algorithm will present different
patterns and inferences. Fourth, SNA is not subject to the Pajek
software we used in this study. Others, such as Ucinet [53] and
Gephi [54], are suggested to readers for use in the future. Fifth,
we downloaded citing articles from PMC, which are different
from many citation analyses that use other academic databases,
such as the Scientific Citation Index, Scopus, and Google
Scholar [55-58], to investigate the most cited articles in a
specific discipline. This approach using data from PMC can
lead to more citation studies reporting the most cited authors in
other disciplines.

Conclusions
The most cited authors were selected using the
authorship-weighted scheme (AWS). The keywords of mHealth
and telemedicine are potentially highly cited more than other
types of keywords. The results on Google Maps are novel and
unique as a knowledge concept maps for understanding the
features of a journal. The research approaches used in this study
(ie, BC and AWS) can be applied to other bibliometric analyses
in the future.
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Abstract

Background: As representatives of health information communication platforms accessed through mobile phones and mobile
terminals, health-related WeChat public accounts (HWPAs) have a large consumer base in the Chinese-speaking world. However,
there is still a lack of general understanding of the status quo of HWPAs and the quality of the articles they release.

Objective: The aims of this study were to assess the conformity of HWPAs to the Health on the Net Foundation Code of Conduct
(HONcode) and to evaluate the suitability of articles disseminated by HWPAs.

Methods: The survey was conducted from April 23 to May 5, 2019. Based on the monthly (March 1-31, 2019) WeChat Index
provided by Qingbo Big Data, the top 100 HWPAs were examined to evaluate their HONcode compliance. The first four articles
published by each HWPA on the survey dates were selected as samples to evaluate their suitability. All materials were assessed
by three raters. The materials were assessed using the HONcode checklist and the Suitability Assessment of Materials (SAM)
score sheet. Data analysis was performed with SPSS version 17.0 (SPSS Inc, Chicago, IL, USA) and Excel version 2013 (Microsoft
Inc, Washington DC, USA).

Results: A total of 93 HWPAs and 210 of their released articles were included in this study. For six of the eight principles, the
93 HWPAs nearly consistently did not meet the requirements of the HONcode. The HWPAs certified by Tencent Corporation
(66/93, 71%) were generally slightly superior to those without such certification (27/93, 29%) in terms of compliance with
HONcode principles. The mean SAM score for the 210 articles was 67.72 (SD 10.930), which indicated “adequate” suitability.
There was no significant difference between the SAM scores of the articles published by certified and uncertified HWPAs (P=.07),
except in the literacy requirements dimension (tdf=97=–2.418, P=.02).

Conclusions: The HWPAs had low HONcode conformity. Although the suitability of health information released by HWPAs
was at a moderate level, there were still problems identified, such as difficulty in tracing information sources, excessive implicit
advertisements, and irregular usage of charts. In addition, the low approval requirements of HWPAs were not conducive to
improvement of their service quality.

(JMIR Mhealth Uhealth 2020;8(5):e14826)   doi:10.2196/14826
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Introduction

With progress of information technology, internet-based new
media application platforms are becoming an important resource
for the public to obtain health information [1,2]. Compared with
traditional health information sources, internet-based online
health information (OHI) is widely distributed, abundant, rapidly
growing, and diverse in form. A common view about the quality
of OHI is that a substantial amount of health information should
be produced in a specific medical context, which is often ignored
in the internet age, leading to members of the public taking OHI
out of context. In addition, many websites often provide links
to network information with irrelevant or even fake content for
commercial benefit [3]. Therefore, evaluation of the quality of
OHI has attracted worldwide attention.

A study conducted at China Renmin University investigated
the quality of Chinese health information services with a
self-constructed evaluation system and found that privacy
protection, information integrity, accessibility, and the platform
response of information services were important factors
influencing the improvement of user participation [4]. Another
study performed at Wuhan University constructed an OHI
quality evaluation standard system consisting of two primary
indicators, seven secondary indicators, and seven tertiary
indicators. In addition, suggestions were proposed for the
construction of health information websites and the improvement
of the quality of network health information from the perspective
of users [5]. These articles used self-compiled evaluation tools
to study the quality of OHI, whereas international evaluations
of the quality of OHI have mostly used more mature evaluation
tools. A review of 70 studies on the quality of OHI in 18
countries showed that the most commonly used evaluation tools
globally include DISCERN [6], Health on the Net Foundation
Code of Conduct (HONcode) [7], Journal of American Medical
Association benchmark [8], and LIDA instrument [9].
Approximately 50% of the 70 studies resulted in completely
negative evaluations of OHI, and 27.1% of the studies had both
positive and negative evaluations. The main reasons for a
negative evaluation included the website organizer and sponsor
information were not transparent, the disease description and
drug information were not accurate, and the information source
and authors’ identities were not disclosed [10]. Another
comparative analysis of OHI services in China and the United
States showed that the certification of OHI services in China
mainly involves official website certification and internet drug
information service certification, whereas the United States
mainly focuses on HONcode (health information quality
certification) and TRUSTe (website safety certification).
Although the content of the different website certification
systems is similar, the Chinese health website certification
system is more focused on evaluating external features such as
website structure and services but lacks evaluation of OHI
quality [11].

Compared with traditional health information dissemination
through a website, WeChat-based health information
dissemination is more convenient. Users can “send out” health
information to a broad community through WeChat groups
through a simple sharing operation via mobile terminals.
Therefore, as a new medium of internet information
dissemination, WeChat has a unique impact on the dissemination
of Chinese OHI.

As online information communication platforms launched by
Tencent, WeChat public accounts (WPAs) have been popular
in Chinese-speaking communities worldwide. According to the
WeChat Data Report 2018 released by Tencent in 2018, the
monthly number of active WPAs exceeded 3.5 million, and the
monthly number of active fans reached 797 million [12].
WeChat has gained rapid popularity in mainland China, Taiwan,
Hong Kong, Macao, and other regions in the world where people
of Chinese ethnicity reside, so that WPAs are now an important
means of disseminating information [13]. Unlike apps on mobile
platforms, WPAs do not differ based on the operating system;
both Android and iOS support access to WPAs. In addition,
WPAs feature timely information push notifications, content
relevant to everyday life, along with light and humorous writing
[14].

Health-related WeChat public accounts (HWPAs) are in a stage
of rapid development [15]. By April 22, 2019, the top 100
HWPAs according to the WeChat Communication Index (WCI)
had published more than 11,000 articles in total, with a total
article access count of over 247 million (see Multimedia
Appendix 1, downloaded 9:22 am April 22, 2019). HWPAs
have an important impact on public health education and health
promotion. However, the number of HWPAs is large. From a
content perspective, there are official WPAs from medical
institutions as well as information service public accounts
dedicated to health care, disease rehabilitation, and other health
knowledge dissemination. WPA owners include companies,
government agencies, nonprofit organizations, and individuals.
Although it is convenient for the public to obtain health-related
information from WPAs, there is increasing doubt about the
quality of the health information released through WPAs [16].
To ensure the authenticity and security of WPAs, the Tencent
Corporation provides an authentication service for WPAs. For
verified WPAs, the authentication information and WeChat
authentication unique identity are displayed in the authentication
details of the account. However, certification is not mandatory.
Individuals and organizations can still apply for WPAs and
release health-related information even without official Tencent
certification.

In the past 5 years, a large number of studies have examined
the use of WPAs in the fields of health education [17] and health
intervention [18,19]; however, there is still a lack of general
understanding about the quality of HWPAs and the articles
released on such platforms. Accordingly, the aim of this study
was to evaluate the HONcode conformity of HWPAs and
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analyze the suitability of articles posted by HWPAs to provide
support for improving the service quality of HWPAs and
optimizing the OHI communication environment.

Methods

Sample Selection
Many organizations and companies have proposed their own
evaluation standards to evaluate the influence of WPAs. One
of the most widely used standards is the WCI proposed by
Qingbo Bigdata Technology Co Ltd (Beijing, China). Qingbo
Big Data is well-known among researchers and policymakers
of the new media influence evaluation criterion in China by
providing big data technology services for the media, public
opinion and industry, and their customers, including the Chinese
government, top Chinese news media (eg, Xinhua News Agency,
People’s Daily, China National Radio), and large multinational

enterprises [20]. The WCI consists of four primary indicators
(spread rate of the whole article, average spread rate of each
article, title spread rate, and peak spread rate), eight secondary
indicators, and a set of calculation formulas for standardized
scores [21]. A higher WCI value represents a larger WPA
influence. The latest version of the WCI is version 13.0, updated
in January 2017.

We searched the health category of the WPA monthly list
(March 1-31, 2019) provided by Qingbo Big Data. The first
100 HWPAs in the WCI were selected as the survey sample.
The exclusion criteria for HWPAs were as follows: (1)
commodity sales as the main purpose, (2) religious background,
(3) organization service guide, and (4) obvious lack of
relationship with health. Finally, 93 HWPAs were included in
this study. Some examples of the HWPAs are provided in Figure
1.

Figure 1. Examples of WeChat public accounts (WPAs). Left: Search results for health-related WPAs (HWPAs) from the keyword 健康 (Health) in
the WeChat app. Middle: Client home page of a HWPA. Clicking 关注 (Follow) allows the user to follow the articles published by the HWPA, and
clicking the icon and text below allows the user to read the articles published by the HWPA. Right: The HWPA menu bar. The icon below provides
information classification support and interaction support for users. Retrieval date: April 22, 2019.

The article sample pool was formed by taking four articles that
were newly released by each HWPA on the survey dates (April
23 to May 5, 2019) for a total of 372 articles. The exclusion
criteria for articles were as follows: (1) duplicate articles, (2)
content not related to health knowledge, (3)

advertising/news/notices, and (4) video or audio materials.
Finally, 210 articles met the inclusion criteria. Figure 2
illustrates the search and screening flow for the HWPAs and
articles.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e14826 | p.468https://mhealth.jmir.org/2020/5/e14826
(page number not for citation purposes)

Wang et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 2. Search and screening flow for health-related WeChat public accounts (HWPAs) and articles. HONcode: Health on the Net Foundation Code
of Conduct.

Evaluation Tools
To the best of our knowledge, there is no quality assessment
tool for WPAs, which are online information dissemination
platforms that are similar to websites in terms of information
release, content services, and operation modes. Therefore, in
this study, the HONcode scale was used as the tool to evaluate
HWPA quality specifications. Health on the Net (HON) is an
international nongovernmental and nonprofit organization
established in Switzerland in 1996. The HONcode for medical
and health websites addresses one of the internet’s main health
care issues: the reliability and credibility of information.
HONcode provides a set of basic ethical standards for website
developers to adhere to with respect to the presentation of
information, and aims to ensure that readers always know the
source and purpose of the data they are reading [7]; it is
currently the most widely used code of ethics for the quality of
OHI in the world [22]. As online information platforms used
to disseminate health knowledge to the public, HWPAs should
also follow the HONcode in the construction of their platforms
and the determination of their behaviors in OHI dissemination.
Therefore, we believe that it is necessary and appropriate to
evaluate HONcode compliance for HWPAs.

Although there are many tools available for assessing the quality
of OHI, such as the mHONcode, Michigan website evaluation
checklist, LIDA scales, DISCERN instrument, and Simple
Measure of Gobbledygook (SMOG) readability formula, none
of these tools is well suited for assessing the quality of health
information on mobile information platforms. The mHONcode
is suitable for evaluating health-related apps that run
independently on Android or iOS [23], while WPAs are a
platform established on the WeChat app. The Michigan checklist
and LIDA scales are more suitable for the assessment of

browser-based OHI (eg, the content layout of browser pages,
use of browser navigation) [24,25], DISCERN was designed to
evaluate the quality of online therapeutic information [6], and
SMOG lacks support for Chinese-speaking users [26]. Therefore,
in this study, we used the Suitability Assessment of Materials
(SAM) scale to evaluate the health information released by
HWPAs. The SAM scale comprises six dimensions, including
content, literacy demand, graphics, layout and typography,
learning stimulation/motivation, and cultural appropriateness,
which have good reliability and validity and are widely used in
evaluating the quality of OHI materials [27]. The SAM scale
includes 22 factors for a total of 44 points (100%), with a higher
score indicating better suitability. The results are rated on three
levels: superior (70%-100%), adequate (40%-69%), and not
suitable (0-39%).

Rating Process
The evaluation was performed by three researchers. Rater 1
(WS) holds a master’s degree in medical informatics and has 7
years of experience in medical information analysis and
research. Rater 2 (FW) holds a master’s degree in computer
science and a doctorate degree in social medicine, with 8 years
of experience in software development. Rater 3 (ZB) holds a
doctorate degree and a clinician qualification, with 10 years of
clinical experience. Pilot assessments were conducted using 6
HWPAs (3 certified and 3 uncertified). Before the pilot
assessment, the three raters carefully studied the simplified
Chinese description of the HONcode scale on the HON website
and the English version of the SAM sheet to better understand
the purpose and significance of each item. The assessment was
performed in two steps. First, rater 1 and rater 2 evaluated the
HWPAs’ compliance with the principles of the HONcode.
Second, rater 1 and rater 3 evaluated the suitability of the articles
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released by the HWPAs with the SAM scale. To ensure
consistency of the evaluation results, the evaluation was carried
out with the subdimensions of the scale (ie, the Nth
subdimension of all samples was completed, and then the Nth+1
dimension was evaluated). The assessment process was
conducted in parallel; that is, two raters independently evaluated
the same sample at the same time. For any controversial
assessment results, the final results were determined through
real-time negotiation.

Statistical Analysis
Statistical analysis was conducted using the Statistical Package
for Social Sciences version 17.0 (SPSS Inc, Chicago, IL, USA)
and Excel version 2013 (Microsoft Inc, Washington DC, USA).
All values are expressed as the mean (SD). Within-group
comparisons of the SAM scores were performed using paired
t tests. The critical value of significance was determined to be
P=.05.

Results

Characteristics of the Health-Related WeChat Public
Accounts
The characteristics of the HWPAs are shown in Table 1. Of the
93 HWPAs, 66 (71%) were officially verified by Tencent
Corporation, while 27 (29%) were not. The WCI values ranged
between 1479.35 and 877.62 and were divided into three
sections: A (the first 20%), 1108.80-1479.35; B (middle 60%),
909.10-1100.52; and C (the last 20%), 877.62-907.74. The
owners of certified HWPAs were mainly companies, whereas
uncertified HWPAs were mainly owned by individuals. With
respect to the type of information released, the certified and
uncertified HWPAs were similarly dominated by comprehensive
information, followed by traditional Chinese medicine (TCM).

Table 1. Summary of the descriptive and frequency statistics for the final sample of WeChat public accounts.

Uncertified (N=27)Certified (N=66)Characteristic

Subject classification, n (%)

3 (11)53 (80)Company

1 (4)12 (18)NGOa

23 (85)1 (2)Individual

WCIb

3 (11)17 (26)Section A

19 (70)35 (53)Section B

5 (19)14 (21)Section C

Type of content

7 (26)5 (7)Traditional Chinese medicine

3 (11)2 (3)Rational diet

3 (11)2 (3)Sports and health

0 (0)1 (2)Mental health

0 (0)2 (3)Medical scientific research

0 (0)5 (8)Health of key population

14 (52)49 (74)Comprehensive information

aNGO: nongovernmental organization.
bWCI: WeChat Communication Index.

Health on the Net Foundation Code of Conduct
Conformity
The HONcode compliance of the 93 HWPAs is shown in
Multimedia Appendix 2. Although certified HWPAs were
slightly more compliant than uncertified HWPAs, the
compliance of HWPAs with the HONcode principles was
generally not ideal, especially regarding the six principles of
privacy, attribution, justifiability, transparency, financial
disclosure, and advertising policy. For the remaining two
principles, the compliance was also uneven. Although most
HWPAs provided information on the content providers, they
seldom verified the qualifications of these providers. In addition,

most of the HWPAs did not state that the health-related
information they provided was intended to support rather than
replace medical decisions, and they did not clearly identify the
user groups they were targeting.

Suitability of Articles From WeChat Public Accounts
Among the six subdimensions of the SAM scale, layout and
typography scored the highest (4.83/6 points), and graphics
(5.167/10 points) and learning stimulation (3.68/6 points) scored
the lowest. The remaining three subdimensions scored
somewhere in between (7.22/10 points and 3.02/4 points), closer
to the typical SAM score (34/44 points, 77%). There were 89
(42.4%) articles (mean 77.58, SD 5.496) that met the criteria
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for “superior” suitability as established by the SAM scale, 118
(56.2%) articles (mean 61.06, SD 7.014) that met the criteria
for “adequate” suitability, and 3 (1.4%) articles (mean 38.64,
SD 2.143) that were evaluated as “not suitable”. The mean SAM
score was 67.70 (SD 10.93), indicating “adequate” suitability.

The descriptive statistics of the SAM scale are shown in Table
2.

The results of the t test (Table 3) indicated that there were no
significant differences in the SAM scores of the articles released
by HWPAs with and without Tencent certification, except for
the literacy requirements dimension.

Table 2. Descriptive statistics of the Suitability Assessment of Materials scale (N=210).

SuperiorAdequateNot suitableItem

Content, n (%)

187 (89.1)23 (10.9)0 (0)Purpose

113 (53.8)96 (45.7)1 (0.5)Content topics

90 (42.9)117 (55.7)3 (1.4)Scope

59 (28.1)100 (47.6)51 (24.3)Summary/review

Literacy demand, n (%)

45 (21.4)105 (50.0)60 (28.6)Reading grade level

115 (54.8)67 (31.9)28 (13.3)Writing style

72 (34.3)109 (51.9)29 (13.8)Vocabulary

183 (87.1)26 (12.4)1 (0.5)Context

183 (87.1)14 (6.7)13 (6.2)Advanced organizers

Graphics, n (%)

61 (29.0)107 (51.0)42 (20.0)Cover graphic

91 (43.3)95 (45.3)24 (11.4)Type of illustrations

75 (35.7)94 (44.8)41 (19.5)Relevance of illustrations

61 (29.0)73 (34.8)76 (36.2)List, tables, graphs, charts

33 (15.7)74 (35.2)103 (49.1)Captions

Layout and typography, n (%)

114 (54.3)96 (45.7)0 (0)Layout

116 (55.2)89 (42.4)5 (2.4)Typography

179 (85.2)11 (5.2)20 (9.5)Subheadings

Learning stimulation/motivation, n (%)

5 (2.4)66 (31.4)139 (66.2)Interaction

156 (74.3)48 (22.9)6 (2.9)Modeling of behaviors

145 (69.1)47 (22.4)18 (8.6)Motivation

Cultural appropriateness, n (%)

192（91.4）17 (8.1)1 (0.5)Cultural match

57 (27.1)119 (56.7)34 (16.2)Cultural image and examples
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Table 3. Evaluation scores of articles on the WeChat public accounts (mean, SD).

P valuetUncertifiedCertifiedSAMa item

.18–1.3625.70 (1.049)5.94 (1.244)Content

.02–2.4187.70 (1.612)7.06 (1.764)Literacy demand

.081.7775.72 (2.582)4.98 (2.683)Graphics

.211.2635.00 (1.019)4.77 (1.181)Layout and typography

.64–0.4663.62 (1.023)3.70 (1.135)Learning stimulation, motivation

.251.1553.11 (0.670)2.99 (0.734)Cultural appropriateness

.071.84730.85(4.190)29.44(4.993)Total Score

aSAM: Suitability Assessment of Materials.

Discussion

Principal Findings
The HWPAs had overall low HONcode conformity. Although
the suitability of health information released by HWPAs was
at a moderate level, there were still problems identified such as
difficulty in tracing information sources, excessive implicit
advertisements, and irregular usage of charts.

HONcode certification was significantly correlated with website
quality as measured by DISCERN [28]. However, this survey
found that the HONcode compliance of HWPAs was low, which
is similar to the HONcode compliance of nonChinese health
websites such as those on urinary diseases [29] and Ebola [30].
By analyzing the certificate information of HWPAs, we found
that most of the certified HWPA owners were companies. These
companies also have their own websites that are accessed
through internet browsers in addition to the HWPAs, and the
articles they pushed through HWPAs were also published on
their websites. After further checking these Web page-based
websites, we found that none of the websites included in this
survey had HONcode certification. Although relevant studies
on the HONcode compliance of nonChinese health websites
have reported some cases of missing HONcode certification
[28,31], the results of this survey are clearly more negative. The
main approach to monitor the quality of online health
information in China is to check the business scope and content
of the network information platform according to relevant laws
and regulations. This approach emphasizes the binding force
of the legitimacy of the network information platform and the
external monitoring of the online information platform.
HONcode is not a strict regulation but is rather an ethical code
for the release of online information that emphasizes the
constraints on online information providers from the perspective
of professional spirit, moral conscience, and internal monitoring
of the network information platform [32]. In this survey, we
found that the business entities of HWPAs paid more attention
to compliance with laws and regulations but paid insufficient
attention to the ethical standards for online information, such
as privacy, attribution, justification, or transparency. This may
be the main reason for the low HONcode conformity of HWPAs.

We also found a lack of appropriate mechanisms for monitoring
the backgrounds of the HWPAs. Regardless of whether the
HWPAs were operated by individuals or by organizations, there

was no requirement to provide any medical qualification-related
certification materials to apply for a WPA [33]. Although some
organizations (such as hospitals, government agencies, and
medical-related media) have business licenses, we can only
infer whether they have medical-related qualifications [34] or
internet content provider qualifications [35]; however, some
trading companies, advertising companies, associations, and
other organizations have also received Tencent’s official WPA
certification (see Multimedia Appendix 3). For personal
applicants, as long as they submit identification information
(eg, an identity card), a cell phone number, and a bank card tied
to a WeChat ID, they can apply to establish their own HWPAs
without the need to provide any proof of medical qualifications
[33].

In addition, it is common to search for WPAs by name.
However, the names of many WPAs were not matched to their
WeChat IDs. For example, we searched for a WPA named 中
医养生 (Traditional Chinese Medicine and Healthcare), and 11
results were returned. Although each WPA has a unique WeChat
ID, it is difficult for consumers to remember the IDs or to
distinguish among the WPAs using their IDs.

Regarding the overall evaluation, the HWPA health information
suitability was determined to be at the “moderate” level, which
is similar to the published OHI suitability evaluation results
[36,37]. However, regarding literacy demand and cultural
appropriateness, the HWPA scores were significantly better
than those of some nonChinese OHI evaluation results [28].
This may be because, compared with China with a relatively
stable cultural environment, countries in Europe and America
have more immigrants and face more problems such as cultural
assimilation [38], income disparity [39], and disease burden
[40]. The resulting cultural and linguistic differences inevitably
lead to differences in people’s health-related behavior [41] and
understanding of OHI [42]. On the one hand, this requires
website owners to consider more acculturation factors when
publishing health information. On the other hand, it creates
higher requirements for users’ cultural literacy [43].

In terms of scoring dimensions, most of the health-related
articles published by HWPAs had friendly cover pictures and
attractive titles that clearly described the purpose of the article,
had a good layout and typography, and were culturally suitable.
However, the use of charts was not standardized, and the lack
of charts used as illustrations was a common problem. More
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than half of the articles included pictures with little relevance
to the content of the articles or even negative exaggerations and
stereotypical cultural characteristics. In addition, in terms of
the vocabulary used, readers would have little difficulty reading
the articles, but articles related to TCM generally used
professional terms. Although knowledge of TCM, as part of the
national traditional culture, can be expected of most Chinese
residents, there was still a large amount of content that would
be difficult for readers to understand [44], indicating a higher
level of literacy required to understand the articles.

In addition, compared with the traditional mode of health
information dissemination through Web pages, WPAs require
simple operations to share information, and the integrated
payment functions in WeChat, Alipay, and other apps only
require a few steps to complete commodity purchases and even
provide short-term interest-free loan and installment repayment
services. Therefore, article copying and implicit advertisements
were common problems of the HWPAs. We randomly selected
several articles, which were searched using the Baidu search
engine, and found that some articles were posted on different
websites; the same results were obtained for several articles
marked as “original” on the HWPAs. Although most websites
cited their sources, the sources indicated for the same articles
on different websites were often inconsistent. This might explain
why there was no significant difference in the results of the
evaluation of the suitability of articles released by certified and
uncertified HWPAs. Advertisements were usually embedded
in the text in the form of pictures or articles introducing sales
information for products in the form of an article summary. We
assessed the accuracy of the health knowledge disseminated
through several articles containing implicit advertisements and
found no medicine-related errors. However, such implicit
advertisements might still cause undesirable subjective feelings
regarding user access, reduce consumers’ trust in the content
of the articles, or mislead consumers regarding healthy behaviors
[45].

Implications
New media has become an important resource for the public to
seek health information. As representatives of Chinese health
information communication platforms accessed through mobile
phones and mobile terminals, HWPAs have a large consumer

base in the Chinese-speaking world [46]. We suggest that the
owners of HWPAs should follow the HONcode to guide and
improve the construction of their HWPAs and strengthen the
quality control of the OHI they publish. At the same time, as
the manager of WeChat public account platforms, the Tencent
Corporation should strengthen the qualification requirements
for applying for an HWPA and strengthen the supervision of
the health-related content released by WPAs to avoid the
occurrence of another “Wei Zexi incident” [47] on WPA
platforms. In addition, we suggest that related research
institutions formulate targeted norms for the construction of
mobile OHI platforms.

Limitations
Several limitations of this study are apparent. First, there are
many evaluation indices of WPAs, but there is a lack of
horizontal comparison of these indices. In this study, we chose
the WCI proposed by Qingbo Bigdata as the ranking basis for
the influence of WPAs, which may have resulted in selection
bias. Second, as a set of principles that health websites should
follow, the HONcode is important in guiding the construction
of HWPAs. However, a few indicators were not well targeted
to mobile platforms, which may have reduced the validity of
the assessment. Third, the Chinese nation is a multiethnic group,
and some ethnic minorities have their own spoken and written
languages. However, due to the WCI ranking system, the content
on the HWPAs in this survey was all in simplified Chinese.
Finally, all evaluations were influenced by the researchers who
conducted them, and the results of their evaluations may differ
from consumers’ feelings. In view of the above limitations, the
conclusions of this study are preliminary and should be carefully
interpreted.

Conclusions
We found that HWPAs had low compliance with the HONcode.
Although the suitability of the articles released by HWPAs was
at a moderate level, there were still problems identified, such
as difficulty in tracing the sources of information, excessive
implicit advertisements, and the irregular usage of charts.
Moreover, low approval requirements for applications to obtain
an HWPA are not conducive to improving the service quality
of HWPAs.
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Abstract

Background: Mobile health (mHealth) apps offer great opportunities to deliver large-scale, cost-efficient digital solutions for
implementing lifestyle changes. Furthermore, many mHealth apps act as medical devices. Yet, there is little research on how to
assess user satisfaction with an mHealth solution.

Objective: This study presents the development of the mHealth Satisfaction Questionnaire and evaluates its measurement
properties.

Methods: Respondents who took part in the Health Integrator Study and were randomized to use the Health Integrator smartphone
app for lifestyle changes (n=112), with and without additional telephone coaching, rated their satisfaction with the app using the
new 14-item mHealth Satisfaction Questionnaire. The ratings were given on a 5-point Likert scale and measurement properties
were evaluated using Rasch measurement theory (RMT).

Results: Optimal scoring was reached when response options 2, 3, and 4 were collapsed, giving three response categories. After
omitting two items that did not fit into the scale, fit residuals were within, or close to, the recommended range of ±2.5. There was
no differential item functioning between intervention group, age group, or sex. The Person Separation Index was 0.79, indicating
that the scale’s ability to discriminate correctly between person leniency was acceptable for group comparisons but not for
individual evaluations. The scale did not meet the criterion of unidimensionality; 16.1% (18/112) of the respondents were outside
the desired range of −1.96 to 1.96. In addition, several items showed local dependency and three underlying dimensions emerged:
negative experiences, positive experiences, and lifestyle consequences of using the mHealth solution.

Conclusions: In times where mHealth apps and digital solutions are given more attention, the mHealth Satisfaction Questionnaire
provides a new possibility to measure user satisfaction to ensure usability and improve development of new apps. Our study is
one of only a few cases where RMT has been used to evaluate the usability of such an instrument. There is, though, a need for
further development of the mHealth Satisfaction Questionnaire, including the addition of more items and consideration of further
response options. The mHealth Satisfaction Questionnaire should also be evaluated in a larger sample and with other mHealth
apps and in other contexts.

Trial Registration: ClinicalTrials.gov NCT03579342; http://clinicaltrials.gov/ct2/show/NCT03579342.

(JMIR Mhealth Uhealth 2020;8(5):e15909)   doi:10.2196/15909
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Introduction

Background
Electronic health (eHealth), defined by the World Health
Organization as the use of information and communication
technologies for health, also encompasses mobile health
(mHealth), defined as a medical or public health practice that
is supported by mobile devices [1]. mHealth has had a rapid
evolution and adoption and today, smartphone apps have the
potential to make the treatment and prevention of diseases
cost-efficient and widely accessible. There is a vast number of
apps for tracking different types of health data such as physical
activity, diet, sleep, stress, and more. Apps also commonly act
as medical devices or accessories to medical devices to, for
example, apps diagnose heart rhythm abnormalities or function
together with a glucose meter used by an insulin-dependent
patient with diabetes. The mHealth literature has grown rapidly
over the last couple of years and has so far primarily focused
on the effectiveness and efficiency of the usability of mHealth
solutions.

While effectiveness refers to the completeness of specified
goals, such as improved health status, which is often measured
in terms of medical examinations and self-reported health,
efficiency on the other hand, relates to the resources used for
accomplishment, such as cost for personnel or digital solutions,
rather than to its implications. However, from a full usability
perspective, effectiveness and efficiency are important, but
given the often high attrition rates in mHealth studies [2], user
satisfaction may be key for retention.

To enable more comprehensive evaluations of mHealth
solutions, there is a need to develop a questionnaire to assess
user satisfaction. To the best of our knowledge, there is no
generic commonly available tool, for example, a questionnaire,
for capturing user satisfaction with mHealth solutions using an
app. However, King et al [3] constructed a user satisfaction
survey following their 8-week feasibility testing of different
physical activity apps. It consisted of 22 items asking the
respondents to rate usability on a 6-point Likert-type scale. The
survey was subsequently adapted by Mummah et al [4] into a

21-item questionnaire in which participants were asked to rate
their level of agreement or disagreement with different
statements on a 5-point Likert-type scale. This questionnaire
was used to measure user satisfaction of Vegathon, an app
aiming to increase vegetable intake among adults with obesity.
Statements in the questionnaires by King et al [3] and Mummah
et al [4], as well as in the adapted version used here, include
areas of usability such as time consumption, motivation,
understanding, and willingness to recommend it.

Objectives
In this work, we have developed a generic 14-item version called
the mHealth Satisfaction Questionnaire. We used the new
questionnaire in a large randomized controlled mHealth trial,
the Health Integrator Study [5]. Here, we report how we used
psychometric Rasch measurement theory (RMT) to assess the
ability of our new mHealth Satisfaction Questionnaire to
measure user satisfaction with an mHealth solution. On the basis
of the results, we also suggest improvements for a future
mHealth Satisfaction Questionnaire.

Methods

Data Collection
The study population comprised the respondents taking part in
the Health Integrator Study’s intervention groups (n=138).
Briefly, the 3-month interventions included a personalized
mHealth intervention based on the participant’s personal health
profile and were tailored to the need of each specific participant,
with or without telephone sessions with a health coach. The
intervention has been described in detail elsewhere [5]. The
study was approved by the Regional Ethical Review Board in
Stockholm, Sweden (2018/411-31 and 2018/1038-32).

At the 3-month follow-up of the active mHealth intervention,
the participants were administered the Web-based mHealth
Satisfaction Questionnaire, evaluating how the Health Integrator
app was perceived—both in terms of usage and improved health.
An example of the Web-based version of the questionnaire is
shown in Figure 1. A reminder was sent after 2 weeks to all
nonresponders.
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Figure 1. Screenshot of the Web-based mHealth Satisfaction Questionnaire.

In total, 112 respondents completed the new mHealth
Satisfaction Questionnaire after the intervention, corresponding
to a response rate of 81%. Of these 112 respondents, 60 (53.5%)
received telephone support with a health coach during the active
intervention, while 52 (46.4%) did not receive this support. The
study population comprised a slightly greater number of men,
56.3% (63/112), than women, 43.8% (49/112). The mean age
of participants was 47.8 years (median 48.5 years, range 26-73
years).

Measurement
The mHealth Satisfaction Questionnaire is an adaption of the
user satisfaction survey used in the Vegathon study by Mummah
et al [4], which in turn is an adaption of the user satisfaction
survey by King et al [3]. In adjusting the questionnaire to a short
and more generic 14-item version, we omitted some of the more
vegetable-specific questions used in the Vegathon study such
as Vegathon has given me the confidence that I could become
a better vegetable eater. Although Mummah et al [4] specifically
targeted the vegetable intake app in each statement, our
questionnaire is divided into two sections with the overarching
questions: What did you think about using the health app? and
How did you experience the health app? The sections of our
questionnaire include general statements about, for example,
the usability of and willingness to recommend the app.

The mHealth Satisfaction Questionnaire consists of 14 items
where the respondent is asked to rate to what extent he or she
agrees on each item on a 5-point Likert-scale (see Multimedia
Appendix 1). Higher rating corresponds to higher agreement
(ie, 1=strongly disagree, 5=strongly agree); 10 items are
positively stated, while four items are negatively stated. The
negatively stated items were reversed in the analyses, and
consequently, higher values correspond to higher leniency.

Measurements made with any questionnaire need to produce
results which are invariant and reliable in much the same way
as is required of physical measurements, for instance of mass

or length [6]. To ensure equitability and fairness, irrespective
of to whom the questionnaire is administered, estimates of
person and item characteristics (leniency and quality in this
case) deduced from questionnaire responses need to be
comparable, as far as possible, with corresponding estimates
made on other occasions by other independent measurements.
Second, any measurement result will have limited quality as
there is neither time nor resources to perform perfect and
complete measurements. The risks of incorrect decisions (about
for instance care) associated with this uncertainty can be
assessed if measurement reliability is openly declared in terms
of how much uncertainty there is in the actual measurement
results at hand.

Invariant and reliable quality-assured measurement results based
on questionnaires require principally two actions when analyzing
responses: (1) raw data from questionnaires (here: respondents
rated degree of agreement to each statement) are always ordinal
[7], and need to be transformed on to a common measurement
interval scale on which distances have quantitative meaning
[8,9], and (2) raw questionnaire response data are a mix of
person leniency and item quality, which need to be estimated
separately.

RMT is a means of performing both of these actions:
measurement data on interval (in contrast to ordinal) scales can
be reliably analyzed with all the regular statistical tools and
metrics, and separate estimates of person leniency and item
quality enable metrological references for comparability, in
much the same way as mass standards can only be established
with separately calibrated weighing machines [10].

RMT was developed by the Danish mathematician Georg Rasch
in the mid-20th century with the intention to enable invariant
and individual comparisons, based on the same underlying
principles as physical measurements [8]. In metrological terms,
RMT can be understood as modeling a measurement system in
which each item of a questionnaire represents a characteristic
of an object to be measured (here: the quality demand value δ),
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and each person responding to the questionnaire acts as a
measurement instrument (with a certain respondent leniency θ)
when providing a system response to the questionnaire (here:
respondents’ rated degree of agreement to each statement) [9].

According to RMT, data are evaluated against a mathematical
model for guiding the construction of stable linear measures
from raw data [8]. In the simplest, dichotomous case,
transformation of questionnaire responses is made with a logistic
regression function where Psuccess is the probability of making
a correct binary response:

Rasch modeled the log-odds of a yes or pass response to a no
or fail response as a simple linear difference between person
leniency (θ) and item quality (δ). This dichotomous model can
be extended to a polytomous model (ie, Likert scales with
multiple ratings) [11], which has been used in this study.

Statistical Analysis
The measurement properties of the new mHealth Satisfaction
Questionnaire were evaluated according to RMT, which
estimated each participant’s level of leniency (how easily
satisfied they were) and each item’s level of quality (the ability
of each aspect of the app to make the user satisfied) by making
a logistic regression to the complete set of responses of the
whole cohort to all items of the questionnaire. This was done
with the software Rasch Unidimensional Measurement Model
(RUMM) 2030. To ensure that this logistic regression satisfied
fundamental measurement properties, the analysis focused on
the requirements response category functioning, targeting and
reliability, and model fit [12,13].

Response Category Functioning
To evaluate the monotonicity of item response categories, the
threshold orders were evaluated. Ratings on each item should
be consistent with the metric estimate of the underlying
construct, that is, ordered from low to high degree of agreement.
This was completed as a first step, and where needed, categories
were collapsed when disordered thresholds occurred [13].

Targeting and Reliability
Person locations should ideally mirror the item locations.
Comparing the mean person location with the mean item
location (ie, 0 logits) gives an indication to whether a person is
off centered from the items [13]. Moreover, to evaluate the
ability to successfully furnish separate estimates of each
respondent’s level of leniency, the Person Separation Index
(PSI) was used to estimate reliability. Reliability, that is, the
scale’s ability to discriminate correctly between person leniency,
was interpreted as follows: zero (0) indicates total uncertainty
and one (1) implies no uncertainty, a result >0.70 is required
for group assessments and >0.85 for individual high-stake
evaluations items [13,14]. A person separation reliability of 0.8
indicates that measurement uncertainty is not more than one
half of the total standard deviation observed [15].

Model Fit

Several fit statistics were evaluated including; fit residuals, χ2,
item characteristic curve (ICC), differential item functioning
(DIF), local dependency, and unidimensionality. We used the
following guidelines:

1. A residual is the difference between a person’s observed
score on each item of the mHealth Satisfaction
Questionnaire and the expected value derived from the
RMT analysis. The mean residual is recommended to be
close to zero (0) and standard deviations (SDs) close to one
(1). At the same time, the individual item fit residuals
should be within the range of −2.50 to +2.50 [12].

2. χ2 tests, which evaluate the difference between the observed
and expected item responses, should ideally not be
statistically significant (after Bonferroni correction) [11,12].

3. ICCs are graphical indicators of fit. They can be used to

complement the interpretation of the fit residuals and χ2

probabilities. For ICC graphs, the dots of the class intervals
should follow the ICC to support good fit [12].

4. DIF analyses are used to evaluate to which extent item
responses are influenced by external factors, that is, item
function should be similar across different groups and
should ideally be nonsignificant (after Bonferroni
correction) [16]. Both uniform and nonuniform DIF were
tested for intervention group, age group, and gender. Age
groups were created according to the following: younger
corresponded to ≤39 years; middle age corresponded to 40
to 54 years; and older corresponded to ≥55 years.

5. Local dependency was evaluated according to a relative
cut off of 0.2 above the average correlation [17,18]. To deal
with local dependency, sets of items were grouped into new
polytomous items, that is, super items with scores ranging
from zero (0) to the maximum of the sum of the scores of
the included items [19].

6. The Smith method for testing unidimensionality was applied
[20]. This means that the first residual factor obtained in a
principal component analysis is used to define two subsets
of items by dividing them into positively and negatively
correlated items. Thereafter, person estimates for each
subset were compared using an independent t test. To
support unidimensionality, the percentage of respondents
outside the range −1.96 to 1.96 should not exceed 5%.

Results

14 Item Version
We found disordered thresholds for all except one item in the
questionnaire (It was good to use). This was, however, resolved
by collapsing the response options. The optimal rescoring
occurred when response categories 2, 3, and 4 were collapsed
into one category. This was also done for the item with no
disordered thresholds, as category probability curves showed
close to disordered thresholds. Consequently, a 3-step scale was
used for the remaining analyses, which was similar for all 14
items.

Comparisons of mean person location (0.60 logits; SD 1.13)
and the mean item location (fixed to 0 logits, SD 0.71) indicated
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that most persons’ leniency levels were off centered with respect
to the item quality locations. The PSI was 0.79, that is, the
scale’s ability to discriminate correctly between person leniency
was acceptable for group comparisons but not for individual
evaluations. In analysis of item hierarchy, the items were ordered
in a logical line from the easiest demands for product quality
(eg, It was too time consuming or It was easy to use) to the more
demanding qualities of the product (eg, It has helped me to
understand the benefits of improving my lifestyle habits).

The mean of the fit residuals was −0.45 (SD 1.4), indicating
room for improvement in terms of fit to the RMT model.
Nevertheless, the item fit statistics were satisfactory for all
except two items, It has been difficult to remember to use it and
It interrupted me in my daily activities (fit residuals 5.25 and
3.98, respectively; Table 1). None of the items showed

statistically significant χ2, although, by studying the ICC,
deviating dots were present for the two items with high fit
residuals (Figures 2 and 3).

Table 1. Summary item statistics of the analyses for the version with 14 items.

P valueChi-square (df=2)Fit residuals2 SELocationItems

.521.3−0.030.36−1.12It was a disturbance

.019.53.98 a0.35−1.00It interrupted me in my daily activities

.790.5−0.170.35−0.94It was too time consuming

.213.21.140.37−0.45The introduction of how to use it was sufficient

.501.40.610.30−0.36It was boring to use

.332.2−0.830.36−0.29It was easy to use

.104.6−1.160.43−0.01It was good to use

.680.8−0.700.400.12The time spent using it has been acceptable

.262.7−0.870.360.40I can recommend it to others

.019.65.230.270.48It has been difficult to remember to use it

.065.8−1.910.380.72It has motivated me to change my lifestyle habits

.075.3−1.990.390.74It has helped me to understand the benefits of improving my
lifestyle habits

.134.1−2.200.380.78It has helped me to understand how I need to change my
lifestyle habits

.213.1−1.550.370.94It has helped me set personal goals for my lifestyle habits in
a way that I could not have done on my own

aFit residuals in italic indicate misfit +2.5.

Figure 2. Item characteristic curve (ICC) showing a line with the expected response (predicted from the model) and the dots corresponding to the
observed response. The illustration shows how the dots deviated from the ICC for the item It has been difficult to remember to use it.
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Figure 3. Item characteristic curve (ICC) showing a line with the expected response (predicted from the model) and the dots corresponding to the
observed response. The illustration shows how the dots deviated from the ICC for the item It interrupted me in my daily activities.

There was no significant DIF present, neither uniform nor
nonuniform, for any of the person factors (intervention group,
age group, or gender). In total, 16 of 91 residual correlations
failed to meet the relative cut off (0.14). A clear pattern of three
distinct clusters was apparent, reflecting negative experiences,
positive experiences, and lifestyle consequences of using the

mHealth solution, respectively (Table 2). In addition, local
dependency was also shown between the two items with
unsatisfactory fit residuals. A t test revealed that 17.9% (20/112)
of the respondents were outside the desired range of −1.96 to
1.96.

Table 2. Summary item statistics of the analyses for the version with 12 items.

TestletP valueChi-square (df=2)Fit residuals2 SELocationItems

1.322.301.970.37−1.20It was a disturbance

——————aIt interrupted me in my daily activities

1.312.330.970.36−1.03It was too time consuming

2.650.871.460.38−0.53The introduction of how to use it was sufficient

1.232.962.520.30−0.44It was boring to use

2.451.58−0.900.37−0.37It was easy to use

2.242.86−1.380.45−0.08It was good to use

2.720.66−0.770.410.09The time spent using it has been acceptable

2.371.98−0.820.370.38I can recommend it to others

——————It has been difficult to remember to use it

3.143.93−2.020.390.72It has motivated me to change my lifestyle habits

3.223.01−2.440.400.73It has helped me to understand the benefits of improving
my lifestyle habits

3.371.98−2.660.400.78It has helped me to understand how I need to change my
lifestyle habits

3.571.11−1.010.380.94It has helped me set personal goals for my lifestyle habits
in a way that I could not have done on my own

aThe items have been removed.

12 Item Version
By qualitatively studying the findings and taking the statistics
into consideration, it was clear that the items It has been difficult
to remember to use it and It interrupted me in my daily activities
did not fit the scale. As a next step, we removed these items

and reanalyzed the data. This slightly reduced the targeting
(Figure 4) and PSI (from 0.79 to 0.78), but at the same time
improved the fit statistics (Table 2). On the basis of the results
from the analyses, an updated version, version 2, of our mHealth
Satisfaction Questionnaire is presented in Multimedia Appendix
2.
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Figure 4. Person-item threshold histograms for the 12-item version. Upper histogram (pink bars) shows person measurements reflecting lower leniency
with the Health Integrator app to the left, and higher leniency with the Health Integrator app to the right, that is, the most lenient persons are to the right.
The lower histogram (blue bars) shows item threshold estimates reflecting lower quality demands to the left and higher quality demands to the right.
This implies that it was easier to agree to statements at the lower end corresponding to negative experiences of using the mobile health (mHealth) app
compared with the less easy items to agree with at the upper end, corresponding to lifestyle consequences of using the mHealth app.

As shown in Figure 4, there is a gap in items for quality between
0 and 1 logits for the threshold distribution (lower histogram,
blue), which could lead to poorer measurement accuracy where
most of the respondents are located (upper histogram, pink).
There also seems to be room toward the upper end of the scale
to include items making more demands for quality using the
mHealth app items, and similarly, some less demanding items
at the lower end of the quality scale.

Two items showed fit residuals just outside the range −2.5 to
+2.5 (It has helped me to understand how I need to change my
lifestyle habits −2.66; and It was boring to use 2.51; Table 2).
However, these items showed neither statistically significant

χ2 nor deviating dots from the ICC. Again, a high number of
local dependencies (13 of 66 correlations above the relative cut
off 0.13) was found, with similar patterns as reported above,
and 16.1% (18/112) of the respondents were still outside the
desired range of −1.96 to 1.96 when examining
unidimensionality. To deal with local dependency, the clustered
items were grouped into three testlets (Table 2), and the analyses
were repeated. This, however, resulted in disordered thresholds
for all testlets. This could not be solved without affecting the
content and the satisfactory fit statistics reported above.

Discussion

Principal Findings
We present the initial development of a questionnaire, the
mHealth Satisfaction Questionnaire, for assessing user
satisfaction with mHealth apps and demonstrate a metrological
way of evaluating and redesigning the questionnaire’s ability
to assess this. By applying Rasch analysis, we can better
understand the limitations of the questionnaire, as well get
guidance about how to revise and improve the questionnaire.

Disordered thresholds indicate that respondents had difficulty
in discriminating between the given response options [21].
Unsatisfactory statistics for the monotonicity of item response
categories might, however, be a consequence of the small sample
size [22]. We solved this by collapsing the 5-point Likert scale
into a 3-point Likert scale. With too many response alternatives,
there is always a possibility of collapsing response options, but
the other way around, that is, splitting responses into two or
more categories, cannot be done.

By studying the clusters from the residual correlations used for
testlets, three underlying dimensions emerged representing
negative experiences of using the mHealth app (testlet 1),
positive experiences of using the mHealth app (testlet 2), and
lifestyle consequences of using the mHealth app (testlet 3).
Given the lack of unidimensionality, it may be questionable to
create a single score for a higher ordered assessment of
satisfaction with mHealth apps. On the other hand, having a too
hardline data–driven approach is not without risk [23]. By
considering the clusters that emerged, it was clarified that the
items were ordered in a logical hierarchy from the easiest
demands for product quality to the more demanding qualities
of the product. For mHealth apps, this means that the hierarchy
is going from not having negative effects, through positive
experiences in the everyday usage, to having a positive impact
on lifestyle. Consequently, with those distinct steps in the
hierarchy, it can be of importance to specify thresholds or
requirement for different types of mHealth apps or to provide
guidance for mHealth app developers on what actions are
necessary to improve user satisfaction or to ensure higher user
satisfaction.

Our analysis showed slightly off-centered persons to the items
and that there were some gaps in both item locations and
threshold locations. Together with a reliability of 0.78, this
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implies that the persons’ leniency values are measured with a
low precision. This indicates a need for the inclusion of
additional items to close the gaps and create a more granulated
measure with less measurement uncertainties [12,24]. Adding
more items might also help to remove local dependency, as
assessments of local dependency seem to be less reliable when
there are fewer than 20 items [18]. Future studies exploring
which additional items could be brought in, perhaps through
respondent interviews to ensure the content validity, may be of
value in making sure that the questionnaire captures the full
range of concepts of interest.

Limitations
There are some methodological limitations to bear in mind when
interpreting the results. Despite a response rate from our
randomized controlled trial of over 80%, the sample size
(n=112) could still be considered small. To reach a reliability
of 0.8, which is considered an acceptable metrological
convention for measurement uncertainties [15], another 14
respondents would have been needed, according to the
Spearman-Brown prediction formula [25]. However, in the early
stages of methodological work, small sample sizes could be
considered acceptable as convenience samples for explorative
purposes [22].

Another limitation is the frame of reference, that is, that the
measurement properties of the mHealth Satisfaction
Questionnaire are only evaluated when applied to one unique
mHealth app and in one context. However, this is a first step in
developing and assessing the measurement properties of the
mHealth Satisfaction Questionnaire. With our promising results
and suggested improvements for future work, we would
recommend that the measurement properties of a future refined
version of the mHealth Satisfaction Questionnaire are evaluated
further. In particular, DIF, which did not vary with age, gender,
or intervention in our sample, would be of interest to study in
groups that have used different mHealth apps.

Comparison With Prior Work
Already in 1986, long before eHealth and later on mHealth had
made their entries, Nicell et al [26] designed a questionnaire to
measure attitudes toward computers. It included 20 statements
like I feel intimidated by computers and Computers are bringing
us to a bright new era with response alternatives on a 5-point
Likert scale. Usability, including efficiency, efficacy, and
satisfaction, is today a widely accepted metric in many fields
and is the focus of several standards and regulations. Initially
applied to visual display terminals [27], these standards are now
slowly being introduced into medical device and user interface
regulations [28,29] and are regulated and promoted by the US
Food and Drug Administration [30].

Despite the fact that computers, eHealth, and mHealth have
become such an integrated part of everyday life and that

mHealth apps commonly act as medical devices, surprisingly
little research has been conducted into finding valid and reliable
ways to assess user satisfaction with these digital solutions.
Besides, different rating scales are increasingly used as outcome
measures in clinical studies. Our proposed mHealth Satisfaction
Questionnaire, or similar scales evaluated in rigorous ways, can
facilitate and guide future development of mHealth solutions
and be included in comprehensive usability tests. In addition,
such questionnaires may even be of great importance for the
accreditation process of mHealth apps and medical technology
products.

Our mHealth Satisfaction Questionnaire is an adapted version
of similar questionnaires found in the mHealth literature [3,4].
However, how the first versions were developed measurement,
and psychometric properties of the previous questionnaires
evaluated are not described. They are also more context specific
than generic. On the other hand, the mHealth Satisfaction
Questionnaire presented in this study provides both an
evaluation of its measurement properties and a questionnaire
for generic usage in mHealth solutions.

The RMT is considered conceptually and theoretically preferable
compared with classical test theory (CTT), both in designing
and evaluating rating scales. Limitations with CTT include that
(1) data generated are ordinal, (2) scores are scale dependent,
(3) scale properties are sample dependent, and (4) data are only
suitable for group studies [31]. On the other hand, RMT provides
separate estimates of person and item attribute values and their
scaling on a common interval logit scale. Moreover, there is a
growing interest in RMT in the health care literature [32]. For
instance, it has been used to compare measurement performance
of questionnaires in diverse areas such as depression in a sample
with diverse severity of emotional distress [24], physical and
psychological impact of multiple sclerosis [9], and quality of
life in sarcoidosis [33], but to our knowledge, psychometric
evaluations of rating scales for satisfaction assessment with
mHealth have never been conducted. Previously, the Rasch
approach to evaluating full usability has only been applied on
a few occasions, including in the analysis of Web usability [34]
and incontinence product usability [35].

Conclusions
Taken together, although there is room for improvement, our
mHealth Satisfaction Questionnaire gives a new possibility to
measure user satisfaction with mHealth. In times where mHealth
and digital solutions are given more attention, the mHealth
Satisfaction Questionnaire could be an important piece to ensure
usability assessments and improve development of mHealth
solutions. This paper provides the initial work and suggests
further development, where additional items are examined,
larger samples are used, and the mHealth Satisfaction
Questionnaire is tested for other eHealth apps and in other
contexts of use.
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PSI: Person Separation Index
RMT: Rasch measurement theory
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Abstract

Background: Physical activity reduces the incidences of noncommunicable diseases, obesity, and mortality, but an inactive
lifestyle is becoming increasingly common. Innovative approaches to monitor and promote physical activity are warranted. While
individual monitoring of physical activity aids in the design of effective interventions to enhance physical activity, a basic
prerequisite is that the monitoring devices exhibit high validity.

Objective: Our goal was to assess the validity of monitoring heart rate (HR) and energy expenditure (EE) while sitting or
performing light-to-vigorous physical activity with 4 popular wrist-worn wearables (Apple Watch Series 4, Polar Vantage V,
Garmin Fenix 5, and Fitbit Versa).

Methods: While wearing the 4 different wearables, 25 individuals performed 5 minutes each of sitting, walking, and running
at different velocities (ie, 1.1 m/s, 1.9 m/s, 2.7 m/s, 3.6 m/s, and 4.1 m/s), as well as intermittent sprints. HR and EE were compared
to common criterion measures: Polar-H7 chest belt for HR and indirect calorimetry for EE.

Results: While monitoring HR at different exercise intensities, the standardized typical errors of the estimates were 0.09-0.62,
0.13-0.88, 0.62-1.24, and 0.47-1.94 for the Apple Watch Series 4, Polar Vantage V, Garmin Fenix 5, and Fitbit Versa, respectively.
Depending on exercise intensity, the corresponding coefficients of variation were 0.9%-4.3%, 2.2%-6.7%, 2.9%-9.2%, and
4.1%-19.1%, respectively, for the 4 wearables. While monitoring EE at different exercise intensities, the standardized typical
errors of the estimates were 0.34-1.84, 0.32-1.33, 0.46-4.86, and 0.41-1.65 for the Apple Watch Series 4, Polar Vantage V, Garmin
Fenix 5, and Fitbit Versa, respectively. Depending on exercise intensity, the corresponding coefficients of variation were
13.5%-27.1%, 16.3%-28.0%, 15.9%-34.5%, and 8.0%-32.3%, respectively.

Conclusions: The Apple Watch Series 4 provides the highest validity (ie, smallest error rates) when measuring HR while sitting
or performing light-to-vigorous physical activity, followed by the Polar Vantage V, Garmin Fenix 5, and Fitbit Versa, in that
order. The Apple Watch Series 4 and Polar Vantage V are suitable for valid HR measurements at the intensities tested, but HR
data provided by the Garmin Fenix 5 and Fitbit Versa should be interpreted with caution due to higher error rates at certain
intensities. None of the 4 wrist-worn wearables should be employed to monitor EE at the intensities and durations tested.
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Introduction

Physical activity reduces the incidences of noncommunicable
diseases, obesity, and mortality, but, unfortunately, according
to the World Health Organization (WHO), a sedentary lifestyle
is becoming increasingly common, with approximately 23% of
the adult population failing to meet physical activity guidelines
[1-3]. Accordingly, innovative approaches to promote and
monitor physical activity are urgently warranted, as indicated
in the WHO’s global action plan [4]. While individual
monitoring of physical activity aids in the design of effective
interventions to enhance physical activity [5,6], a basic
prerequisite is that the monitoring devices exhibit high validity.

Heart rate (HR) and energy expenditure (EE) are two key aspects
of physical activity. HR reflects the intensity of physical activity
[7,8], while monitoring EE is particularly helpful for individuals
seeking to regulate their body mass or composition [9], since
any imbalance between energy intake and EE may have negative
consequences [10]. HR and EE vary widely between individuals,
and careful monitoring is crucial to provide appropriate
recommendations concerning physical activity and diet [10].

While several procedures for monitoring HR (eg, Holter
monitors or chest belts) and EE (indirect calorimetry) are
available, miniaturized sensors [11] potentially enable less
restrictive monitoring. Utilization of data collected by
miniaturized wearable sensors (wearables) to improve health
and fitness is a current worldwide trend [12] that offers new
opportunities for designing individualized interventions
concerning physical activity [13]. Theoretically, wearables allow
extensive monitoring of parameters related to physical activity
over prolonged periods [14]. Rigorous validation of wearable
sensors is paramount since insurance companies encourage and
promote monitoring (with wearables representing a major
component of this strategy) [15], the WHO aims to endorse
digital health (including wearables) [16], and in Germany, state
laws already permit physicians to prescribe digital health
solutions [17].

Wearable manufacturers claim to enable noninvasive and
accurate monitoring of HR and EE [18]. The market for
wearables designed to improve health and fitness is growing
rapidly, and companies release new versions of their technology
at least once each year, with older versions disappearing from
the market. Projections for wrist-worn wearables alone estimate
that 152.7 million such devices will be shipped in 2019, with a
compound annual growth rate of 6.2% until 2023 [19]. However,
the validity of most commercially available wearables has not
been assessed across a range of exercise intensities by
independent research institutions [18,20,21]. Consequently,
while the potential health benefits of wearables are considerable,
their validity must first be assured.

Accordingly, the current investigation was designed to assess
the validity of 4 commercially available, high-tech, and popular
wearable models for monitoring HR and EE while sitting or
performing light-to-vigorous physical exercise.

Methods

Our study protocol and data analysis were based on previous
recommendations concerning the validation of the reliability of
wearables for assessing parameters during physical activity
[22].

Participants
After being informed about the experimental procedures, 25
healthy participants (11 men, 14 women; mean age 26 years,
SD 7 years; mean body height 174 cm, SD 10 cm; mean body
mass 70.1 kg, SD 12.0 kg) of Caucasian origin gave their written
consent to participate. This study was performed in accordance
with the Declaration of Helsinki and approved by our institute’s
ethical committee (Ethical approval number:
EthikKomm-05/2019).

Experimental Procedures
All participants visited the laboratory twice, with 3 days between
visits, and tested 2 different wearables on each occasion.
Environmental conditions were constant, with a temperature of
19.5 °C (SD 0.8 °C). Anthropometric data were collected during
the first visit. Each wearable was attached to the wrist in the
manner indicated by the manufacturer, and age, sex, height, and
body mass were entered into the wearable’s software, along
with information about whether the wearable was on the left or
right wrist.

The wearables and the order in which they were worn during
the first and second visits were chosen in a random fashion,
resulting in 25 measurements with each wearable.

Each participant was monitored while sitting as well as during
walking and running at different speeds (1.1 m/s, 1.9 m/s, 2.7
m/s, 3.6 m/s, and 4.1 m/s) for 5 minutes, interspersed with 5
minutes of standing still. All participants also performed 6
~30-m sprints involving multiple changes in direction (ranging
from 10° to 180°) on the SpeedCourt (GlobalSpeed GmbH,
Hemsbach, Germany) [23]. This involved sprinting between 12
contact plates installed symmetrically in a 5.25 m by 5.25 m
square on the floor. A software program designed a path
consisting of the 6 30-m sprints (approximately 15 seconds per
30-m sprint), with a display indicating the contact plates that
had to be touched [23].

Figure 1 summarizes the sitting, walking, and running
procedures.
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Figure 1. Schematic illustration of the periods during which each participant was monitored (black bars).

Criterion Measures
A portable breath-by-breath gas analyzer (Metamax 3B,
CORTEX Biophysik GmbH, Leipzig, Germany) employing
standard algorithms for indirect calorimetry served as the
criterion measure for EE. This system measures metabolic
demands reliably [24] and has been used previously to assess
the validity of wearables designed to monitor EE [25].

A Polar H7 chest belt, commonly employed for similar
evaluations [26,27], was synchronized with the gas analyzer
and served as the criterion measure for HR.

Wearables
The 4 tested wrist-worn wearables were Apple Watch Series 4,
Version 5.1 (Apple Inc, Cupertino, CA); Polar Vantage V,
Firmware 3.1.7 (Polar Electro Oy, Kempele, Finland); Garmin
Fenix 5, Software 7.6 (Garmin, Olathe, KS); and Fitbit Versa,
Version 32.33.1.30 (Fitbit Inc, San Francisco, CA).

All utilize photoplethysmography to monitor HR, but, to the
best of our knowledge, information concerning the data used
to calculate EE is not publicly available. Each wearable was
positioned firmly, yet comfortably, on the wrist as in real life
and as recommended by the manufacturers.

In the case of the Apple Watch Series 4, the “indoor walking”
mode was selected for measurements while sitting or walking
at 1.1 m/s; “running indoor” for speeds from 1.9 m/s to 4.1 m/s;
and “HIIT” for the intermittent sprints. For the Polar Vantage
V, the “Running (Treadmill)” mode was selected for all the
monitoring periods, except for the intermittent sprints involving
many and frequent changes in direction, for which “Soccer”
was chosen. With the Garmin Fenix 5 and Fitbit Versa, the
“Treadmill” mode was chosen for all monitoring periods.

All data were transmitted via Bluetooth and synchronized with
the accompanying smartphone applications, in accordance with
the manufacturers’ recommendations. For the Apple Watch
Series 4, the raw data were exported to Microsoft Excel
(Microsoft Corp, Redmond, WA) via the Apple Health App
(Apple Inc, Cupertino, CA). In the cases of Polar, Garmin, and

Fitbit, data were exported via specific buttons in the
accompanying online software or collected directly from the
software.

Statistical Analysis
Statistical analysis was performed in accordance with previous
recommendations, whenever applicable [22]. Prior to analysis,
the data were log-transformed to avoid bias resulting from
nonuniformity of error. All data were analyzed in
custom-designed Microsoft Excel spreadsheets [28]. For each
exercise, the standardized mean bias was calculated. As
recommended and carried out previously, linear regression was
employed to analyze validity [22,29]. The standardized mean
bias, standardized typical error of the estimate (sTEE),
coefficient of variation (CV), and Pearson’s product-moment
correlation coefficient are all reported.

The sTEE, based on half the thresholds of the modified Cohen’s
scale, was employed to assess validity: <0.1, trivial; 0.1-0.29,
small; 0.3-0.59, moderate; 0.6-1.0, large; 1.0-2.0, very large;
>2.0, extremely large [28]. Pearson’s r was utilized to evaluate
the correlation between the criterion measure and wearable as
follows: 0.45-0.69, very poor; 0.70-0.84, poor; 0.85-0.94, good;
0.95-0.994, very good; ≥0.995, excellent [30]. The 90%
confidence limits (coefficient of variation [CV]) for the
statistical parameters are also reported. Absolute errors were
calculated based on these CVs and the mean value obtained by
the criterion measure.

The level of physical activity was defined in terms of the
metabolic equivalent (MET), with <3 MET indicating light, <6
MET medium, and >6 MET vigorous physical activity [31]. To
define physical activity levels, the EE provided by the criterion
measure was extrapolated to 1 hour and divided by the mean
body weight of the participant.

Results

Heart rate
The mean HR, CV, Pearson’s r, and sTEE with 90% confidence
limits and interpretations are summarized in Table 1.
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Table 1. Analysis of the validity of heart rate measurements by wrist-worn wearables while sitting or walking/running at different intensities.

Fitbit VersaGarmin Fenix 5Polar Vantage VApple Watch Series 4Level of activity (METsa), intensity

Inactive (1.3), sitting

68.8 (11.7)Heart rate (bpm)b, mean (SD)

–0.06 (–0.27 to 0.15)0.12 (–0.07 to 0.31)–0.06 (–0.11 to –0.02)0.03 (–0.02 to 0.07)Standardized mean bias

0.91 (0.77-0.96)0.89 (0.77-0.95)0.99 (0.98-1)0.99 (0.99-1)Pearson’s r

GoodGoodExcellentExcellentInterpretation of Pearson’s r

8 (6.1-12.1)7.7 (6.1-10.7)2.2 (1.8-2.9)2 (1.6-2.6)CVc (%)

0.47 (0.28-0.82)0.63 (0.41-1.03)0.13 (0.10-0.19)0.12 (0.09-0.17)sTEEd

ModerateLargeSmallSmallInterpretation of sTEE

Light (3.5), 1.1 m/s

95.8 (25.0)Heart rate (bpm)b, mean (SD)

–0.28 (–7.00 to 0.13)0.12 (–0.10 to 0.34)–0.07 (–0.32 to 0.17)0.01 (–0.07 to 0.09)Standardized mean bias

0.57 (0.31-0.70)0.85 (0.70-0.93)0.89 (0.79-0.94)0.97 (0.95-0.99)Pearson’s r

Very poorGoodGoodVery goodInterpretation of Pearson’s r

9.6 (7.8-12.6)5.8 (4.5-8.0)5.5 (4.4-7.3)2.9 (2.3-3.8)CV (%)

1.43 (0.87-3.03)0.62 (0.40-1.03)0.54 (0.37-0.82)0.23 (0.16-0.34)sTEE

Very largeLargeModerateSmallInterpretation of sTEE

Vigorous (6.6), 1.9 m/s

127 (19.4)Heart rate (bpm)b, mean (SD)

–0.05 (–0.34 to 0.24)0.06 (–0.17 to 0.29)–0.34 (–0.53 to –0.16)–0.02 (–0.10 to 0.06)Standardized mean bias

0.54 (0.29-0.71)0.83 (0.65-0.92)0.91 (0.82-0.95)0.97 (0.95-0.99)Pearson’s r

Very poorPoorGoodVery goodInterpretation of Pearson’s r

19.1 (15.7-24.7)9.2 (7.2-12.9)5.4 (4.3-7.2)2.9 (2.3-3.8)CV (%)

1.58 (0.98-3.25)0.68 (0.43-1.16)0.46 (0.32-0.69)0.23 (0.16-0.34)sTEE

Very largeLargeModerateSmallInterpretation of sTEE

Vigorous (9.9), 2.7 m/s

167 (16.5)Heart rate (bpm)b, mean (SD)

–0.82 (–1.18 to –0.47)–0.56 (–0.87 to –0.24)–0.37 (–0.57 to –0.16)–0.13 (–0.49 to 0.24)Standardized mean bias

0.52 (0.27-0.70)0.63 (0.34-0.81)0.88 (0.78-0.94)1 (0.99-1)Pearson’s r

Very poorVery poorGoodExcellentInterpretation of Pearson’s r

8.5 (7.0-11.0)8.3 (6.6-11.4)5.9 (4.8-7.9)0.9 (0.7-1.2)CV (%)

1.64 (1.01-3.59)1.24 (0.74-2.73)0.53 (0.36-0.81)0.09 (0.06-0.12)sTEE

Very largeVery largeModerateTrivialInterpretation of sTEE

Vigorous (10.4), 3.6 m/s

170 (15.3)Heart rate (bpm)b, mean (SD)

–1.17 (–1.47 to –0.87)–0.40 (–0.60 to –0.19)–0.75 (–1.05 to –0.46)0.02 (–0.09 to 0.14)Standardized mean bias

0.82 (0.67-0.91)0.82 (0.67-0.91)0.86 (0.74-0.93)0.94 (0.89-0.97)Pearson’s r

PoorPoorGoodGoodInterpretation of Pearson’s r

4.1 (3.3-5.5)8.9 (7.19-12.1)4.9 (3.9-6.5)3.0 (2.4-4.0)CV (%)

0.70 (0.47-1.11)0.69 (0.46-1.11)0.59 (0.40-0.91)0.35 (0.24-0.51)sTEE

LargeLargeModerateModerateInterpretation of sTEE
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Fitbit VersaGarmin Fenix 5Polar Vantage VApple Watch Series 4Level of activity (METsa), intensity

Vigorous (13.3), 4.1 m/s

177 (8.5)Heart rate (bpm)b, mean (SD)

–2.06 (–3.17 to –0.95)–1.47 (–1.88 to –1.06)–0.72 (–0.95 to –0.49)–0.27 (–0.51 to –0.03)Standardized mean bias

0.68 (0.24-0.89)0.82 (0.65-0.91)0.89 (0.76-0.95)0.85 (0.71-0.93)Pearson’s r

Very poorPoorGoodGoodInterpretation of Pearson’s r

3.22 (2.34-5.35)2.88 (2.28-3.96)3.9 (3.0-5.6)4.3 (3.4-5.8)CV (%)

1.09 (0.52-4.13)0.69 (0.44-1.17)0.50 (0.31-0.84)0.62 (0.41-1.00)sTEE

Very largeLargeModerateLargeInterpretation of sTEE

Vigorous (13.8), intermittent sprints

153 (14.7)Heart rate (bpm)b, mean (SD)

–2.01 (–2.58 to –1.43)–1.75 (–2.28 to –1.21)–0.99 (–1.54 to –0.44)0.12 (0.03 to 0.21)Standardized mean bias

0.53 (0.15-0.77)0.58 (0.28-0.78)0.75 (0.53-0.88)0.92 (0.85-0.96)Pearson’s r

Very poorVery poorPoorGoodInterpretation of Pearson’s r

9.0 (6.9-13.4)8.4 (6.6-11.6)6.7 (5.3-9.3)3.5 (2.8-4.7)CV (%)

1.94 (0.84-5.25)1.44 (0.80-5.40)0.88 (0.54-1.73)0.38 (0.25-0.64)sTEE

Very largeVery largeLargeModerateInterpretation of sTEE

Vigorous (8.8), average of the values at all different intensities

137Heart rate (bpm)b, mean

–0.92–0.55–0.470.03Standardized mean bias

0.650.770.880.95Pearson’s r

Very poorPoorGoodVery goodInterpretation of Pearson’s r

8.797.304.932.79CV (%)

1.260.860.520.29sTEE

Very largeLargeModerateModerateInterpretation of sTEE

aMETs: metabolic equivalents.
bMeasured according to the criterion measure.
cCV: coefficient of variation.
dsTEE: standardized typical error of the estimate.

Figure 2 documents the sTEE for the HR values provided by
the wearables at all exercise intensities.

For HR monitoring at the different intensities, the sTEE was
0.09-0.62, 0.13-0.88, 0.62-1.24, and 0.47-1.94 for the Apple
Watch Series 4, Polar Vantage V, Garmin Fenix 5, and Fitbit
Versa, respectively, with corresponding CVs of 0.9%-4.3%,

2.2%-6.7%, 2.88%-9.2%, and 4.1%-19.1%, respectively. The
sTEE was less affected by intensity in the case of the Apple
Watch Series 4 and Polar Vantage V devices than with the
Garmin Fenix 5 and Fitbit Versa devices.

sTEE and CV peaked during the intermittent sprints for all the
wearables except the Apple Watch Series 4.
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Figure 2. Standardized typical errors of the estimate (90% CI) for heart rate monitoring by the wearables while sitting or performing light-to-vigorous
physical activity.

Energy Expenditure
The mean EE, CV, Pearson’s correlation coefficient, and sTEE
with 90% confidence limits and interpretations are shown in
Table 2.

Figure 3 depicts the sTEE for the EE values provided by all 4
wearables during exercise at different intensities.

These sTEE values were 0.34-1.84, 0.32-1.33, 0.46-4.86, and
0.41-1.65 for the Apple Watch Series 4, Polar Vantage V,
Garmin Fenix 5, and Fitbit Versa, respectively, with
corresponding CVs of 13.5%-27.1%, 16.3%-28.0%,
15.9%-34.5%, and 8.0%-32.3%, respectively.
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Table 2. Analysis of the validity of energy expenditure measurements by wrist-worn wearables while sitting and walking/running at different intensities.

Fitbit VersaGarmin Fenix 5Polar Vantage VApple Watch Series 4Level of activity (METsa), intensity

Inactive (1.3), sitting

7.6 (1.6)Energy expenditure (kcal/5

min)b, mean (SD)

–0.72 (–1.46 to 0.02)1.74 (0.77 to 2.71)0.25 (–0.40 to 0.90)2.59 (2.25 to 2.94)Standardized mean bias

0.52 (0.16 to 0.76)0.23 (–0.15 to 0.55)0.41 (0.10 to 0.65)0.46 (0.16 to 0.68)Pearson’s r

Very poor--Very poorInterpretation of Pearson’s r

17.1 (13.2-24.7)20.9 (16.3-29.7)28.0 (22.2-38.4)26.6 (21.2-36.2)CVc (%)

1.65 (0.87-6.09)4.24 (1.51-6.46)1.33 (0.79-2.94)1.84 (1.02-5.64)sTEEd

Very largeExtremely largeVery largeVery largeInterpretation of sTEE

Light (3.5), 1.1 m/s

20.6 (4.1)Energy expenditure (kcal/5

min)b, mean (SD)

4.16 (3.97 to 4.36)–0.05 (–0.84 to 0.74)1.29 (0.87 to 1.72)2.63 (2.23 to 2.03Standardized mean bias

0.88 (0.76 to 0.94)0.20 (–0.19 to 0.54)0.67 (0.44 to 0.82)0.71 (0.49 to 0.85)Pearson’s r

Good-Very poorPoorInterpretation of Pearson’s r

8.0 (6.3-11.2)16.8 (13.1-24.0)16.3 (13.1-22.1)15.1 (12.0-20.5)CV (%)

0.53 (0.35-0.85)4.86 (1.56-5.11)1.10 (0.70-2.03)0.99 (0.63-1.77)sTEE

ModerateExtremely largeVery largeLargeInterpretation of sTEE

Vigorous (6.6), 1.9 m/s

38.3 (6.5)Energy expenditure (kcal/5

min)b, mean (SD)

0.88 (0.56 to 1.20)–1.15 (–2.01 to –0.29)0.27 (–0.18 to 0.71)1.58 (1.27 to 1.90)Standardized mean bias

0.78 (0.57 to 0.89)0.21 (–0.21 to 0.56)0.49 (0.18 to 0.7)0.71 (0.49 to 0.84)Pearson’s r

Poor-Very poorPoorInterpretation of Pearson’s r

11.2 (8.8-15.7)15.9 (12.2-23.3)17.1 (13.7-23.1)13.5 (10.8-18.1)CV (%)

0.81 (0.51-1.44)4.62 (1.46-4.73)0.65 (0.43-1.02)0.99 (0.64-1.76)sTEE

LargeExtremely largeLargeLargeInterpretation of sTEE

Vigorous (9.9), 2.7 m/s

57.8 (11.0)Energy expenditure (kcal/5

min)b, mean (SD)

–0.06 (–0.44 to 0.32)–0.04 (–0.45 to 0.37)–0.09 (–0.39 to 0.2)0.79 (0.56 to 1.02)Standardized mean bias

0.74 (0.51 to 0.87)0.57 (0.25 to 0.78)0.72 (0.51 to 0.85)0.80 (0.62 to 0.90)Pearson’s r

PoorVery poorPoorPoorInterpretation of Pearson’s r

14.1 (11-19.8)17.1 (13.3-24.4)21.9 (17.5-29.8)19.0 (15.1-26.2)CV (%)

0.90 (0.50-1.67)1.43 (0.80-3.91)0.97 (0.62-1.68)0.76 (0.50-1.25)sTEE

LargeVery largeLargeLargeInterpretation of sTEE

Vigorous (10.4), 3.6 m/s

60.5 (26.7)Energy expenditure (kcal/5

min)b, mean (SD)

–0.06 (–0.37 to 0.24)0.19 (–0.10 to 0.48)–0.05 (–0.18 to 0.08)0.32 (0.19 to 0.45)Standardized mean bias

0.76 (0.52 to 0.88)0.84 (0.68 to 0.92)0.95 (0.89 to 0.97)0.95 (0.89 to 0.97)Pearson’s r

PoorPoorVery goodVery goodInterpretation of Pearson’s r
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Fitbit VersaGarmin Fenix 5Polar Vantage VApple Watch Series 4Level of activity (METsa), intensity

32.3 (24.6-48)34.5 (26.4-50.8)20.7 (16.4-28.6)20.3 (16.0-28.3)CV (%)

0.87 (0.53-1.65)0.64 (0.41-1.09)0.34 (0.24-0.51)0.34 (0.23-0.50)sTEE

LargeLargeModerateModerateInterpretation of sTEE

Vigorous (13.3), 4.1 m/s

77.8 (46.6)Energy expenditure (kcal/5

min)b, mean (SD)

0.13 (–0.09 to 0.34)0.25 (–0.06 to 0.55)–0.11 (–0.28 to 0.05)0.34 (0.13 to 0.54)Standardized mean bias

0.92 (0.81 to 0.97)0.91 (0.78 to 0.96)0.95 (0.87 to 0.98)0.93 (0.82 to 0.98)Pearson’s r

GoodGoodVery goodGoodInterpretation of Pearson’s r

29.9 (21.8-48.6)33.1 (24.3-52.9)22.7 (16.5-37.3)27.1 (19.6-45.1)CV (%)

0.41 (0.24-0.72)0.46 (0.28-0.80)0.32 (0.19-0.57)0.39 (0.23-0.71)sTEE

ModerateModerateModerateModerateInterpretation of sTEE

Vigorous (13.8), intermittent sprints

80.4 (15.6)Energy expenditure (kcal/5

min)b, mean (SD)

–1.25 (–1.83 to –0.67)–0.82 (–1.78 to 0.14)0.23 (0.04 to 0.42)1.83 (1.52 to 2.13)Standardized mean bias

0.42 (0.06 to 0.68)0.21 (–0.19 to 0.56)0.85 (0.72 to 0.92)0.66 (0.41 to 0.81)Pearson’s r

--GoodVery poorInterpretation of Pearson’s r

20.8 (16.2-29.6)17.9 (13.8-25.9)17.5 (14.0-23.6)25.4 (20.2-34.7)CV (%)

1.64 (0.88-5.57)4.62 (1.50-5.05)0.63 (0.43-0.97)1.15 (0.72-2.19)sTEE

Very largeExtremely largeLargeVery largeInterpretation of sTEE

Vigorous (8.8), average of the values at all different intensities

49.0Energy expenditure (kcal/5

min)b, mean

0.440.020.261.44Standardized mean bias

0.720.450.720.75Pearson’s r

PoorVery poorPoorPoorInterpretation of Pearson’s r

19.122.320.621.0CV (%)

0.972.980.760.92sTEE

LargeExtremely largeLargeLargeInterpretation of sTEE

aMETs: metabolic equivalents.
bMeasured according to the criterion measure.
cCV: coefficient of variation.
dsTEE: standardized typical error of the estimate.
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Figure 3. Standardized typical errors of the estimate (90% CI) for energy expenditure monitoring by the wearables while sitting or performing
light-to-vigorous physical activity.

Discussion

Principal Findings
The current investigation was designed to assess the validity of
4 commercially available wrist-worn wearables for monitoring
HR and EE while sitting or performing light-to-vigorous
physical activity.

The following paragraphs outline our major findings.

For monitoring HR during sitting or walking/running up to 2.7
m/s or with a HR up to 167 bpm, the Apple Watch Series 4
demonstrated the highest validity (average 2.3 bpm deviation
from the criterion measure), followed by the Polar Vantage V
(5.9 bpm), Garmin Fenix 5 (9.1 bpm), and Fitbit Versa (13.3
bpm).

For monitoring HR when running at 3.6 m/s or faster,
performing intermittent sprints, or with a HR of 153-177 bpm,
the Apple Watch Series 4 again exhibited the highest validity
(average 6.0 bpm deviation from the criterion measure),
followed by the Polar Vantage V (8.5 bpm), Fitbit Versa (8.8
bpm), and Garmin Fenix 5 (11.0 bpm).

Overall, when measuring HR, the Apple Watch Series 4 was
the most valid (average 3.9 bpm deviation from the criterion
measure), followed by the Polar Vantage V (7.0 bpm), Garmin
Fenix 5 (9.9 bpm), and Fitbit Versa (11.4 bpm).

The validity of HR monitoring by the Apple Watch Series 4
and Polar Vantage V tended to be influenced less by the exercise
intensity than that with the Garmin Fenix 5 and Fitbit Versa.

On average, all 4 wearables were poor at monitoring EE at the
tested intensities and durations. The Apple Watch Series 4
deviated from the criterion measure by 124 kcal/h (CV 21%),
Polar Vantage V by 121 kcal/h (CV 20%), Garmin Fenix 5 by

131 kcal/h (CV 22%), and Fitbit Versa by 112 kcal/h (CV 19%):
average for the different intensities, with extrapolation of the
CV for the 5-minute measurements to 1 hour.

To the best of our knowledge, this is the first assessment of the
validity of these specific wrist-worn wearables. This is not
surprising, since companies rarely rigorously validate new
wearable models [20,21]. Comparison of our findings to earlier
models requires caution, since it is not known whether the
sensors or algorithms have been changed. However, such
comparison might be of value to the manufacturers and to
generally estimate if the parameters provided by the different
manufacturers tend to be valid.

Heart Rate Measurement
Previous comparison of earlier models of wrist-worn wearables
sold by Apple, Polar, Garmin, and Fitbit at different intensities
concluded that the Apple Watch Series 2 demonstrated the best
validity for monitoring HR during exercise, followed by the
Polar A380, Fitbit Blaze, Fitbit Charge 2, and Garmin Vivosmart
HR, in that order, with absolute mean percentage errors of 4.1%,
19.5%, 21.1%, 21.4%, and 25.4%, respectively [32].

Another earlier comparison of the error rates of the Apple Watch
(version not indicated), Fitbit Charge HR, and Garmin
Forerunner 225 during light and vigorous running on a treadmill
found that the Apple Watch displayed the highest validity (mean
absolute percentage error of 1.1%-6.7%), followed by the Fitbit
Charge HR (2.4%-17.0%) and Garmin Forerunner 225
(7.8%-24.4%) [33].

In addition, Thomson et al [34] validated HR measurements
from the Fitbit Charge HR2 and Apple Watch of 30 young adults
performing the Bruce Protocol and concluded that the relative
error rates of the latter (2.4%-5.1%) were lower than for the
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Fitbit wearable (3.9%-13.5%) at all the investigated exercise
intensities.

Thus, these previous and our present findings indicate that the
wrist-worn wearables made by Apple Inc and Polar Electro Oy
exhibit the highest validity for measuring HR during physical
activity at different levels, followed by Garmin or Fitbit
wearables. However, additional comparative studies with
different populations and different activities are required.

Energy Expenditure
The majority of the sTEE values for the EE values provided by
all the wearables were large, very large, or extremely large.
Even though the Apple Watch Series 4 had the best validity, its
sTEE values ranged from moderate to very large, while those
for the Polar Vantage V, Garmin Fenix 5, and Fitbit Versa
ranged from moderate to extremely large, with no apparent
dependency on exercise intensity. Since these error rates exceed
acceptable levels of validity, we cannot determine whether the
unpredictable arm movements associated with the intermittent
multidirectional sprint protocol affected the validity.

Thus, utilization of these wearables by researchers monitoring
EE during interventions designed to increase physical activity
is likely to lead to flawed conclusions. They would not assist
with enhancing physical activity or counteracting
noncommunicable diseases and would instead endanger the
trustworthiness of applying consumer grade wearables to
improve health.

These findings of the poor validity of wrist-worn wearables for
monitoring EE are in line with previous reports. Bai et al [35]
found that the Apple Watch Series 1 had a smaller mean absolute
percentage error (15.2%) when assessing EE than the Fitbit
Wearable (32.9%), both when sedentary and during aerobic and
light-to-vigorous physical activity [35].

Wahl et al [25] concluded that none of the 11 wrist-worn
wearables they investigated, including devices from Garmin
and Fitbit, should be used to monitor EE while performing
activities of intensities similar to those investigated here. In a
systematic review published in 2015, Evenson et al [21] stated
that the validity of wearables for monitoring EE is low.

At the same time, when Kinnunen et al [36] aimed to assess the
long-term validity of wrist-worn motion sensors for monitoring
daily EE, they were able to explain as much as 85% of the
variation in total EE (compared to the double-labelled water
procedure) by including HR during weekly exercises in their
analysis. This indicates the potential usefulness of wrist-worn
wearables for estimating EE.

In a previous study that took age, gender, body mass, and HR
into account, the correlation coefficient for predicting EE during

10 minutes of exercise could be as high as 0.913 with a mixed
model [37]. Considering the considerable validity of HR
measurements by wearables and the ability to incorporate all
the information required into an appropriate algorithm, we
believe that more precise estimation of EE by the wearables
examined here should be feasible.

However, our findings and most of the available scientific
literature indicate that the wearables investigated here should
not be employed to estimate EE at these exercise intensities for
the durations assessed. Here, we monitored EE for <5 minutes,
since countries such as the United States or Australia promote
such short periods of physical activity in their guidelines [38,39].
In this context, certain studies have demonstrated positive effects
of even very brief vigorous exercise, such as walking up a
staircase 3 times on 3 separate days each week for 6 weeks [40].
Whether these devices can be used to monitor EE reliably over
longer time periods remains to be determined.

Our experiment involved Caucasians performing
light-to-vigorous exercise on a treadmill under laboratory
conditions, and extrapolation of our findings to other populations
or settings (eg, cycling, rowing, strength training) must be
performed with caution [22]. For example, skin color may
influence assessment of HR by photoplethysmography.
Moreover, since our participants performed either light or
vigorous physical activity, we cannot draw conclusions about
validity at moderate levels.

We wish to emphasize that our current findings only apply to
the specific modes of the wearables we used (eg, the “indoor
walking mode” for the Apple Watch) selected for the different
physical activities and that other modes might give different
results. The Apple Watch Series 4 and Polar Vantage V allow
selection of more differentiated modes of activity (eg, the
“indoor walking” and “indoor running” modes were selected
on the Apple Watch for the corresponding activities) than the
Garmin Fenix 5 and Fitbit Versa (for which the “Treadmill”
mode was selected for all activities).

Conclusions
For measuring HR while sitting or during light-to-vigorous
physical activity, the Apple Watch Series 4 exhibited the best
validity (ie, the smallest error rates), followed by the Polar
Vantage V, Garmin Fenix 5, and Fitbit Versa, in that order. The
Apple Watch Series 4 and Polar Vantage V can be used for
valid HR measurements at the intensities tested, whereas HR
acquired with the Garmin Fenix 5 and Fitbit Versa must be
interpreted cautiously due to their higher rates of error.

None of these wrist-worn wearables should be used to monitor
EE at the intensities and durations tested.
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Abstract

Background: Wearable trackers for monitoring physical activity (PA) and total sleep time (TST) are increasingly popular.
These devices are used not only by consumers to monitor their behavior but also by researchers to track the behavior of large
samples and by health professionals to implement interventions aimed at health promotion and to remotely monitor patients.
However, high costs and accuracy concerns may be barriers to widespread adoption.

Objective: This study aimed to investigate the concurrent validity of 6 low-cost activity trackers for measuring steps,
moderate-to-vigorous physical activity (MVPA), and TST: Geonaut On Coach, iWown i5 Plus, MyKronoz ZeFit4, Nokia GO,
VeryFit 2.0, and Xiaomi MiBand 2.

Methods: A free-living protocol was used in which 20 adults engaged in their usual daily activities and sleep. For 3 days and
3 nights, they simultaneously wore a low-cost tracker and a high-cost tracker (Fitbit Charge HR) on the nondominant wrist.
Participants wore an ActiGraph GT3X+ accelerometer on the hip at daytime and a BodyMedia SenseWear device on the
nondominant upper arm at nighttime. Validity was assessed by comparing each tracker with the ActiGraph GT3X+ and BodyMedia
SenseWear using mean absolute percentage error scores, correlations, and Bland-Altman plots in IBM SPSS 24.0.

Results: Large variations were shown between trackers. Low-cost trackers showed moderate-to-strong correlations (Spearman
r=0.53-0.91) and low-to-good agreement (intraclass correlation coefficient [ICC]=0.51-0.90) for measuring steps. Weak-to-moderate
correlations (Spearman r=0.24-0.56) and low agreement (ICC=0.18-0.56) were shown for measuring MVPA. For measuring
TST, the low-cost trackers showed weak-to-strong correlations (Spearman r=0.04-0.73) and low agreement (ICC=0.05-0.52).
The Bland-Altman plot revealed a variation between overcounting and undercounting for measuring steps, MVPA, and TST,
depending on the used low-cost tracker. None of the trackers, including Fitbit (a high-cost tracker), showed high validity to
measure MVPA.

Conclusions: This study was the first to examine the concurrent validity of low-cost trackers. Validity was strongest for the
measurement of steps; there was evidence of validity for measurement of sleep in some trackers, and validity for measurement
of MVPA time was weak throughout all devices. Validity ranged between devices, with Xiaomi having the highest validity for
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measurement of steps and VeryFit performing relatively strong across both sleep and steps domains. Low-cost trackers hold
promise for monitoring and measurement of movement and sleep behaviors, both for consumers and researchers.

(JMIR Mhealth Uhealth 2020;8(5):e16674)   doi:10.2196/16674
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fitness trackers; mobile phone; accelerometry; physical activity; sleep

Introduction

Background
Physical activity (PA) and sleep are modifiable determinants
of morbidity and mortality among adults and specifically
contribute to the development of diseases such as obesity, type
2 diabetes, cardiovascular diseases, low quality of life, and
mental health problems [1-6]. Engaging in at least 30 min of
moderate-to-vigorous physical activity (MVPA) per day, getting
between 7 and 9 hours of total sleep time (TST) per night, and
spending relatively more time on light PA rather than being
sedentary are associated with beneficial health outcomes [1-6].
A large proportion of adults do not meet the guidelines for one
or more of these behaviors [6,7]. PA and sleep are, together
with time spent on sedentary behavior (SB), codependent
behaviors: they are part of one 24-hour day, and time spent on
one behavior will impact the time spent on at least one of the
other behaviors. It is, therefore, recommended to target these
behaviors together [8].

Successful health promotion interventions rely on behavior
change techniques that address modifiable determinants of
health behavior [9]. A behavior change technique reported as
both effective [10] and highly appreciated by users [11,12] is
self-monitoring of health behavior. Self-monitoring refers to
keeping a record of the behavior that is performed [13].
Self-monitoring tools provide opportunities for self-management
of health as well as for remote activity tracking by health care
providers as part of a patient’s treatment regimen [14].
Subjective ways of self-monitoring, such as self-report using
retrospective measures (eg, diaries and questionnaires), often
come with high participant burden and reporting biases [14].
Self-reported sleep duration in sleep logs showed an
overestimation in comparison with objective measurements,
especially when sleep duration was below the recommended
health norms [15]. Activity trackers conversely offer automated,
objective, and convenient means for self-monitoring PA and
sleep. This paper focused on self-monitoring via consumer-based
activity trackers as intervention tools for PA and sleep, more
specifically by investigating the validity of low-cost trackers.
Such trackers rarely monitor SB [16,17], which is why SB,
although important in 24-hour movement behaviors, falls outside
the scope of this paper.

Activity trackers may include pedometers, smartphone-based
accelerometers, and accelerometers in advanced electronic
wearable trackers or in smartwatches. However, pedometers do
not provide information on sleep, and smartphone-based
accelerometers have shown lower accuracy when measuring
PA compared to advanced electronic wearable trackers [18],
making advanced electronic wearable trackers and smartwatches
more suitable to accurately self-monitor PA and sleep.

Smartwatches (eg, Apple Watch) offer several other functions
apart from activity tracking such as communication and
entertainment and are usually more expensive than advanced
electronic wearable trackers (eg, Fitbit Charge). Advanced
electronic wearable trackers (termed as activity trackers
hereafter) are usually wrist-or belt-worn, provide 24-hour
self-monitoring, and often include real-time behavioral feedback
or more detailed feedback shown after synchronization with
other electronic devices (eg, tablet, smartphone, or PC) [19].
Several commercial activity trackers are available to the public
and are increasingly integrated into effective intervention
programs to improve activity behaviors [20,21].

There has been an increased interest by adults in activity
trackers. For example, in Flanders, Belgium, 8% of adults owned
an activity tracker (22% owned a type of wearable, including
sports watches and smartwatches) in 2018 compared with only
2% (8% owned a type of wearable, including sports watches
and smartwatches) owning one in 2015 [22]. Characteristics of
activity trackers may impact their continued use and further
adoption. Cost is likely to be a barrier to increased adoption of
higher-end trackers [19,23]. Indeed, activity trackers appear to
be used less among adults who are less educated, unemployed
[19], and have a lower income [22]. Notably, unhealthy lifestyles
such as insufficient PA [24] and insufficient sleep duration [25]
are more prevalent among people of lower to medium
socioeconomic status (SES) than among those of higher SES.
Therefore, providing accurate, low-cost options to self-monitor
PA and sleep in their daily lives is crucial for public health, as
a lack of valid low-cost trackers may increase the health and
digital divide between lower and higher income groups in the
society. However, nonadoption of activity trackers in low SES
populations can probably not only be attributed to the high cost
of the devices but may also be a matter of priorities and
affordances. Further research in this area is necessary. Having
valid low-cost trackers not only plays a role in low SES
populations but also in the general population; cost-effective
solutions are needed for scaling up interventions in a public
health context where financial resources are limited [26]. Having
accurate, low-cost activity trackers can be expected to increase
the feasibility of scaling up interventions that rely on activity
trackers.

The unequal access to valid tools because of cost barriers is
often studied within health literacy conceptual frameworks.
Health literacy refers to having the ability and motivation to
take responsibility for one’s own health [27]. Low health literacy
has been associated with worse health outcomes [27], and
improving access to tools that can help understand their own
health behavior via self-monitoring and taking responsibility
to take care of one’s own health may improve health literacy.
There is increasing attention to expanding the health literacy
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model to electronic health (eHealth) literacy or digital health
literacy, defined as the ability of people to use emerging
technology tools to improve or enable health and health care
[28]. Digital health literacy appears to be associated with a lower
SES [29].

More specifically, the importance of accuracy of low-cost
trackers can also be understood from the technology acceptance
model that emphasizes the need for trust and perceived
usefulness, together with perceived ease of use, of a tool before
users are willing to adopt them [30].

When using activity trackers, their accuracy needs to be
established to avoid counterproductive effects, such as falsely
signaling that people are meeting guidelines and need not make
any extra efforts, whereas, in fact, these people may not reach
the sufficient sleep or PA levels [31]. Conversely, an
underestimation of actual behavior can also cause people to get
demotivated and to no longer make efforts to do better [32].
Accuracy of the tracker has also been cited by users as the
trackers’ most important characteristic [19]. To effectively use
wearable activity trackers for health self-management in daily
life, accuracy needs to be assessed in free-living settings because
laboratory-based validity studies tend to overestimate validity
[18]. The validity to measure PA in free-living conditions has
been examined for several activity trackers, such as Fitbit One,
Zip, Ultra, Classic, Flex [16-18,33-38], Misfit Shine [18], and
Withings Pulse [18]. In general, studies found the highest
validity for Fitbit trackers [18]. Most validated trackers showed
high correlations with an ActiGraph accelerometer for number
of steps [16,39,40]. MVPA is less often studied and less
accurately measured by activity trackers than step count [39].
Activity trackers showed moderate-to-strong correlations with
ActiGraph accelerometers on MVPA, with Fitbit trackers and
Withings Pulse showing the highest accuracy [39]. In addition,
for TST, several wearable activity trackers currently on the
market have been assessed for validity, including Fitbit (Flex
and Charge HR) [41-43], Withings Pulse [39,41], Basis Health
Tracker [41], Garmin [44], and Polar Loop [44]. Validity results
for TST were very divergent, ranging from low to strong
validity, with Fitbit again showing better validity [39,44]. The
accuracy of PA and/or TST depends on the position where the
tracker is worn, for example, the wrist vs the hip [33], and can
be improved by combining accelerometry with the heart rate
measurement [45,46].

The cost of the trackers in the abovementioned published
validation studies was often not reported, but their price in the
current market (at the end of January 2019) ranged from €50
(US $56) to €130 (US $146) for an unused, basic model (with
Misfit Flash as the exception at €42 [US $47]). Most trackers
that are popular in the consumer market and that are reported
on in scientific publications cost more than €50 (US $56) and
commonly more than €100 (US $112) [14]. A recent industry
report states that when spending less than US $50, users are
likely to get a product of mediocre accuracy [47], although it
is unclear whether this statement was empirically based. To our
knowledge, only 2 studies have examined the validity of
low-cost trackers. Wahl et al’s [48] study of the Polar Loop
(price in June 2019 around €60 [US $67]), Beurer AS80 (price
in June 2019 around €42 [US $47]), and Xiaomi Mi Band (price

in June 2019 around €25 [US $28]) suggested that only the Mi
Band had good validity for step count. However, this study was
conducted in a laboratory and not in free-living conditions. In
one other study, the validity of the Xiaomi Mi Band for
measuring TST was evaluated relative to a manual
switch-to-sleep-mode measurement, with positive results [49].
However, this study did not use an objective measurement tool
for comparison. We are not aware of any validation studies of
low-cost activity trackers against objective measurement
methods conducted in free-living conditions, and many of the
most commonly available low-cost trackers do not appear to
have been validated in any form.

In summary, wearable activity trackers can be a useful tool in
health promotion and remote treatment monitoring for PA and
TST. However, high costs and accuracy concerns may be
barriers to widespread adoption [50]. Assessing the validity of
low-cost trackers may play a major role at the population level
to encourage health behavior in the future and among low SES
groups who are most at risk for poor health and in need of
healthy behavior promotion. To enable activity self-monitoring
in daily life, the accuracy of low-cost wearable activity trackers
needs to be established in free-living conditions. Current
validation studies have mainly focused on wearable activity
trackers that cost above €50 (US $56).

Objectives
This study aimed to assess the validity of low-cost wearable
activity trackers among adults (≤€50 [US $56]) for the objective
measurement of PA and TST in daily life against free-living
gold standards (ActiGraph GT3X+ accelerometer and
BodyMedia SenseWear). This study was exploratory in nature
and did not have firm hypotheses regarding the validity of
specific low-cost trackers. However, it may be expected that
trackers with heart rate monitoring are more accurate than those
without heart rate monitoring. This may be because heart rate
measurement contributes to a more accurate estimate of intensity
and energy expenditure, resulting in a more accurate
discrimination between activity and nonactivity [45,46].

Methods

Participants and Procedure
A concurrent validity study among adults was designed in which
a low-cost tracker was validated against a free-living condition
standard for steps, active minutes (MVPA), and TST. A
high-cost tracker (Fitbit Charge 2) was also validated against
these gold standards, to compare with validation outcomes for
the low-cost trackers. In each participant, three 24-hour
observation days were collected for each low-cost tracker. Power
analyses (run in G*Power 3.1.9.2) suggested that to detect a
2-tailed significant correlation (H1) of 0.49 to 0.90, with 80%
power (values based on the study by Brooke et al [44]), a sample
size of between 6 and 29 was required.

A total of 20 healthy participants aged between 18 and 65 years
living in Flanders, Belgium, were recruited using convenience
sampling. Inclusion criteria were having no current physical
limitations, medical conditions, or psychiatric conditions that
may impact movement or sleep. Descriptive information
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collected on participants consisted of age, sex, self-reported
height and weight, and highest attained education. All
participants read and signed an informed consent form. The
Ethics Committee of the University Hospital of Ghent approved
the study protocol (B670201731732).

Instruments

Convergent Measure
As this is a free-living study, the ActiGraph GT3X+ (ActiGraph)
triaxial accelerometer was used as a reliable and valid reference
for measuring step count [51-53] and MVPA [54,55]. The
GT3X+ has been shown to be a valid measure of both step count
compared with direct observation (percentage error <1.5% [52];
percentage error ≤1.1% [53]; and intraclass correlation
coefficient [ICC]≥0.84 [51]) and MVPA compared with indirect
calorimetry (r=0.88) [54]. Accelerometer data were initialized,
downloaded, and processed using ActiLife version 5.5.5
software (ActiGraph). The Freedson Adult cut-points were
applied to categorize PA measured by using the ActiGraph
accelerometer (sedentary activity=0-99 counts per min, light
activity=100-1951 counts per min, moderate activity=1952-5723
counts per min, and vigorous activity ≥5724 counts per min)
[54]. A 15-second epoch was used when downloading the data.
The ActiGraph GT3X+ was fitted to the right side of the
participants’ waist in accordance with the manufacturer’s
instructions. Only days with valid data of the ActiGraph were
included in the analysis. A valid day was defined as a 24-hour
period in which at least 10 hours of data wear time were
recorded [56]. Nonwear time was analyzed as a run of zero
counts lasting more than 60 min with an allowance of 2 min of
interruptions. Using this algorithm, the risk of misclassification
of nonwear time as sedentary time was avoided [57].

The BodyMedia SenseWear (BodyMedia Inc) is a portable
multisensor device that can provide information regarding the
total energy expenditure, TST, circadian rhythm, and other
activity metrics. In this study, the SenseWear was used as the
reference for sleep duration. SenseWear has been validated as

a measure of TST compared with polysomnography (r=0.83;
SE of estimate 37.71) [58]. Data were analyzed in SenseWear
Professional 8.1 software [59]. The SenseWear was placed over
the triceps muscle on the nondominant arm between the
acromion and olecranon processes, in accordance with the
manufacturer’s instructions.

Low-Cost Activity Trackers
In total, 6 low-cost activity trackers were selected (Figure 1)
based on their price at the time of the study (≤€50 [US $56]),
their market share (eg, MyKronoz and Xiaomi), whether or not
they included a heart rate measurement and output (steps,
MVPA or active minutes, and TST), and availability from
popular web-based purchase sites in Europe where the study
was conducted. Furthermore, we tested the Fitbit Charge 2 to
also include a comparison between a low-cost activity tracker
and a validated high-cost activity tracker. Fitbit was selected
as a high-cost activity tracker because it was one of the most
popular activity trackers on the market at the start of the study
and was already validated for measuring steps, MVPA, and
TST [17]. All participants received a Wiko smartphone in loan
(Lenny 3, Android 6.0 Marshmallow, price €99.99 [US $119.80]
in June 2019) to pair the trackers with, to cancel out any
potential individual differences in smartphone pairing.

All devices measured steps and TST. Only Xiaomi, Nokia, and
also Fitbit used a specific variable that quantifies intensive forms
of PA. These 3 devices reported active minutes with no further
subdivision. As all the devices set a goal of 30 min PA per day
(similar to the MVPA recommendations for adults), it was
assumed that the measured variable corresponded to MVPA as
measured by the ActiGraph. However, specific information
regarding intensity cut-points is not publicly available. TST
was used, excluding daytime naps, for comparison with the
SenseWear that was only worn at night. Only Fitbit, VeryFit,
and Xiaomi measured the heart rate. Data were extracted using
the proprietary software for all devices, in the same fashion that
a consumer would use the software, and were visually checked
for outliers.
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Figure 1. Tracker characteristics.

Free-Living Protocol
As it was not feasible or comfortable to wear all trackers at the
same time, participants were instructed to wear one of the
low-cost devices in combination with the Fitbit tracker on their
nondominant wrist. They were also instructed to simultaneously
wear the ActiGraph on their hip during daytime and the
SenseWear on their upper arm at nighttime. Furthermore, the
participants were provided with a diary to write down the time
they put on and took off the devices. This way it could be
checked that the devices were always worn simultaneously. If
this was not the case, data of the device that was worn separately
were deleted to avoid a mismatch of the measurements.
Participants received the 6 low-cost trackers in a random order.
The position of the low-cost and high-cost tracker on the
nondominant wrist (first or second in distance from the wrist)
was varied across days. Each tracker was worn for a period of
3 consecutive days and nights. A period of 3 days and 3 nights
was chosen to balance between achieving sufficient data for the
question under study without burdening the participants.
Between 2 periods, a 1-day gap allowed for switching the
devices. During daytime, the devices were worn during all

waking hours, except during water-based activities. When
participants went to bed, they were asked to remove the
ActiGraph and put on the SenseWear instead. In Figure 2, a
typical measurement period for one device is shown.

PA or TST may differ between weekdays and weekend days.
Although this study did not intend to explain differences in PA
or TST but rather the degree of agreement between 2
measurements on any given day, a difference in how often a
tracker was measured on a certain day rather than another day
may influence validity results. For example, validity has shown
to be lower for measuring a low number of steps or high number
of steps. Our study design controlled for this potential influence
by randomly varying the days across participants on which a
particular tracker was worn. Across all data points, we would
then expect all measurement days to be relatively equally
represented, as was the case in our study. The percentage of
weekend days in total measurement days ranged between 25%
and 33%. In addition, on particular weekdays, there were very
few differences (2%-9% difference between the tracker with
the lowest number of measurements on a certain day and the
tracker with the highest number of measurements on a particular
day).
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Figure 2. An example of the measurement protocol for one period.

Statistical Analysis
Analyses were performed using IBM SPSS Statistics version
24.0 (SPSS Inc). All analyses were performed on a daily
measurement level, counting a measured day as a unit of
analysis. Analyses consisted of measures of agreement,
systematic differences, and bias and limits of agreement.
Measures of agreement (equivalence testing) included the
Spearman correlation coefficient (r) to examine the association
between steps, active minutes, and TST measured by trackers
and convergent measure (also illustrated in scatter plots). As
sleep and PA data were nonnormally distributed, (1) a Spearman
correlation, a nonparametric statistical test, was used instead of
a Pearson correlation and (2) ICC (absolute agreement, 2-way
random, single measures, 95% CI) that reflects the effect of
individual differences on observed measures. Measures of
systematic differences included mean absolute percentage errors
(MAPEs) of tracker measurements compared with those of the
convergent measure. MAPEs were calculated with the following
formula: mean difference activity tracker−convergent measure
× 100/mean gold standard. Bland-Altman plots with their
associated limits of agreement were used to examine biases
between measurements from the trackers and the convergent
measure. The following cutoff values were used to interpret the
Spearman correlation coefficient: <0.20=very weak, 0.20 to
0.39=weak, 0.40 to 0.59=moderate, 0.60 to 0.79=strong, and
0.80 to 1.0=very strong [60]. The cutoff values to interpret the
ICC were as follows: <0.60=low, 0.60 to 0.75=moderate, 0.75
to 0.90=good, and >0.90=excellent [48].

A series of linear mixed effects models with restricted maximum
likelihood estimation were used to examine the association
between steps, MVPA minutes, and TST measured by the
commercial trackers and convergent measures, accounting for
the structure of the data (repeated measures clustered within
participants). The pattern of results was similar to that obtained
from the abovementioned analyses. Data are, therefore,
presented in Multimedia Appendix 1.

Results

Descriptive Statistics
A total of 3 participants discontinued their participation in the
study: one participant dropped out at the start of the study
because of the combination of high perceived burden of the
research protocol and a busy personal schedule, and

consequently, no data were collected and analyzed from this
participant; one participant was not able to meet the protocol
toward the end of the study because of conflict with his/her
work schedule; and one participant had to end participation
because of an unexpected hospital admission (17/20, 85%
retention rate). The average age of the analyzed sample of
participants who started the study (n=19) was 37.6 (SD 13.4)
years; of 19 participants, 13 were female. The sample was highly
educated, with 17 participants having achieved a higher
education degree (academic or nonacademic). Their average

BMI was 23.5 (SD 4.4) kg/m2. Two participants were

overweight (BMI of 25-30 kg/m2), and 2 participants were obese

(BMI ≥30 kg/m2). The level of MVPA measured at baseline
with the International Physical Activity Questionnaire varied
from 10 to 351 min per day (SD 91) [61,62].

All participants owned a smartphone; 5 of 19 participants had
previous experience with wearable trackers (n=3; Fitbit). As
can be expected in a highly educated sample, they were all very
familiar with digital tools and required little assistance in
installation or usage. We did not expect any impact of
participants’ experience on the validity measurements, as (1)
these would not have a differential effect of any potential misuse
between different trackers and (2) control procedures were put
in place to prevent any misuse. Potential misuse could consist
of a wrong placement of the tracker. Participants received a
thorough briefing at the start of the study and a daily check-up
of any issues to ensure any baseline differences in familiarity
with digital tools were canceled out and to reduce the risk for
misuse. No issues with misuse were noted.

Issue of Usability With Low-Cost Trackers
In total, each device was intended to be tested for 60 days. As
one of the participants did not start, the maximum number of
potential measurement days per tracker was reduced to 57. The
number of days of available data varied per tracker because of
dropouts at the end of the study by some participants and
because of technical issues experienced with some trackers,
which resulted in fewer days of available data.

Of 57 measurement days, VeryFit had 55 (96%) measured days
for PA (lost days: 2 because of no data shown in the app) and
51 (86%) measured days for sleep (lost days: 3 because of
participant noncompliance and 3 because of no data shown in
the app). Of 57 measurement days, iWown had 52 (89%)
measured days for PA (lost days: 4 because the tracker did not
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pair and 1 because of no data shown in the app) and 51 (89%)
measured days for sleep (lost days: 4 because the tracker did
not pair and 2 because of no data shown in the app). Xiaomi
was not worn by 2 participants because of dropping out,
reducing potential measurement days to 51. Of 51 measured
days, Xiaomi had 48 (94%) measured days for PA (lost days:
2 because of participant noncompliance and 1 because of no
data shown in the app) and 44 (86%) measured days for sleep
(lost days: 6 because of participant noncompliance and 1 because
of no data shown in the app). Of 57 measured days, Nokia had
49 (86%) measured days for PA (8 lost days because of no data
shown in the app) and 46 (81%) measured days for sleep (lost
days: 8 because of no data shown in the app and 3 because of
participant noncompliance). MyKronoz was not worn by 3
participants because of dropping out; one participant accidentally
removed the data, reducing potential measurement days to 45.
Of 45 measured days, MyKronoz had 40 (89%) measurement
days for PA (5 lost days because of no data shown in the app)
and 24 (53%) for sleep (lost days: 11 because of no data shown
in the app and 10 because of participant noncompliance). Of 57
measured days, Geonaut had 37 (65%) measured days for PA
(lost days: 12 because of no data shown in the app, 9 because

of the device not pairing, and 5 because of participant
noncompliance) and 30 (53%) measured days for sleep (lost
days: 9 days because of the device not pairing, 8 because of no
data shown in the app, and 4 because of participant
noncompliance).

Participants were especially frustrated about a device not pairing,
as this meant they had to reinstall the tracker and also lost their
past activity history. Thus, VeryFit and Xiaomi showed little
data loss because of usability problems, whereas especially for
Geonaut and MyKronoz, data were lost because of usability
problems. In general, more data were lost for sleep than for PA.
Usable data in the analyses were further reduced because of
technical issues experienced with the convergent measures,
which resulted in fewer days of data for which comparisons
could be made (the number of usable data points are shown in
all tables).

Validity of Low-Cost Trackers

Physical Activity
Table 1 shows the mean steps, mean minutes of MVPA, and
the corresponding standard deviations for all trackers for
measuring steps and MVPA.

Table 1. Mean steps and minutes of moderate-to-vigorous physical activity per day measured by the low-cost trackers, Fitbit and ActiGraph.

RangeMean (SD)Number of measured daysTracker

Number of steps per day

657-19,4138026 (4352)37Geonaut

259-22,7597668 (5169)51iWown

485-24,49310,431 (4764)40MyKronoz

325-13,9765896 (3113)50Nokia

649-22,6287320 (4481)55VeryFit

369-20,8667317 (4535)48Xiaomi

451-24,6649662 (4866)307Fitbit

188-23,1218126 (4314)316ActiGraph

Number of minutes of moderate-to-vigorous physical activity per day

0-525 (12)49Nokia

0-19080 (48)46Xiaomi

0-23945 (49)305Fitbit

0-15041 (31)328ActiGraph

Agreement testing for steps diverged between the Spearman r
coefficient and ICC (Table 2). All trackers, except iWown,
showed strong (Nokia, Geonaut, VeryFit, and MyKronoz) to
very strong (Xiaomi and Fitbit) agreement with the ActiGraph
measurements based on the Spearman r coefficient (all above
0.60). On the basis of ICC, MyKronoz, iWown, and Nokia
showed low agreement (ICC<0.60), whereas Geonaut had
moderate and Xiaomi, Fitbit, and VeryFit had a good agreement
with the ActiGraph measurements (ICC=0.75-0.90). These
coefficients are in line with the interpretation of the MAPE
scores, showing the largest mean deviation from the ActiGraph

measurements for iWown (35.28%) and the smallest for the
Xiaomi tracker (17.14%).

For measuring MVPA, correlations between the MVPA
measurements of the trackers and the ActiGraph accelerometer
were weak for Nokia and Xiaomi and moderate for Fitbit (Table
2). The ICC showed low agreement for MVPA between all 3
trackers and the ActiGraph accelerometer (ICC<0.60). The
MAPE scores also indicate very large mean deviations from
the ActiGraph measurements for MVPA (>100%), which
confirm the low accuracy of the trackers for measuring MVPA.
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Table 2. Correlation coefficients, intraclass correlation coefficients, associated 95% CI of the measurements, and mean absolute percentage error scores
for measuring steps and moderate-to-vigorous physical activity.

Mean absolute percentage error (%)95% CIIntraclass correlation coefficientSpearman r (95% CI)nTracker

Steps

24.630.46 to 0.820.68a0.63a (0.31 to 0.87)36Geonaut

35.280.28 to 0.690.51a0.53a (0.16 to 0.77)50iWown

25.790.22 to 0.790.59a0.77a (0.45 to 0.95)38MyKronoz

22.620.27 to 0.740.56a0.77a (0.51 to 0.94)50Nokia

24.870.62 to 0.910.82a0.78a (0.61 to 0.89)54VeryFit

17.140.77 to 0.950.90a0.91a (0.81 to 0.97)45Xiaomi

25.730.66 to 0.930.87a0.91a (0.86 to 0.94)300Fitbit

Moderate-to-vigorous physical activity

108.17−0.10 to 0.440.180.24 (−0.11 to 0.50)16Nokia

293.29−0.08 to 0.390.150.26 (−0.08 to 0.54)45Xiaomi

114.300.48 to 0.640.56a0.56a (0.47 to 0.63)298Fitbit

aP<.001.

Correlations for steps and MVPA are illustrated in Figures 3
and 4. Scatter and deviation of the points around the line that
reflects the perfect agreement between the measurements are
larger for measuring MVPA than for measuring steps. The
largest scatter for measuring steps is found for iWown (Figure
3). On the basis of scatterplots, a careful statement on
overestimation or underestimation of the measurement of the
trackers can be made. This is based on the location of the data
points relative to the line that represents the perfect agreement
between the measurements. For Xiaomi, Nokia, and VeryFit,
the majority of the data points are located below that line,
meaning an underestimation of the number of steps. For iWown,
MyKronoz, and Fitbit, the majority of the data points are located
above the line, meaning an overestimation of the number of
steps. For Geonaut, no clear underestimation or overestimation
is visualized. A large scatter for all 3 trackers that measure
MVPA was observed, with no obvious relation between the
MVPA measurements of the trackers and the MVPA
measurements of the ActiGraph. For Nokia, an underestimation
is visualized, and for Xiaomi, however, an overestimation is
visualized. For Fitbit, no clear underestimation or overestimation
is visualized.

These findings are also visualized by using Bland-Altman plots.
Bland-Altman plots were used to visualize the differences
between the steps and MVPA measurements of the ActiGraph
accelerometer and each tracker (y-axis) against the average
number of steps or number of minutes of MVPA of the
measurements of these 2 devices (x-axis). Mean differences
with the ActiGraph accelerometer and the limits of agreement

are presented in Table 3 (illustrated in Figures 5 and 6 for steps
and MVPA, respectively). A positive value of the mean
difference indicates an underestimation of the measurements
of the tracker compared with the ActiGraph measurements,
whereas a negative value indicates an overestimation. The
systematic overestimation or underestimation (mean differences)
and the range between the upper and lower limits of the
agreement reflect the accuracy of the measurements of the
tracker compared with the measurements of the ActiGraph
accelerometer. The broader the range between the lower and
the upper limit, the less accurate the measurements are.

For measuring steps and MVPA, the table and the plots (Figures
5 and 6) all showed large limits. The Xiaomi tracker showed
the narrowest limits (7450 steps) for measuring steps, whereas
iWown showed the broadest limits (19,263 steps). These results
are in line with the interpretations of validity findings based on
the Spearman r, the ICC, and the MAPE score.

For MVPA, the ranges between the lower and upper limit of
agreement are very large, indicating a low accurate measurement
by all 3 trackers measuring MVPA. The Bland-Altman plots
showed the broadest limits for Xiaomi (207.64 min) and the
narrowest limits for Nokia (101.80 min).

Thus, several but not all low-cost trackers showed high accuracy
to measure steps. Xiaomi trackers even outperformed the Fitbit
tracker in measuring steps. However, none of the trackers
showed good accuracy to measure MVPA, including Fitbit,
which did nevertheless reach a slightly higher validity than the
low-cost trackers in measuring MVPA.
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Figure 3. Correlations between steps estimates per day from the trackers and the ActiGraph.
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Figure 4. Correlations between moderate-to-vigorous physical activity estimates per day from the trackers and the ActiGraph.

Table 3. Mean differences of activity measures with the ActiGraph accelerometer and limits of agreement of the activity trackers.

Width of the limits of agreementLimits of agreement, rangeMean difference of steps (ActiGraph−Tracker)nTracker

Steps

9311−4802 to 4509−14636Geonaut

19,263−8993 to 10,27063850iWown

7530−5563 to 1967−179838MyKronoz

11,676−4229 to 7447160950Nokia

9265−3276 to 5989135654VeryFit

7450−2713 to 4737101145Xiaomi

7737−5238 to 2499−1369300Fitbit

Moderate-to-vigorous physical activity

101.80−18.35 to 83.4532.5516Nokia

207.64−138.96 to 68.68−35.1445Xiaomi

151.59−77.07 to 74.52−1.27298Fitbit
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Figure 5. Bland-Altman plots of the trackers for measuring steps. The middle line shows the mean difference (positive values indicate an underestimation
of the wearable and negative values indicate an overestimation) between the measurements of steps of the wearables and the ActiGraph and the dashed
lines indicate the limits of agreement (1.96×SD of the difference scores).
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Figure 6. Bland-Altman plots of the trackers for measuring moderate-to-vigorous physical activity. The middle line shows the mean difference (positive
values indicate an underestimation of the wearable, and negative values indicate an overestimation) between the measurements of moderate-to-vigorous
physical activity of the wearables and the ActiGraph, and the dashed lines indicate the limits of agreement (1.96×SD of the difference scores).

Total Sleep Time
Table 4 reports the mean minutes of TST and corresponding
standard deviations for all trackers.

Spearman correlations between the TST measurements of the
trackers and the TST measurements of the SenseWear armband
show large diversity between trackers, ranging from very weak
(Geonaut) to strong (VeryFit). The ICCs, however, indicate low

agreement (ICC<0.60) between the measurements of all trackers
and the measurements of the SenseWear. This could reflect a
systematic underestimation or overestimation of TST by the
trackers, which is not evident from the Spearman r coefficient.
The MAPE scores of all trackers also indicate a large mean
deviation from the SenseWear measurements for TST, ranging
from 20.57% for Fitbit to 39.08% for Xiaomi. The correlation
coefficients, ICC values, associated 95% CI, and MAPE scores
for measuring TST are shown in Table 5.

Table 4. Mean total sleep time per day measured by the low-cost trackers, Fitbit and SenseWear.

Range (minutes)Total sleep time (minutes), mean (SD)Number of measured daysTracker

Total sleep time

110-589341 (123)30Geonaut

91-624421 (108)52iWown

70-746457 (143)24MyKronoz

247-743464 (108)46Nokia

193-614472 (59)51VeryFit

285-695495 (87)44Xiaomi

68-733414 (91)287Fitbit

112-653373 (83)147SenseWear
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Table 5. Correlation coefficients, intraclass correlation coefficients, associated 95% CI of the measurements, and mean absolute percentage error scores
for measuring total sleep time.

Mean absolute percentage error (%)95% CIIntraclass correlation coefficientSpearman r (95% CI)nTracker

Total sleep time

26.59−0.44 to 0.520.050.04 (−0.45 to 0.60)15Geonaut

21.330.18 to 0.760.52a0.57a (0.19 to 0.84)24iWown

38.15−0.07 to 0.740.40a0.45 (−0.22 to 0.86)14MyKronoz

38.63−0.10 to 0.630.30a0.66b (0.30 to 0.88)14Nokia

30.73−0.11 to 0.610.260.73b (0.48 to 0.83)24VeryFit

39.08−0.13 to 0.450.130.21 (−0.34 to 0.68)21Xiaomi

20.570.28 to 0.600.46b0.57b (0.40 to 0.69)134Fitbit

aP<.05.
bP<.001.

The correlations for TST are also illustrated in Figure 7. This
figure visualizes the large discrepancy between the Spearman
correlation coefficient and the ICC, specifically evident for
Nokia and VeryFit. Although a clear relation is visible between
the measurements (Spearman r), almost all data points are above
the line that represents the perfect agreement between the
measurements. This indicates a systematic overestimation of
the TST measurements of Nokia and VeryFit compared with

the convergent measure. Figure 7 also shows the largest scatter
for MyKronoz.

Bland-Altman plots for TST revealed the smallest limits for
VeryFit (263.39 min) and the broadest limits for Geonaut
(558.25 min). These results are in line with the findings based
on the Spearman r coefficient and the scatter of the data points.
The mean differences with the SenseWear armband
measurements and the limits of agreement are presented in Table
6 and illustrated in Figure 8.
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Figure 7. Correlations between total sleep time estimates from the trackers and the SenseWear.
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Table 6. Mean differences of total sleep time measures with the SenseWear and limits of agreement of the activity trackers.

Width of the limits of agreement
(minutes)

Limits of agreement, rangeMean difference of total sleep time (SenseWear−smartwatch)nTracker

558.25−234.19 to 324.0644.9315Geonaut

368.85−221.22 to 147.63−36.7924iWown

496.53−330.55 to 165.98−82.2914MyKronoz

374.52−293.72 to 80.80−106.4624Nokia

263.39−229.32 to 34.07−97.6324VeryFit

486.52−355.40 to 131.12−112.1421Xiaomi

354.14−213.9 to 140.16−36.91134Fitbit
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Figure 8. Bland-Altman plots of the trackers for measuring total sleep time. The middle line shows the mean difference (positive values indicate an
underestimation of the wearable and negative values indicate an overestimation) between the measurements of total sleep time of the wearables and the
SenseWear, and the dashed lines indicate the limits of agreement (1.96×SD of the difference scores).

Thus, low-cost trackers showed low (eg, Geonaut and Xiaomi)
to strong (eg, VeryFit) correlations to measure TST, with some
trackers such as VeryFit and Nokia systematically
overestimating TST. Fitbit showed low (based on ICC) to
moderate (based on the Spearman r coefficient) validity to
measure TST and was outperformed by VeryFit to measure
TST on all indicators of accuracy.

Discussion

Principal Findings
This study examined the validity of low-cost trackers (≤€50
[US $56]) for measuring adults’ steps, moderate-to-vigorous
PA, and TST in free-living conditions. In general, the low-cost
trackers were most accurate in the measurement of steps,
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somewhat accurate for the measurement of sleep, and lacked
validity for the measurement of MVPA time. Validity ranged
widely between the various low-cost trackers tested. The
performance of the best of the low-cost trackers approached or
even exceeded that of the Fitbit Charge 2 (the high-cost
comparison tracker), whereas the worst of the low-cost trackers
had weak validity. Notably, VeryFit 2.0 performed relatively
strongly across both sleep and steps domains, whereas the
Xiaomi Mi Band 2 appeared to have the highest validity for the
measurement of steps.

The finding that many of the low-cost trackers are accurate for
measuring steps is promising, given that steps is the metric
reported by users of trackers as being of most interest [63]. We
found that the low-cost trackers were most accurate for
measuring steps in comparison with sleep and minutes of
MVPA. This order for validity (ie, measuring steps more
accurately than measuring sleep and in turn more accurately
than measuring MVPA) is consistent with findings for these
metrics in high-cost trackers [39], although in our study, the
low-cost trackers demonstrated weak-to-moderate validity for
MVPA minutes (Spearman r ranged from 0.24 to 0.56), whereas
previous research in high-cost trackers has suggested
moderate-to-strong validity (eg, Ferguson et al’s [39] study of
high-cost trackers reported Pearson r ranging from 0.52 to 0.91).
It is possible that some of the differences between the reference
values for MVPA derived from the ActiGraph accelerometers
and the values recorded by the low-cost trackers may have
originated from a measurement error associated with the
reference device. Furthermore, a possible explanation for the
weak-to-nil validity found in our study could be that the PA
variables measured by the low-cost trackers were not explicitly
identified as MVPA. However, because all devices had set a
goal of 30-min PA per day (similar to the MVPA
recommendations for adults), we assumed that the measured
variable corresponded to MVPA as measured by the ActiGraph
accelerometer. Nevertheless, specific information regarding
algorithm intensity cut-points was not provided and publicly
available from these low-cost trackers. Therefore, the
discrepancies in this study may be a result of both definitional
and measurement problems (eg, sensitivity algorithm). In this
regard, it may be very useful in the future, when manufacturers
provide more insight into the cut-points and algorithms that
were used to translate the raw data into useful information (such
as steps and minutes of MVPA).

Although research-grade accelerometers are the closest we have
to a gold standard for the measurement of MVPA in free-living
conditions, the MVPA values derived from them can vary by
the order of magnitude depending on parameters such as epoch
length and cut-points [64]. Furthermore, wear position has an
impact on the validity of MVPA. Studies comparing the validity
of research-grade accelerometers at different body locations
consistently show that the hip position is more accurate than
the wrist [65]. Despite the recognized superior validity of
hip-worn accelerometers and trackers, over the past 5 years or
so, there has been a shift for both consumer trackers and
research-grade accelerometers to increasingly be designed for
wrist wear, presumably because of improved logistics, such as
comfort and convenience. This clear shift in the market

highlights that validity should not be considered the be-all and
end-all. Issues such as usability, compliance, and adherence are
also important, although they tend to receive less attention in
the scientific literature.

Evidence for the validity of the low-cost trackers for the
measurement of sleep duration was mixed. Some trackers
performed quite strongly. For example, the top performing
tracker, VeryFit 2.0, demonstrated a Spearman r of 0.73 for
TST compared with the reference device (SenseWear), which
was actually superior to the Fitbit Charge HR (r=0.57).
However, the Bland-Altman analyses revealed that VeryFit 2.0
tended to overestimate sleep by around 1.5 hours per night
compared with the reference device. If this overestimation was
consistent, it could be argued that the data might still be useful
for self-monitoring changes in sleep over time. However, the
Bland-Altman 95% limits of agreement spanned a range of 263
min, suggesting that the extent of overestimation varied
considerably on different administrations. It, therefore, seems
questionable whether the sleep estimates derived from VeryFit
2.0 are accurate enough to help a user meaningfully
monitor/change their sleeping patterns.

The finding that low-cost trackers have strong validity for
measuring steps and some validity for measuring sleep is likely
to be of interest to public health researchers and clinicians alike.
There is considerable interest in using activity trackers to
intervene on lifestyle activities, with a recent meta-analysis
finding positive evidence for short-term effectiveness but less
evidence for sustained effects [66]. There is well-recognized
usage attrition associated with activity trackers over time. For
example, a 2017 study gave entry-level Fitbit trackers to 711
users and found that approximately 50% of participants had
stopped using them at 6 months and 80% had stopped by 10
months [67]. The most common reasons for not using Fitbit
was technical failure or difficulty (57%), losing the device
(13%), or forgetting to wear it (13%). Nonetheless, low-cost
devices fill an important gap in the consumer market between
the high-cost activity trackers that are prohibitively expensive
to provide to clinical or research cohorts at scale (unless sizable
funding is available) but likely to be more aesthetically pleasing
and acceptable to wearers than traditional pedometers [19,63].
The findings of this study, which highlight the Xiaomi Mi Band
2 and VeryFit 2.0 devices as having acceptable validity, are
therefore helpful. We bought the trackers as individual buyers
on the consumer market. Researchers intending to use these in
large-scale research cohorts may purchase these at an even lower
cost in bulk. Another promising feature of VeryFit 2.0 is that
it has an application programming interface (API) that allows
software developers to create custom software that can be
integrated directly with the tracker (ie, data from the tracker
can be sent automatically to the custom software). There is a
growing trend for eHealth and mobile health research to use
Fitbit and Garmin API [68-70]. Therefore, validated low-cost
trackers with APIs offer new data collection and intervention
possibilities.

Our study included trackers with and without heart rate
measurements. All trackers with the highest validity included
heart rate measures, whereas those without showed lower
validity. However, we cannot conclude from this study that the
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heart rate function increased validity. Studies testing the same
model with and without the heart rate function and assessing
the validity of the heart rate measurement in itself would be
needed to make this claim. The price of included trackers ranged
from around €25 (US $28) to approximately €50 (US $55). The
prices of the most accurate types, VeryFit 2.0 and Xiaomi Mi
Band 2, are situated in the middle of this range (€30-€40 [US
$33-US $44]). This yields two models that are very attractive
and accessible to the general public. Thus, price may not be the
determining factor in the validity of the trackers: more expensive
within this range is not necessarily better. On the contrary, we
cannot conclude that price plays no role and that trackers even
less expensive than those included here (<€25 [US $28]) may
also be valid. Indeed, a study on pedometers provided for free
as gadgets with cereal boxes found that those were not valid
[71].

Although validity evidence from this study for low-cost devices
measuring steps, MVPA, and TST is not unequivocally good
across the devices, user experience is also extremely important.
A device that has high validity may not necessarily have a
positive user experience. Future research examining the user
experience of low-cost trackers (eg, focusing on issues such as
functionality, reliability, and ease of use, both of the device
itself and its accompanying app) will be valuable. Our
preliminary experiences suggest that the user experience of the
low-cost trackers may be less positive than that of the high-cost
trackers (eg, we tended to experience fewer technical issues
with Fitbit trackers than with the other devices in this study).
It can be assumed that the higher price of the high-cost trackers
is partly determined by the investments made by the
manufacturer to improve the user experience and to better
develop the app supporting the tracker. Moreover, the low-cost
activity trackers appear most valid for measuring steps.
Pedometers that count steps are available at an even lower cost,
but unlike activity trackers, they offer little additional
functionality (eg, feedback, information, and social support) in
an accompanying app and are considered less usable by people
than activity trackers [72-74]. Further work to explore these
issues more rigorously and in greater depth is warranted.

Strengths and Limitations
A strength of our study is that it is the first to scrutinize the
validity of low-cost trackers addressing an important gap in the
scientific literature to date. Methodological strengths of the
study are the relatively large number of devices that were tested
using the same methodology (allowing a direct comparison of
the devices’ performance), the devices that tested multiple
metrics (steps, MVPA, and sleep), and that efforts were made
to minimize bias, for example, by randomizing the order in
which participants wore the devices. Limitations included that
our sample was relatively young and healthy. On the basis of
previous literature, it seems likely that validity for measuring
steps is likely to be somewhat lower in older and clinical
populations (eg, obese) [75]. As already noted, our reference
devices were research-grade accelerometers with known validity
limitations of their own. Therefore, they represent convergent
validity rather than criterion validity, and there is a risk that we
may be underestimating the low-cost trackers’ true validity. A
further limitation is that this is a fast-moving field with new
devices continually entering and exiting the market. In
particular, since our study started, the Xiaomi MiBand 2 is
replaced by its successor, the MiBand 3. Therefore, it would be
beneficial that future research continuously investigates the
validity of new low-cost trackers and other emerging devices.
Furthermore, having an insight into the used algorithms and
used cutoffs would be beneficial.

Conclusions
This study was the first to examine the validity of low-cost
trackers. It found that validity was strongest for the measurement
of steps; there was some evidence of validity for the
measurement of sleep, whereas validity for the measurement
of MVPA time was weak. Validity ranged between devices,
with Xiaomi having the highest validity for the measurement
of steps and VeryFit performing relatively strongly across both
sleep and steps domains. The tested low-cost trackers hold
promise for the cost-efficient measurement of movement
behaviors. Further research investigating the user experience
of low-cost devices and their accompanying apps is needed
before these devices can be confidently recommended.
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Multimedia Appendix 1
Parameter estimates from linear mixed effects models examining the association between commercial trackers and ActiGraph
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Abstract

Background: Gait and balance impairments are common in neurological diseases, including stroke, and negatively affect
patients’quality of life. Improving balance and gait are among the main goals of rehabilitation. Rehabilitation is mainly performed
in clinics, which lack context specificity; therefore, training in the patient’s home environment is preferable. In the last decade,
developed rehabilitation technologies such as virtual reality and augmented reality (AR) have enabled gait and balance training
outside clinics. Here, we propose a new method for gait rehabilitation in persons who have had a stroke in which mobile AR
technology and a sensor-based motion capture system are combined to provide fine-grained feedback on gait performance in real
time.

Objective: The aims of this study were (1) to investigate manipulation of the gait pattern of persons who have had a stroke
based on virtual augmentation during overground walking compared to walking without AR performance feedback and (2) to
investigate the usability of the AR system.

Methods: We developed the ARISE (Augmented Reality for gait Impairments after StrokE) system, in which we combined a
development version of HoloLens 2 smart glasses (Microsoft Corporation) with a sensor-based motion capture system. One
patient with chronic minor gait impairment poststroke completed clinical gait assessments and an AR parkour course with
patient-centered performance gait feedback. The movement kinematics during gait as well as the usability and safety of the system
were evaluated.

Results: The patient changed his gait pattern during AR parkour compared to the pattern observed during the clinical gait
assessments. He recognized the virtual objects and ranked the usability of the ARISE system as excellent. In addition, the patient
stated that the system would complement his standard gait therapy. Except for the symptom of exhilaration, no adverse events
occurred.

Conclusions: This project provided the first evidence of gait adaptation during overground walking based on real-time feedback
through visual and auditory augmentation. The system has potential to provide gait and balance rehabilitation outside the clinic.
This initial investigation of AR rehabilitation may aid the development and investigation of new gait and balance therapies.
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Introduction

Many neurological diseases lead to impairments of gait and
balance [1]. Approximately 80% of persons who have a stroke
experience such deficits [2]. The key characteristics of impaired
gait after stroke are shortened stance phase of the affected side,
reduced knee and hip flexion during swing, slower walking
speed, and shorter stride length [3]. Balance impairments are
characterized by reduction in maximum weight shift toward the
affected side [4], delayed postural reactions [5], shift of the
center of mass toward the non-affected side, and decreased
ability to avoid obstacles [6]. These gait and balance
impairments are increased when patients are required to perform
a cognitive task in parallel [7] and in patients who have attention
or vision deficits [8,9]. Impaired gait and balance poststroke
can have profound consequences for patients, as these
impairments are strongly related to increased fear of falling [10]
and reduced quality of life [11].

Therefore, improving gait and balance is one of the main goals
of stroke rehabilitation. Repetitive practice is an essential
ingredient of established evidence-based interventions [12] such
as speed-dependent treadmill training, postural control with
visual feedback training, and task-specific training [13]. These
interventions can be delivered as part of inpatient or outpatient
programs. In all these settings, training lacks context specificity
(i.e., mobility in the daily life environment of the individual
patient). In the last decade, virtual reality (VR) training systems
have been found to effectively improve gait and balance after
stroke [14,15]. VR systems provide challenging training
situations and many different training environments. However,
these VR systems still do not reflect the real-world environment
of the patient; also, they require expensive stationary equipment.
In addition, these systems are often limited in their variety of
exercises to improve balance during gait training [16]. To
interact with the real-world environment, augmented reality
(AR) is an option to provide multiple sensory feedback enhanced
by computer-generated perceptual information.

Considering the importance of performance feedback for motor
skill learning [17], AR combined with sensor-based kinematic
measurements can deliver fine-grained visual and auditory
feedback on gait and balance parameters; this feedback can
provide higher specificity and continuity and lower delay than
the feedback delivered by a therapist [18]. Sensor-based motion
capture systems, including inertial measurement units, can
measure a patient’s gait kinematics and center of mass outside
the laboratory and clinic [19], although laboratory-based optical
tracking systems remain the gold standard with respect to the
sensitivity and accuracy of these systems [20].

Here, we propose a new method for gait and balance
rehabilitation in patients who have had a stroke that has potential
to provide challenging and personalized gait and balance therapy
with auditory and visual performance feedback based on gait

kinematics in an environment that is adjusted to the patients’
needs. We developed the Augmented Reality for gait
Impairments after StrokE (ARISE) system, in which we
combined a development version of a head-mounted system for
real-time visual and auditory feedback and a commercially
available sensor-based motion capture system. Subsequently,
we evaluated the usability of the AR feedback prototype in a
chronic stroke subject with minor gait and balance impairments.
We hypothesized that this system is more capable of modifying
gait kinematics than walking without the system.

Methods

Ethics Statement
Ethical clearance to execute the experiment with the presented
subject was provided by the Cantonal Ethics Commission of
the Canton of Zurich, Switzerland (BASEC-Nr.
Req-2019-00758). The participant received information about
the experiments. Written informed consent in accord with the
Declaration of Helsinki was obtained from the participant prior
to performing the experiments.

Patient Information
The patient was a right-handed man aged 74 years who had a
right-hemispheric ischemic stroke in the thalamus, capsula
interna, and right temporal lobe 7 years before participating in
the experiment. Acutely after stroke, he had mild motor deficits
in the left leg (National Institutes of Health Stroke Scale leg
item score 1/4). At the time of this experiment, he had minor
limitations of sitting and standing balance (Berg Balance Scale
54/56); he also had mild limitations in motor function
(Fugl-Meyer Motor Assessment lower extremity subscale 29/34)
and strength (Motricity Index lower extremity subscale 88/100)
of the affected left side. The patient walked independently
without a walking aid (Functional Ambulation Categories 5/5),
with a comfortable walking speed of 1.0 m/s and a step length
of 0.56 meters as measured by the 10-Meter Walk Test. The
patient had slight risk of falling (Dynamic Gait Index 19/24).
He reported numbness in the feet and a feeling of wearing socks
when he was not. In addition, a mild cognitive impairment was
present (Montreal Cognitive Assessment 25/30).

Materials
The ARISE system consisted of two essential components: an
optical see-through head-mounted display (OST-HMD) and a
sensor-based motion capture system (Figure 1, Supplementary
Material A).

We identified the HoloLens 2 (Microsoft Corporation) as the
most suitable OST-HMD, as it provides a wider field of view
(43×29 degrees) compared to other devices and thus can display
more virtual objects in a real-world environment. In addition,
the HoloLens 2 is able to track head movements with an inertial
measurement unit and has an intuitive hand-interaction user
interface that is enabled through fully articulated hand tracking.
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The OST-HMD was used to visualize the AR parkour course
(Figure 2 A-C). The state-of-the-art parkour course had an area
of approximately 14×4 meters; it consisted of visualizations of
real-life obstacles and barriers, such as blocks and floor mats,

that forced the patient to perform certain leg movements. A trail
of arrows indicated the walking direction, and the parkour course
changed dynamically depending on the position of the patient.

Figure 1. Patient who has had a stroke wearing the ARISE system, including the optical see-through head-mounted display (HoloLens 2) and the
sensor-based motion capture system (Xsens MVN).

Figure 2. Augmented reality parkour course, including arrows indicating the walking direction. A) Overstep obstacle of tree trunks. B) I. Stop and go
barrier; II. stepping stones over a virtual river; III. walkable ridge-path; IV. the patient turns around and walks back. C) Walking slalom with lamps. D)
Dual-task math calculation.

In addition, the OST-HMD provided visual and auditive
feedback based on real-time gait kinematic performance. An
inertial measurement unit–based motion capture system, the
Xsens MVN (Xsens Technologies B.V.), was chosen to track

the kinematics of the lower limbs during gait. We strapped seven
inertial measurement units on the pelvis and the lower extremity
of the patient (Figure 1). The Xsens software (MVN version
2019.2) converted the rotational data from the inertial
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measurement units into a fully articulated virtual mannequin.
This provided translational and rotational data of every large
humanoid joint. With this combination, the patient was able to
walk longer distances (more than 10 meters).

The HoloLens 2 and Xsens systems were integrated by
streaming movement performance data to the OST-HMD
through a user datagram protocol client. To adjust for
translational drift of the motion capture system in the ARISE
system, the captured motion data were rigidly attached to the
pose of the HoloLens 2. To synchronize the forward directions
of both systems, we performed a short calibration phase where
the user was required to align his head with his hips and feet.
Once the 2 systems were coupled, we were able to provide subtle
positive reinforcement of successful knee flexion (>45 degrees)
by playing an ambient bird song sound through the HMD.

To increase the difficulty of the tasks the subject was asked to
complete, simple math calculations were presented visually
(dual task procedure, Figure 2 D). The subject responded by
pressing a virtual button, which was detected by the
hand-tracking capabilities of the HoloLens 2. At the end of the
parkour course, a knowledge of results display was shown,
including the time to run the parkour course, the correct answers
to the math calculations, and the percentage of time that the
condition of knee flexion >45 degrees was fulfilled.

We provided the participant with information about the
experimental setup. After clinical assessments of the participant
were performed, the sensors were fitted to his legs and pelvis,
and he donned the HoloLens 2. First, a patient-personalized
height scaling model was applied to the motion capture software.
The motion capture system was calibrated. The participant
performed a 10-meter walk test and then completed the AR
parkour course three times. During walking, the 10-meter walk
test and the AR parkour, the patient’s lower extremity
kinematics and center of mass were tracked with the motion
capture system. After the AR parkour, the System Usability
Scale [21], the Virtual Reality Symptom Questionnaire [22],

and a semi-structured interview were used to assess the patient’s
experience using the AR system.

Data Availability
All datasets generated for this publication are included in the
manuscript.

Results

The kinematic parameters of the knees and the center of mass
while walking during the 10-meter walk test and the AR parkour
are listed in detail in Table 1 and Table 2, respectively. The
patient adapted his gait performance and increased his knee
flexion angles during the gait cycle when performing the AR
parkour compared to when walking a straight line during the
10-meter walk test (Figure 3). His walking speed in the 10-meter
walk test did not change (pre 9 seconds, post 9 seconds).

During the AR parkour, the patient perceived the virtual objects,
stepped over the obstacles and barriers, and reported a feeling
of being in a real-world parkour course. Despite the positive
effects on knee flexion, he did not consciously perceive the bird
songs.

The patient overlooked the math problems during the first run
but solved them in subsequent trials after being reminded to do
so. This increased the time to complete the AR parkour from
75 seconds without the second task to 100 seconds with the
second task.

The patient reported that wearing the HoloLens 2 felt like
wearing a hat. He criticized the limited vertical field of view,
which forced him to lean forward to see the obstacles directly
beneath him (see the video in Multimedia Appendix 1).
However, he ranked the usability of the AR parkour system as
excellent (System Usability Scale 87.5/100). He stated that he
would like to use the system more often for self-training to
complement his current conventional outpatient therapy
program. No adverse events were measured with the Virtual
Reality Symptom Questionnaire, with the exception of the
symptom of exhilaration.
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Table 1. Kinematic parameters (joint angle, degrees) during the 10-meter walk test and the AR parkour.

At foot releasedAt foot strikecSwingbStanceaParameter

Mean (SD)Mean (SD)MaximumMinimumMaximumMinimum

Ten-meter walk test

Hip angle flexion

–0.78 (0.54)28.34 (2.02)33.57–3.2031.06–7.17Lefte

–4.00 (2.79)26.74 (0.84)30.21–8.0129.63–11.18Right

3.231.603.364.811.444.01Difference

Knee angle flexion

41.84 (0.38)8.44 (1.59)61.373.0537.827.18Lefte

38.23 (4.77)3.04 (0.73)61.34–2.5041.452.53Right

3.615.400.035.55–3.634.65Difference

Ankle angle flexion

–4.05 (2.50)0.86 (1.19)9.07–10.8519.49–4.92Lefte

–4.62 (4.02)–3.14 (2.25)7.63–26.0921.58–8.11Right

0.574.001.4415.24–2.093.20Difference

Augmented reality parkour

Hip angle flexion

3.82 (4.80)23.77 (3.42)49.26–2.0629.77–2.09Lefte

1.83 (5.40)23.49 (4.68)50.98–3.3033.90–3.55Right

1.980.27–1.721.25–4.121.45Difference

Knee angle flexion

23.06 (4.39)10.22 (2.84)79.745.6328.285.26Lefte

28.08 (6.04)8.57 (5.42)82.93–2.5743.833.00Right

–5.021.65–3.198.19–15.552.26Difference

Ankle angle flexion

15.28 (4.60)3.60 (3.67)21.33–4.4923.22–6.70Lefte

17.48 (6.35)2.13 (3.41)29.63–16.9531.45–6.32Right

–2.201.47–8.3112.46–8.24–0.38Difference

aPeriod of time from a foot strike to the following release of the same foot.
bPeriod of time from a foot release to the following strike of the same foot.
cTime at which the foot contacts the ground after a swing phase.
dTime at which the foot stops being in contact with the ground after a stance phase.
eThe patient’s affected side.
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Table 2. Position of the center of mass in meters during the 10-meter walk test and the augmented reality parkour.

OverallSwingbStanceaPosition

MaximumMinimumMaximumMinimumMaximumMinimum

Ten-meter walk test

0.04–0.030.02–0.030.04–0.02Leftc

0.04–0.030.04–0.020.02–0.03Right

0.000.00–0.02–0.010.020.01Difference

Augmented reality parkour

0.24–0.380.24–0.380.24–0.30Leftc

0.29–0.230.29–0.230.26–0.23Right

–0.05–0.150.05–0.15–0.02–0.07Difference

aPeriod of time from a foot strike to the following release of the same foot.
bPeriod of time from a foot release to the following strike of the same foot.
cThe patient’s affected side.
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Figure 3. Knee flexion angles during gait cycles during A) a 10-meter walking test and B) the AR parkour. Orange lines represent the right knee, and
blue lines represent the left knee. Center of mass position during gait cycles during C) the 10-meter walking test and D) the AR parkour. Orange lines
represent the right leg, and blue lines represent the left leg.

Discussion

Principal Findings
Gait and balance training requires training systems that are
mobile and preferably wearable. The ARISE system proposed
here combines flexible training with performance feedback in
a wearable form by integrating an OST-HMD and a sensor-based
motion capture system. It enables context-specific training and
can display virtual objects via the HMD in a real-world space.
The AR rehabilitation system can be used for overground
walking, while gait kinematics are measured with the motion

capture system. The combination of these technologies is new
in gait rehabilitation. Most AR and VR systems consist of
stationary equipment, including a treadmill, cameras, and
projection devices [6]. Hence, they offer fewer options for
adaptation [23] and are restricted to the unreal training
environment of treadmill walking; moreover, a minimum of 6
minutes (around 400 strides) is required to achieve stable
performance on a treadmill [24].

The ARISE system was tested during a single session
experiment with one patient who had a stroke. The patient
perceived the system to be comfortable, and it did not restrict
his movements. The limited vertical field of view (29 degrees)
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of the HoloLens 2 should be improved to increase the usability
of the system. The field of view forced the patient to bend
forward; this can induce adverse events, such as near-falls or
neck pain, when using the system over longer periods of time.

Through the coupling of the OST-HMD and the motion capture
system, the patient perceived auditive feedback based on the
kinematics of the knee (flexion angle). The OST-HMD provided
feedback in the form of bird songs and a knowledge of results
display. When the patient was given multimodal feedback, he
changed his gait pattern. This is in line with previous results
[6,20]. A transfer of training from the ARISE system to
overground walking can be expected when increasing the
duration of the intervention [13]. Consolidation may be further
improved by adding monetary rewards [25].

The current AR parkour course has a size of 14×4 meters;
therefore, it requires a large open space to operate. In future
versions, the ARISE system will be able to generate a parkour
course with an adaptable area depending on the local
environment. This will provide the advantages of flexibility in
choosing the test grounds and a variety of parkour designs. In
future research, the impacts of different virtual obstacles or even
obstacle themes (e.g., street, garden, supermarket) on the gait
kinematics can be evaluated. Due to the high mobility of all
involved components, our system can be used virtually
anywhere, both indoors and outdoors and with different surfaces

and distractors. The mobility of the system is also ensured
through the web interface of the OST-HMD and the motion
capture system, which allows remote access. Therefore, a
telerehabilitation approach is conceivable.

The present ARISE system is a prototype, and it requires
technical support for setup and calibration. Therefore, a reduced
sensor set and simplified calibration procedure would increase
its usability and applicability. Furthermore, movement sensors
are limited by orientation drift when they are used over a long
period of time [26]. In this study, we did not use the system
long enough to observe this drift. These issues of technical
support and drift currently limit the use of the system in
telerehabilitation and should be addressed in future studies [27].

Conclusions
The ARISE system combines an adjustable and personalized
training environment with a feedback and monitoring system
for gait and balance rehabilitation. This case study showed that
use of the system by patients who have had a stroke and who
have mild gait and balance impairments is promising. Compared
to existing AR systems, the system utilizes the real physical
environment to place virtual obstacles that are immediately and
intuitively treated as real-world objects. This system can be
used to provide feedback on a variety of gait parameters and to
implement personalized (dual-task) gait training environments.
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The authors of “Postvaccination Fever Response Rates in
Children Derived Using the Fever Coach Mobile App: A
Retrospective Observational Study” (JMIR Mhealth Uhealth
2019;7(4):e12223) identified an error in the Acknowledgements
section.

In the first part of the Acknowledgements section, the following
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the JMIR website on May 7, together with the publication of
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to PubMed, PubMed Central, and other full-text repositories,
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repositories.
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In “Using Goal-Directed Design to Create a Mobile Health App
to Improve Patient Compliance With Hypertension
Self-Management: Development and Deployment” (JMIR
Mhealth Uhealth 2020;8(2):e14466), there was an error which
was not identified during the proofreading stage.

The first five sentences and the last word of the Methods
subsection in the Abstract were missing in the published paper.
The original published Methods subsection of the Abstract was
incorrectly presented as:

Clustering methods based on questionnaire responses
were used to group patients. Qualitative interviews
were conducted to identify the needs of different
groups. In stage 2, several functional modules were
designed to meet the needs of different groups based
on the results from stage 1. In stage 3, prototypes of
functional modules were designed and implemented
as a real app. Stage 4 was the deployment process,
in which we conducted a pilot study to investigate
patient compliance after using the app. Patient
compliance was calculated through the frequency
with which they took blood pressure measurements.
In addition, qualitative interviews were conducted to
learn the underlying reasons for the compliance

The correct Methods subsection of the Abstract is:

The goal-directed design method was applied to guide
study design. We divided the study into 4 stages.
Stages 1 to 3 comprised the development process. To
improve the applicability of the goal-directed design
method to chronic disease management, we extracted
elements of user models concerned with patient
compliance and defined a concrete process for user
modeling. In stage 1, personas of hypertensive
patients were built using qualitative and quantitative
methods. Clustering methods based on questionnaire
responses were used to group patients. Qualitative
interviews were conducted to identify the needs of
different groups. In stage 2, several functional
modules were designed to meet the needs of different
groups based on the results from stage 1. In stage 3,
prototypes of functional modules were designed and
implemented as a real app. Stage 4 was the
deployment process, in which we conducted a pilot
study to investigate patient compliance after using
the app. Patient compliance was calculated through
the frequency with which they took blood pressure
measurements. In addition, qualitative interviews
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were conducted to learn the underlying reasons for
the compliance results.

The changes made do not affect the findings of the study.

In addition, the original published paper contained an error in
author affiliation 1. Affiliation 1 was incorrectly listed as:

College of Biomedical Engineering and Instrument
Science, Ministry of Education Key Laboratory of
Biomedical Engineering, Hangzhou, China

The correct listing for author affiliation 1 is:

College of Biomedical Engineering and Instrument
Science, Ministry of Education Key Laboratory of
Biomedical Engineering, Zhejiang University,
Hangzhou, China

The correction will appear in the online version of the paper on
the JMIR website on May 28, together with the publication of
this correction notice. Because this was made after submission
to PubMed, PubMed Central, and other full-text repositories,
the corrected article has also been resubmitted to those
repositories.
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Abstract

Background: Parkinson disease monitoring is currently transitioning from periodic clinical assessments to continuous daily
life monitoring in free-living conditions. Traditional Parkinson disease monitoring methods lack intraday fluctuation detection.
Electronic diaries (eDiaries) hold the potential to collect subjective experiences on the severity and burden of motor and nonmotor
symptoms in free-living conditions.

Objective: This study aimed to develop a Parkinson disease–specific eDiary based on ecological momentary assessments
(EMAs) and to explore its validation.

Methods: An observational cohort of 20 patients with Parkinson disease used the smartphone-based EMA eDiary for 14
consecutive days without adjusting free-living routines. The eDiary app presented an identical questionnaire consisting of questions
regarding affect, context, motor and nonmotor symptoms, and motor performance 7 times daily at semirandomized moments. In
addition, patients were asked to complete a morning and an evening questionnaire.

Results: Mean affect correlated moderate-to-strong and moderate with motor performance (R=0.38 to 0.75; P<.001) and motor
symptom (R=0.34 to 0.50; P<.001) items, respectively. The motor performance showed a weak-to-moderate negative correlation
with motor symptoms (R=−0.31 to −0.48; P<.001). Mean group answers given for on-medication conditions vs
wearing-off-medication conditions differed significantly (P<.05); however, not enough questionnaires were completed for the
wearing-off-medication condition to reproduce these findings on individual levels.

Conclusions: We presented a Parkinson disease–specific EMA eDiary. Correlations between given answers support the internal
validity of the eDiary and underline EMA’s potential in free-living Parkinson disease monitoring. Careful patient selection and
EMA design adjustment to this targeted population and their fluctuations are necessary to generate robust proof of EMA validation
in future work. Combining clinical Parkinson disease knowledge with practical EMA experience is inevitable to design and
perform studies, which will lead to the successful integration of eDiaries in free-living Parkinson disease monitoring.

(JMIR Mhealth Uhealth 2020;8(5):e15628)   doi:10.2196/15628
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Introduction

Background
Parkinson disease is a neurodegenerative disorder that is
characterized by bradykinesia, rigidity, and tremor. Many
patients develop fluctuations in cardinal motor symptoms, such
as bradykinesia, tremor, and postural instability, and
levodopa-induced dyskinesia [1,2]. Nonmotor symptoms may
also show fluctuations during the day [3,4]. Current gold
standards in symptom monitoring, such as the Movement
Disorders Society (MDS)–Unified Parkinson Disease Rating
Scale and the Parkinson Disease Quality of Life-39, are
suboptimal to detect such fluctuations over short periods, as
they cover a longer temporal domain and require active observed
tasks [5,6]. Monitoring methods that can also detect motor and
nonmotor fluctuations over shorter periods in free-living
conditions can contribute to applying personalized medicine in
Parkinson disease [7,8]. Examples of such new methods are
telemonitoring [9] and mobile health (mHealth) apps, often
including wearable sensors [10-12]. Patients with neurological
conditions are believed to be able to use mobile apps [13];
however, the quality, validation, and usability of the available
apps are often low [14]. Nonetheless, there have been promising
results of using mHealth monitoring systems for motor and
nonmotor symptoms of Parkinson disease during free-living
situations [15-17].

Electronic diaries (eDiaries) hold the potential to contribute to
these new monitoring methods by collecting valuable
information on motor symptoms [18,19] and nonmotor
symptoms in free-living conditions [16].

Recently published recommendations on Parkinson disease
eDiary development by a specific MDS Task Force and
Committee underline the relevance and potential of this
approach [20,21]. Ecological momentary assessment (EMA),
also referred to as an experience sampling method, is a method
that collects subjective experiences at multiple, semirandomized
moments during a day. Commonly used in psychiatric and
psychological populations, it holds the potential for somatic
diseases as well [22]. The scarce literature describing EMA in
Parkinson disease reports feasibility in small cohorts of up to
5 patients. Reproduction and further investigation of the
usefulness and value of EMA in Parkinson disease are needed
[4,16,23].

Objective
We developed the first specific Parkinson disease eDiary using
EMA and set the first steps to validate the EMA method in a
broad Parkinson disease cohort.

Methods

Study Population
We included 20 patients who were diagnosed with Parkinson
disease following the UK Parkinson disease Society Brain Bank
Diagnostic Criteria, who were aged between 18 and 80 years,
who possessed a smartphone (at least Android 4 or iPhone
operating system 8), and who had adequate proficiency in the

Dutch language. A Montreal Cognitive Assessment scale score
lower than 24 was the only exclusion criterion [24].
Demographic and general disease characteristics were collected,
such as sex and age, Parkinson disease duration, levodopa
equivalent daily dosage (LEDD), number of daily dopaminergic
medication intake moments, presence of intraday motor
fluctuations, and recent Hoehn and Yahr scores.

Ecological Momentary Assessment Study Design
Participants enrolled between August 2018 and March 2019
and participated for 14 consecutive days. EMA questionnaires
(referred to as beeps) were presented at seven semirandomized
moments a day, one beep within every block of 2 hours between
8 AM and 10 PM. The questionnaire had to be opened within
15 min after notification to prevent procrastination. A separate
morning questionnaire was available between 4 AM and 1 PM,
and an evening questionnaire was available between 8 PM and
4 AM. Answers on statement questions were given on a 7-point
Likert scale. The EMA method was executed via the smartphone
app, PsyMate [25]. EMA was combined with the use of three
wearable sensors containing accelerometers and gyroscopes.
Technical details of the protocol design and feasibility analyses
are reported earlier [26]. The study protocol was conducted
following the Helsinki guidelines and was approved by the local
medical ethical committee of Maastricht University Medical
Center+.

Parkinson Disease–Specific Ecological Momentary
Assessment Questionnaire
To the best of our knowledge, no specific EMA questionnaire
for Parkinson disease exists. On the basis of a literature search
and structured interviews with clinical experts, patients, and
caregivers, both focused on parameters that differentiate good
vs bad Parkinson moments, we determined the content of the
Parkinson disease EMA questionnaire. We consulted an EMA
expert group to phrase the specific questions and design the
EMA method.

Data Preparation
Patients with a completion rate lower than 33% were excluded
from analyses [27]. Beeps containing missing values because
of unfinished questionnaires or digital data transmission failure
were excluded.

To analyze positive and negative affect, we calculated the mean
of the items feeling well, feeling cheerful, and feeling relaxed
and the mean of the items feeling down, feeling fearful, and
feeling stressed, respectively. To analyze general motor function,
we calculated the mean of the items ability to perform current
activity, ability to walk well, ability to talk well, and to
experience steady mobility. When we refer to the items mean
positive affect, mean negative affect, or general motor function
in the paper, we are referring to these calculated mean scores.
General motor function in the evening questionnaire was
calculated as the mean of the evening questionnaire items ability
to dress, ability to eat, ability to do household activities, ability
to do personal care, and ability to walk. The evening
questionnaire items experienced many off periods and
experienced long off periods were averaged in an item
representing off-moment severity during the day.
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To represent the change in an item since the last beep, we
calculated differences over time scores. The answer to the
previous beep (t−1) was subtracted from the answer of the
current beep (t). Two beeps are, on average, 2 hours separated
from each other. We did not calculate the difference in scores
between the first completed beep a day and the last beep of the
previous day.

Statistical Analysis
We analyzed means, standard deviations, and distributions per
item. A skewed distribution of answers of an item to the
minimum (1) or the maximum (7) is called a floor or a ceiling
effect, respectively. If present, we evaluated whether this floor
or ceiling effect could be expected and could be accepted or
might be based on an invalid, nonspecific, or nonsensitive
question and deserved further evaluation.

To validate whether items measure what they are intended to
measure, the correlation between an item and a gold standard
that measures the same concept can be assessed. If this expected
correlation is present, this means the construct validity of that
item is proven [20,28]. As there are no validated assessment
scales that assess Parkinson disease symptoms as frequent as
our EMA beeps, there is a lack of a gold standard measure.
Therefore, we assessed the construct validity by analyzing
correlations between items from the same beep that are expected
to correlate based on clinical knowledge. To further analyze
construct validity, we analyzed correlations between the mean
answer over all beeps during 1 day and the answer from the
corresponding evening questionnaire. For the latter, we excluded
days without the completed evening questionnaire. As the
theoretically expected correlation of sleep with other symptoms
is ambiguous, we excluded the morning questionnaires from
validation analyses.

We compared beep answers given in different medication
conditions to explore differences in symptom severity. We
merged the two transition conditions, from on-medication to

off-medication and vice versa, to differentiate 3 conditions:
on-medication condition, off-medication condition, and the
transition between on- and off-medication condition.

By calculating correlations between scores of items that are
expected to correlate, we analyzed the sensitivity of our EMA
questionnaire to measure changes over time. We explored the
differences between beep answers given in different medication
conditions, on-medication condition, off-medication condition,
and transitions between the two. The beeps identified as
off-medication condition represent the wearing-off-medication
condition because the patients were never fully depleted of
dopaminergic medication. In the rest of the paper, we will use
the term on-beeps and off-beeps to refer to these medication
conditions during a completed beep questionnaire. We
performed these comparisons on group and individual levels.
The significance of differences between the different medication
conditions was calculated using Mann-Whitney U tests.
Correlations were calculated using Spearman correlation tests.
P values were corrected with a Bonferroni correction. All the
data preparation and statistical analyses were performed in
Python Jupyter Notebook 3 using packages pandas (version
0.24.2), Numpy (version 1.16.4), datetime (version 1.0.0), and
Scipy (version 1.3.0).

Results

Study Population
We included 4 female and 16 male patients with idiopathic
Parkinson disease with a mean age of 63 years (SD 7), a mean
disease duration of 8 years (SD 6), and a mean LEDD of 770
mg (SD 394); 6 participants were treated with deep brain
stimulation for a mean period of 3.3 years (SD 1.5; Table 1).
The mean completion rate was 78% out of 98 continuous beeps
(SD 12). No participants were excluded based on a too low
completion rate (ie, completion rate <33%) [27].
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Table 1. Demographics of study population.

ValuesDemographics

4:16Gender ratio (female:male)

63 (7)Age (years), mean (SD)

8 (6)Disease duration (years), mean (SD)

770 (394)Levodopa equivalent daily dosage (mg), mean (SD)

Deep brain stimulation

6Patients with deep brain stimulation treatment, n

3.3 (1.5)Duration of deep brain stimulation treatment (years), mean (SD)

Hoehn and Yahr scale, n (%)

2 (10)1

2 (10)1.5

7 (35)2

3 (10)2.5

3 (15)3

1 (5)4

27.6 (1.5)Montreal Cognitive Assessment, mean (SD)

Parkinson Disease Ecological Momentary Assessment
Questionnaire Development
Affect and context items from widely applied EMA
questionnaires in psychiatry were added [29]. Parkinson
disease–specific items are based on a literature search and
structured interviews with clinicians, patients, and caregivers.
A detailed description of this literature search and the structured
interviews can be found in Multimedia Appendix 1.

Repeated discussions with the EMA expert group in our
institution (among them CS) gave us the following insights into
designing a valid EMA questionnaire for patients with Parkinson
disease: (1) do not only assess motor symptoms by direct

questions about the specific motor symptom, (2) include
assessment of the burden or the influence of the symptoms on
the patient’s performance/well-being, and (3) include items on
context (where/with whom/what) and affect and to have the
possibility to correct for varying settings or mood fluctuations.
On the basis of the advice of the EMA expert group, we
consistently phrased the questions as statements in the “I”
perspective and tried to avoid confirming (“I do feel...”) and
denying (“I do not feel...”) statements next to each other [27,30].
Furthermore, when translating clinical terms or items from
retrospective questionnaires into EMA items, we aimed to
maximize face validity by using everyday language. The final
EMA questionnaire is shown in Textbox 1.
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Textbox 1. Parkinson disease ecological momentary assessment questionnaire content, English translation from the original Dutch version. The beep
questionnaire, which is presented seven times during the day, represents the four motor domains as well as affect, cognition, context, and motor
performance. The evening questionnaire covers off-moments and motor performance over the day, and the morning questionnaire covers sleep.

Beep questionnaire (semi-random repeated moments)

• I feel well

• I feel down

• I feel fearful

• I feel stressed

• I feel sleepy

• I am tired

• I am cheerful

• I am relaxed

• I can concentrate well

• I experience hallucinations

• I am at [home, work, travelling, at family/friend’s place, in public]

• I am with [nobody, family, partner, colleagues, friends]

• I am doing [work, resting, household/odd jobs, sports, something else]

• I can do this without hinder

• I am comfortable walking/standing

• I can sit or stand still easily

• I can speak easily

• I can walk easily

• I experience tremor

• I am moving slow

• I experience stiffness

• My muscles are tensioned

• I am uncontrollable moving

• I feel … [1: OFF, 2: ON -> OFF, 3: ON, 4: OFF -> ON]

• I took Parkinson medication since last beep [yes, no, I don’t recall]

Morning questionnaire

• I slept well

• I woke up often last night

• I feel rested

• It was physically difficult to get up

• It was mentally difficult to get up

Evening questionnaire

• I had long OFF periods today

• I had many OFF periods today

• Walking went well today

• (un)dressing went well today

• Eating/ drinking went well today

• Personal care went well today

• Household activities went well today

• I was tired today
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Parkinson Disease Ecological Momentary Assessment
Questionnaire Validity
Figure 1 shows means and distributions of all participants per
item from the beep questionnaire and the evening questionnaire.
Positive affect shows a small ceiling effect, whereas negative
affect shows a floor effect. Experiencing hallucinations shows
a strong floor effect, with only one participant experiencing
hallucinations. Positive formulated items on motor functioning
show a small floor effect. Experiencing tremor and dyskinesia
shows stronger floor effects than experiencing slowness and
stiffness.

Construct validity was assessed by evaluating the presence of
expected correlations between items (Figure 2). Mean positive
and negative affect showed a strong negative correlation with
each other (R=−0.71; P<.001; Figure 2). Both positive and
negative affect scores showed moderate-to-strong correlations
with general motor functioning (R=0.75 and R=−0.53,
respectively; P<.001). Mean positive and negative affect scores
showed weak-to-moderate correlations with different motor
symptoms (R=−0.37 to −0.49 and R=0.32 to 0.50, respectively;
P<.001). General motor functioning showed moderate-to-weak
correlations with the motor symptoms tremor, slowness,

stiffness, and dyskinesia (R=−0.34, −0.47, −0.44, and −0.51,
respectively; P<.001).

Beep answers on mean affect scores and general motor
functioning from 1 day showed moderate correlations with both
the items assessing the amount of experienced off-beeps and
the general motor performance from the corresponding evening
questionnaires in expected directions (R=−0.43 to 0.69; P<.001).
Beep answers during the day on slowness, stiffness, tremor, and
dyskinesia showed weak-to-moderate correlations with general
motor functioning answers from the evening questionnaire
(R=−0.24 to 0.44; P<.001). These items assessing motor
symptoms in the beep questionnaires also showed
weak-to-moderate correlations in the expected directions with
the item assessing off-beeps in the evening questionnaire
(R=0.24 to 0.69; P<.001). Although dyskinesia is not a typical
symptom during off-beeps, it correlated strongly with off-beeps
over the whole day (R=0.69; P<.001).

The correlations between difference over time scores were less
strong as the absolute answers (see Multimedia Appendix 1 for
a correlation heatmap of difference over time scores). All
correlations were weak to absent.

Figure 1. Distribution plots of answers from beep questionnaires. Mean positive and negative affect showed high and low mean answers, respectively.
The ability to perform daily life tasks showed moderate-to-high mean answers, whereas the motor symptom items showed low-to-moderate mean
answers. All items were statements and were answered on a 7-point Likert scale, ranging from 1 (not at all) to 7 (very). The white dot represents the
median answer, the thick black line represents the IQR, and the thin black lines represent the rest of the distribution, calculated as IQR times 1.5. The
width of the shapes correlates with the probability that the patient answered the corresponding value.
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Figure 2. Correlations between items from the beep questionnaire and the evening questionnaires. We observed strong and moderate correlations
between the motor performance items and mean positive and negative affect, respectively. We observed correlations between mean affect scores, motor
symptoms, motor performance, and medication states, in the beep questionnaires and the evening questionnaires, in directions that were expected.

Influence of Medication Condition on Ecological
Momentary Assessment Answers
Of 1573 beeps, 1195 (75.97%) were labeled by patients as
answered in on-medication condition (on-beeps), 339 (21.56%)
were labeled by patients as answered in between on- and
off-medication condition (transition beeps), and 39 (2.48%)
were labeled by patients as answered in off-medication condition
(off-beeps; Figure 3). On a group level, mean answers
significantly differed between on-beeps and non–on-beeps for

mean positive affect, general motor function, slowness, and
dyskinesia. Mean answers between on-beeps and off-beeps
significantly differed for mean positive affect, mean negative
affect, general motor function, and tremor.

On an individual level, mean answers during different
medication conditions did not differ significantly. The
differences were either not significant or not relevant. Only 5
of 20 participants reported 20% or more beeps in the
non–on-medication condition (Multimedia Appendix 1).
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Figure 3. Mean answers during different medication states. The given answers in different medication conditions show significant differences. The
direction of differences is as expected, except for dyskinesia, which is scored higher, on average, during off-condition compared with on-condition.
Whiskers indicate standard deviations. On-beeps represent answers during on-medication, non–on-beeps represent answers during off-medication and
during the transition phase, and off-beeps represent answers only during off-medication.

Discussion

Clinical Relevance of Ecological Momentary
Assessment for Free-Living Parkinson Disease
Monitoring
Owing to the fluctuating nature of Parkinson disease and its
heterogeneous character, EMA holds theoretically great potential
to increase insight into symptom severity and burden fluctuation
during free-living conditions. Our work fits in the first milestone
defined by the MDS Technology Task Force and the MDS
Rating Scales Program Electronic Development Ad-Hoc
Committee by giving insight into the prioritization of outcomes,
which are relevant for the patient to measure [20]. Obviously,
this paper is one of the first of many to follow.

A common challenge for all future work in this field is the
validation of methods and questionnaires. Validated scales only
exist for Parkinson disease monitoring with longer time intervals
than the short time intervals needed to detect intraday
fluctuations. This fact makes classical validation with golden
standards difficult and even incorrect depending on the
methodology. The MDS Task Force on Technology, therefore,
advices to validate new Parkinson disease monitoring methods
for free-living conditions according to accuracy, reliability,
sensitivity, and minimal clinically significant differences [21].
This validation challenge is also relevant for the integration of

additional biometric monitor devices, such as accelerometers,
gyroscopes, microphones, or electrophysiological monitor
devices. Vizcarra et al [20] make a distinction between the
integration of action-dependent and action-independent
monitoring. It is expected that creating golden standards for
action-dependent tasks in, for example, a laboratory setting is
easier than creating standards for an action-independent setting
such as free-living [18,19]. For the latter, validated Parkinson
disease monitoring devices collecting subjective experiences
on symptom severity and burden can be of substantial value.

The most applied and promising action-independent Parkinson
disease monitoring methods for free-living conditions are based
on wearable sensors [31,32]. Attempts to include subjective
diary data in the validation of sensor data algorithms were
hindered by practical limitations mainly, for example, recall
bias and diary fatigue [19,33]. Smartphone-based EMA
methodology can be applied less obtrusively and address these
traditional diary limitations. Naturally, the feasibility of this
method is heavily dependent on the frequency and duration in
which it is applied. These factors require thorough future
investigations and may differ per intention of use, for example,
wearable sensor calibration or periodic free-living monitoring
of nonmotor symptoms.
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General Lessons on Ecological Momentary Assessment
in Parkinson Disease
The introduction of a new method in Parkinson disease
monitoring entails challenges and questions beyond the current
literature. To address these challenges and questions as
effectively as possible, we gathered a multidisciplinary team
consisting of those with clinical Parkinson disease expertise
(experts in neurology, neuropsychiatry, and neurosurgery and
specialized nurses) and experienced practitioners of EMA
(neuropsychology and neuropsychiatry). We described our most
important lessons regarding the content and the phrasing of the
EMA questionnaire to inform clinicians and researchers
interested in applying EMA in Parkinson disease. Moreover, a
recently published checklist provides researchers with a tool to
design an EMA-based diary study [34]. Essential for EMA in
Parkinson disease is the similarity between the frequency of
EMA assessments and the frequency of symptom fluctuations
that are intended to capture. Thus, EMA studies may require
different designs depending on whether they monitor
levodopa-induced dyskinesia fluctuations over a day or whether
they monitor the effect of an extra levodopa agonist on morning
bradykinesia.

Validation of Ecological Momentary Assessment in
Parkinson Disease
Mean answer values and distributions show expected findings
(Figure 1). Positive affect items are known to be answered
higher than negative affect items [35]. The high mean answers
on general motor function and the low mean answers on motor
symptoms can be explained by the stable treated population and
the relatively low overall disease progression (Table 1).
Concerning the observed floor and ceiling effects, we only
regard the item on hallucinations as obsolete for this population
because of the observed extreme floor effect. As stated earlier,
negative affect items are known to show a floor effect. Tremor
and dyskinesia also show an unsatisfying floor effect, although
we think this is because of the low prevalence of these symptoms
in our sample. Moreover, the unexpected positive correlation
between dyskinesia and experienced off-beeps suggests that the
dyskinesia item might not be well understood by patients.
Limited awareness on the presence of dyskinesia among patients
with Parkinson disease is described earlier [36]. This finding
might also be strengthened by the low prevalence of dyskinesia
in the population. We advise, therefore, to avoid the use of
nonapplicable, general questions for individual patients. If an
item is not applicable for a patient, the patient should be clearly
instructed on how to answer that item.

The moderate-to-high correlations present between affect, motor
function, and motor symptoms prove the construct validity of

the Parkinson disease EMA method partially. The
low-to-moderate correlations between motor function and motor
symptoms warrant cautious conclusions, and follow-up
validation among a narrower selected population with more
motor fluctuations is needed to more extensively proof construct
validity.

The high number of beeps answered in on-medication condition
(Figure 3) and the weak till absent correlations between
difference over time scores (Multimedia Appendix 1) confirm
this hypothesis. Significance levels are calculated using
Mann-Whitney U tests (all P<0.5). All questions except Stiffness
differed significantly between on-beeps and non–on-beeps. All
questions except Slowness and Stiffness differed significantly
between on-beeps and off-beeps. Ideally, the significant
differences that were only found on the group level also hold
on individual levels in the next validation study, especially
because EMA is intended for individual monitoring.

Despite the fact that further investigation is needed, EMA in
Parkinson disease seems to be potentially useful and valid when
evaluating the moderate-to-high correlations between affect,
general functioning, bradykinesia, and stiffness. Altogether, we
interpret our findings as encouraging, and we stress the
importance of a careful patient selection depending on the exact
goal of EMA monitoring.

Limitations
The broad inclusion policy was a well-considered choice in the
study design, and it resulted in important information about the
feasibility and validity of EMA in a broad Parkinson disease
population. When applied in a more specified cohort, clinimetric
validation analyses necessary for the next step in validation are
better feasible, such as principal component analyses to exclude
fewer sensitive items. The latter may lead to individual patient-
or patient subgroup–specific questionnaire content.

Conclusions
EMA-based eDiaries are promising to enrich free-living
Parkinson disease monitoring with essential information on
motor and nonmotor fluctuations. First validation analyses
suggest the internal validation of EMA among a general
Parkinson disease population. Careful patient selection and
EMA design adjustment to this targeted population and their
fluctuations are necessary to generate robust proof of EMA
validation in future work. Combining clinical Parkinson disease
knowledge with practical EMA experience is inevitable to
design and perform studies, which will lead to the successful
integration of eDiaries in free-living Parkinson disease
monitoring.
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Abstract

Background: Retrospective self-report questionnaires are the most common method for assessing physical activity (PA) and
sedentary behavior (SB) in children when the use of objective assessment methods (eg, accelerometry) is cost prohibitive. However,
self-report measures have limitations (eg, recall bias). The use of real-time, mobile ecological momentary assessment (EMA) has
been proposed to address these shortcomings. The study findings will provide useful information for researchers interested in
using EMA surveys for measuring PA and SB in children, particularly when reported by a parent or caregiver.

Objective: This study aimed to examine the associations between the parent’s EMA report of their child’s PA and SB and
accelerometer-measured sedentary time (ST), light-intensity PA (LPA), and moderate-to-vigorous–intensity PA (MVPA) and to
examine if these associations differed by day of week, sex, and season.

Methods: A total of 140 parent-child dyads (mean child age 6.4 years, SD 0.8; n=66 girls; n=21 African American; n=24
American Indian; n=25 Hispanic/Latino; n=24 Hmong; n=22 Somali; and n=24 white) participated in this study. During an 8-day
period, parents reported child PA and SB via multiple daily signal contingent EMA surveys, and children wore a hip-mounted
accelerometer to objectively measure ST, LPA, and MVPA. Accelerometer data was matched to the time period occurring before
parent EMA-report of child PA and SB. Generalized estimating equations with interaction-term analyses were performed to
determine whether the relationship between parent-EMA report of child PA and SB and accelerometer-measured ST and LPA
and MVPA outcomes differed by day of the week, sex and season.

Results: The parent’s EMA report of their child’s PA and SB was strongly associated with accelerometer-measured ST, LPA,
and MVPA. The parent’s EMA report of their child’s PA was stronger during the weekend than on weekdays for
accelerometer-measured ST (P≤.001) and LPA (P<.001). For the parent’s EMA report of their child’s SB, strong associations
were observed with accelerometer-measured ST (P<.001), LPA (P=.005), and MVPA (P=.008). The findings related to
sex-interaction terms indicated that the association between the parent-reported child’s PA via EMA and the accelerometer-measured
MVPA was stronger for boys than girls (P=.02). The association between the parent’s EMA report of their child’s PA and SB
and accelerometer-measured ST and PA was similar across seasons in this sample (all P values >.31).

Conclusions: When the use of accelerometry-based methods is not feasible and in contexts where the parent is able to spend
more proximate time observing the child’s PA and SB, the parent’s EMA report might be a superior method for measuring PA
and SB in young children relative to self-report, given the EMA’s strong associations with accelerometer-measured PA and ST.

(JMIR Mhealth Uhealth 2020;8(5):e15458)   doi:10.2196/15458
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Introduction

Reduced physical activity (PA) and increased sedentary behavior
(SB) among children have been associated with less healthy
body composition, reduced cardiovascular and musculoskeletal
fitness, and other health problems [1]. Empirical evidence
supports that important ethnic and racial disparities exist with
regard to children’s engagement in PA and health outcomes
associated with low levels of PA [2,3]. Owing to the importance
of PA to the health of American children, the second edition of
the 2008 Physical Activity Guidelines for Americans
recommended that preschool-aged children (ie, aged 3-5 years)
engage in active play throughout the day, and children aged 6
to 17 years accumulate at least 60 min of
moderate-to-vigorous–intensity PA (MVPA) per day for disease
prevention and health promotion [4]. Given these
recommendations, it is of paramount importance that continued
efforts are made to improve our ability to accurately assess PA
and SB in children.

Several techniques have been used to assess SB and/or PA in
children, including, but not limited to, doubly labeled water,
accelerometry, and retrospective self-report, which have all
been validated with children. Doubly labeled water is the gold
standard for measuring total energy expenditure and estimating
PA level; however, objective assessment of PA using this
method is often cost prohibitive in large-scale epidemiologic
studies. As an alternate approach, accelerometers have gained
popularity as an objective measurement tool because of their
feasibility of use in real-world settings and thus have become
the method of choice in epidemiological studies and trials [5].
In addition, the use of accelerometers overcomes many of the
recall-based limitations of retrospective assessments and
provides accurate measurements of both PA and SB [6,7].
Importantly, there is evidence that the use of accelerometers is
feasible with young children [8], irrespective of the
unpredictable and irregular nature of play behavior [9].
However, both doubly labeled water and accelerometry
techniques require considerable expertise. In addition, these
methods can be costly and suffer from administrative time
burden on the research team [10-12]. Retrospective self-report
questionnaires are the most common method for PA and SB
assessment in children and can vary by what they measure (eg,
intensity, duration, and frequency of PA) [10]. Although these
questionnaires are cost-effective, easy to administer, and provide
good assessment of discrete categories of activity level (eg, low,
moderate, and high), these questionnaires may suffer from
measurement errors (ie, overestimation or underestimation of
self-reported PA and SB) and rely heavily on participant’s recall
ability, which may result in recall bias [13,14]. In fact, studies
with children have shown that social desirability bias generally
attenuates the strength of associations between reports of PA
and SB with health outcomes [14,15]. In addition, previous
literature showed that objectively measured PA and self-reported
PA and/or PA recall assessment for children have
low-to-moderate levels of agreement [16,17]. Therefore,
technological advances in survey assessment of SB and PA are
needed to overcome these common reporting biases. This is of
particular relevance for studying children populations because

young children are unlikely to provide reliable estimates of time
engaged in PA [10]. Thus, researchers must rely on proxy
questionnaire reports from parents and/or another adult
caregiver, particularly for young children [18].

An innovative technological advance that has been introduced
to minimize the limitations associated with retrospective
self-reports from children is ecological momentary assessment
(EMA). This technique uses real-time assessment of behavior
and was developed to combine both ecological and momentary
aspects of the behavior being investigated [19]. EMA is
particularly suitable for studying PA and SB in children because
children’s behavior can be sporadic and contextual [20].
Furthermore, studies investigating the child’s PA and SB via
EMA have used different software apps and/or Web-based tools
that can be loaded or prompted in a mobile device for repeated
assessments throughout the day. A few studies have investigated
the associations between self-reported PA and SB using EMA
via mobile devices and accelerometer-measured PA and ST in
children [21-23]. Specifically, Zink et al [23] reported that the
use of EMA surveys by children is highly correlated with
accelerometer measures, and other studies have reported EMA
to be a feasible measure of PA and SB with children [21,22].
However, to our knowledge, EMA has not been investigated as
a measure of a child’s PA and SB when reported by a child’s
parent or other adult caregiver (hereafter parent). In addition,
few studies using EMA have focused on populations from
diverse ethnic and/or racial backgrounds and low socioeconomic
status, which is important, given the health disparities in PA
and SB in these populations [3]. Therefore, investigating the
use of EMA for parental report of the child’s PA and SB and
how well it is correlated with accelerometer-measured sedentary
time (ST), light PA (LPA), and MVPA in a diverse sample is
important and might be a useful option to not only overcome
issues related to retrospective self-report measures by children
but also for when the use of objective measurement techniques
by researchers are cost prohibitive.

The purpose of this study was to investigate the associations
between the parent’s report of their child’s PA and SB via
electronically delivered EMA surveys and
accelerometer-measured ST, LPA, and MVPA in a diverse
sample and if these associations differed by day of week (ie,
weekday vs weekend day), sex (ie, boys vs girls), and season
(ie, summer vs school year), given that previous studies reported
that children’s engagement levels in PA and SB are likely to
differ by these factors [23-26]. The findings from this study
might provide useful information for researchers interested in
using the parent-reported, electronically delivered EMA surveys
for measuring PA and SB in children.

Methods

Data Source
Data used in this study were drawn from phase 1 of the Family
Matters study. The full rationale and methodology of the Family
Matters study have been published elsewhere [27]. Briefly,
phase I included in-depth mixed methods cross-sectional
examinations of the home environment of racially/ethnically
diverse children from low-income families (N=150). Inclusion
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criteria for phase 1 of the Family Matters study included
children aged 5 to 7 years with no medical problem precluding
study participation (eg, serious mental illness and disease
altering diet or PA); a recent and verified medical record of
BMI >5th percentile for age and sex; fluency in English,
Spanish, Hmong, and/or Somali; reside with the parent
participating in the study; and parent and child not currently
participating in a weight management program. Participants
engaged in a 10-day in-home observation period that included
2 in-home visits and an 8-day observational period in between
home visits. The first home visit (baseline) included, but was
not limited to, consenting procedures, demographics,
anthropometric measurements (ie, weight was measured 2-3
times using a portable digital scale [Seca 869 model] and
recorded to the nearest 0.1 kg; height was measured in duplicate
using a portable stadiometer [Seca 217 model] and recorded to
the nearest 1.0 cm), and EMA and accelerometry training. The
present analyses used selected demographic and anthropometric
variables and child accelerometry and EMA data from phase 1.
The University of Minnesota Institutional Review Board
approved phase 1 of the Family Matters study, and all
participants consented in accordance with the Declaration of
Helsinki procedures [28].

Participants
The analytic sample of this study included 140 parent-child
dyads, with children aged 5 to 7 years from 6 racial and ethnic
groups (African American, n=21; American Indian, n=24;
Hispanic/Latino, n=25; Hmong, n=24; Somali, n=22; and white,
n=24). Ten children were excluded because they did not meet
the Family Matters study protocol for daily accelerometer wear
time (ie, 8 hours for 3 weekdays and 1 weekend day). The
demographic and anthropometric characteristics of these
participants were similar to the full sample population (N=150).
On average, the children included in this sample were aged 6.4
(SD 0.8) years, 47.1% were girls (66/140), and 47.8% (67/140)
were overweight or obese (BMI percentile ≥85). Parent-child
dyads were, on average, primarily low income (98/140, 70.0%
with household income <US $34,000) and comprised of young
adult parents (129/140, 92.1% female, 11/140, 7.9% male; mean
age 35 years, SD 7.1) who worked full time (62/140, 44.3%)
and had at least a high-school education (105/140, 75.0%).

Measures

Accelerometer
Children’s PA levels and ST were assessed objectively using a
duo-dimensional accelerometer (ActiGraph GT1M; ActiGraph,
LLC), which has been previously validated with children [6,24].
The GT1M devices sampled activity in 15-second epochs, which
were then processed to determine ST, LPA, and MVPA duration,
as determined by Evenson et al [29]. ST corresponded to 0 to
100 counts per min, LPA corresponded to 101 to 2295 counts
per min, and MVPA corresponded to 2296 or more counts per
min. Accelerometer nonwear time criteria were defined as more
than 60 consecutive min of zero counts, and nonwear and
nonvalid data were removed before analysis. For this study, a
minimum wear time criterion was determined to be 4 days (ie,
3 weekdays and 1 weekend day) over the 8-day observation
period, with at least four waking hours of wear time per day.

Participants were instructed to wear the accelerometer for all
waking hours during 8 consecutive days and to only remove it
for sleeping, bathing, and/or water-based activities (eg,
swimming). Accelerometers were attached to an elastic belt and
fitted on the child’s right hip, with the parent’s supervision to
ensure proper placement. Detailed written and verbal
instructions regarding accelerometer wear were provided for
both children and parents to facilitate compliance. Families
were compensated with a US $25 gift card, in addition to the
study incentive of approximately US $300 for complying with
the full accelerometry wear-time demands.

Ecological Momentary Assessment
The parent’s report of their child’s PA and SB was measured
via multiple daily signal-contingent EMA surveys [30] over an
8-day observation period. More specifically, a minimum of two
of 4 signal-contingent daily surveys per day was necessary to
be considered a valid response day. Parents were provided an
iPad (Apple Inc) and received verbal and written instructions
during the first in-home visit, in addition to hands-on training
on how to use this mobile device to respond to EMA surveys.
Signal-contingent EMA recordings were prompted with a beep
on the iPad or via text message as a start signal and were
programmed to be delivered randomly, 4 times a day, within
an interval of 3-hour time block, from 7 to 10 am, 12 to 2 pm,
3 to 6 pm, and 7 to 10 pm. The EMA survey link expired after
1 hour. In addition, the EMA surveys were delivered in the
parents’ preferred language (ie, English, Spanish, Somali, or
Hmong), and the scheduled EMA prompt delivery was adjusted
for parent shift work and wake times to accommodate parents’
differing life circumstances.

In this study, the following EMA questions were used to
examine the parent’s report of their child’s PA and SB: (1) Since
the last survey/Since you woke up this morning has [child’s
name] done something physically active? (yes/no) and (2) Since
the last survey/Since you woke up this morning has [child’s
name] watched television/movies or played video games?
(yes/no), respectively. The former was used as a proxy measure
for the parent’s understanding of child engagement in LPA and
MVPA, and the latter was used as a proxy measure for the
parent’s understanding of child engagement in SB. To facilitate
compliance, participants were asked to carry the iPad with them
throughout the day. Parents were not required to be in the
presence of their child when answering signal-contingent EMA
survey questions. Other requirements and details regarding the
EMA surveys used in the Family Matters study have been
published elsewhere [27].

Statistical Analysis
The child’s PA and ST were measured at the hour level using
an accelerometer. These data were matched to the period
occurring before the parent’s EMA assessment of their child’s
PA and SB on the same observation day and period of
accelerometer wear time. For example, if an EMA survey was
completed at any time during the 10 am hour of a Monday,
accelerometer time was matched to that EMA survey report
through 9:59 am of that same Monday to ensure the retrospective
assessment did not include accelerometer time measured after
the parent EMA survey report. Cross-tabulations and descriptive
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statistics were used to identify patterns of wear time, ST, LPA,
and MVPA over the course of the day. All outcome variables
were continuous (ie, minutes of ST, LPA, and MVPA) and were
standardized to accelerometer minutes per hour measured in
the signal-contingent EMA survey pre-period. The primary
predictor variable was dummy-coded parent’s report of the
child’s engagement in SB and PA before the EMA survey
assessment.

The generalized estimating equation approach was used as the
primary analytical method. Huber/White robust standard errors
were used to deal with model misspecification and correlated
participant error terms because of repeated measures [31]. A
Gaussian variance family with identity link was used, and a
within-participant correlation structure was set to independent
to preserve statistical precision [32]. Residual versus fitted plots
were used to examine model fit, and any patterns in the error
term by predicted mean level. Adjusted models included child
race/ethnicity, normal weight/overweight status, day of the
week, sex, age, season, and household income. Interaction-term
analyses were also performed to determine if the relationships
between the parent’s EMA report of their child’s PA and SB
and accelerometer-measured ST, LPA, and MVPA outcomes
were modified by day of the week (ie, weekday vs weekend
day), sex (ie, boys vs girls), and season (ie, summer vs school
year). The interaction terms between the parent’s EMA report
of their child’s PA or SB with day of the week, sex, and season
were included separately in each model. Adjusted Wald
chi-square tests assessed if EMA compliance and accelerometry
wear time differed by day of week, child sex, and season.
Sensitivity analyses were performed to determine if more strict
accelerometer wear time inclusion criteria (≥8 hours) affected
the direction and magnitude of association of our findings, and
the results were not affected. The 4-hour minimum inclusion
criterion was retained for all models. All data management and
analyses were performed in Stata 15.1 MP (StataCorp).

Results

Ecological Momentary Assessment and Accelerometry
Compliance
Of 150 parent-child dyads, 140 complied with the minimum
EMA and accelerometry requirements. In total, 3127 EMA
surveys were completed and successfully matched to 944 days
of eligible accelerometer data. Overall, compliance (ie,
minimum of two surveys completed out of total number of
surveys completed) of daily signal-contingent EMA surveys
was 82.8% (3127/3776), and 88.5% (124/140) of respondents
completed at least three or more surveys, indicating high EMA
survey engagement. In addition, in the analytic sample, the
average child accelerometer wear time was 7.8 hours per day.
Neither EMA compliance nor accelerometry wear time differed
by day of week, child sex, or season.

During What Periods Are Children More or Less
Physically Active?
Table 1 descriptively shows average hours of child
accelerometer wear time as well as minutes per hour of ST,
LPA, and MVPA by order and time of EMA survey completion.
On average, children wore the accelerometer for approximately
2 hours before the time in which parents answered the EMA
survey, with 71% (5.5/7.8 hours) of the wear time encompassing
the first 2 daily EMA surveys. Before the first survey, children
spent, on average, two-thirds of an hour engaged in ST (38 min
per hour), about one-third of an hour in LPA (19 min per hour),
and 3 min per hour in MVPA. As the day progressed, less time
was spent in ST, and more time was spent in LPA, with modest
increases in MVPA. Notably, in between the third and fourth
EMA survey answered, children spent half of their time engaged
in ST (30 min per hour), 25 min per hour in LPA, and 5 min
per hour in MVPA.

Table 1. Accelerometer-measured average minutes of the child’s physical activity and the composition of physical activity category by the time of
ecological momentary assessment survey completion (N=140 for respondents; N=944 for observation days; and N=3127 for ecological momentary
assessment surveys).

Accelerometer physical activity category measured before EMA survey completionAverage time of EMA
survey completion

Daily order of

EMAa survey

Moderate-to-vigor-
ous–intensity physical
activity, minutes per
hour (wear time), n (%)

Light-intensity physical
activity, minutes per
hour (wear time), n (%)

Sedentary time, min-
utes/hour (wear time),
n (%)

Average child wear
time (hours)

3 (4)19 (32)38 (64)2.19:56 AMFirst survey

4 (7)24 (40)32 (53)3.42:04 PMSecond survey

5 (8)25 (42)30 (50)1.74:02 PMThird survey

5 (8)25 (42)30 (5)0.65:27 PMFourth survey

aEMA: ecological momentary assessment.

Did Day of the Week Modify the Association Between
Parent Ecological Momentary Assessment Report of
the Child’s Physical Activity and Sedentary Time and
the Accelerometer-Measured Sedentary Time,

Light-Intensity Physical Activity, and
Moderate-to-Vigorous–Intensity Physical Activity?
The average stratum estimates of ST, LPA, and MVPA for day
of the week statistical interaction analyses when the parent
reported/did not report the child’s PA and/or SB are presented
in the Multimedia Appendix 1. The results indicated that on
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weekends relative to weekdays, the parent’s report of their
child’s PA via EMA was more strongly, negatively associated
with accelerometer-measured ST (Pinteraction≤.001) and positively
associated with LPA (Pinteraction<.001), but with similar levels
of MVPA (Pinteraction=.37) during weekends and weekdays.
Notably, on weekends, the parent’s EMA report of their child’s
PA was associated with an average decrease of −5.1 (95% CI
−6.9 to −3.3) min per hour of ST and an average increase of 4
(95% CI 2.4 to 5.5) min per hour in LPA and 1.1 (95% CI 0.3
to 1.9) min per hour in MVPA, relative to the parent’s EMA
report of their child not engaging in PA. The results also
indicated that on weekends, the parent’s EMA report of their
child’s SB was strongly positively associated with
accelerometer-measured ST (Pinteraction<.001) and negatively
associated with both LPA and MVPA (Pinteraction=.005 and .008,
respectively). The relationship between the parent’s EMA report
of their child’s SB and accelerometer-measured ST and LPA
was stronger on weekends than on weekdays. On weekends,
the parent’s EMA report of their child’s SB was associated with
average increase of 2.8 (95% CI 0.9 to 4.7) min per hour of ST
and average decrease of −1.6 (95% CI −3.23 to 0.03) min per
hour of LPA and −1.2 (95% CI −2.1 to −0.4) min per hour of
MVPA relative to the parent’s EMA report of their child not
engaging in SB.

Did Sex Modify the Association Between Parent
Ecological Momentary Assessment Report of the
Child’s Physical Activity and Sedentary Behavior and
the Accelerometer-Measured Sedentary Time,
Light-Intensity Physical Activity, and
Moderate-to-Vigorous–Intensity Physical Activity?
The results indicated that the association between the parent’s
report of their child’s PA and accelerometer-measured MVPA
differed between boys and girls (Pinteraction=.02) in this sample
(see Multimedia Appendix 2).

Specifically, for boys, the parent’s EMA report of their child’s
PA was associated with an average increase of 1.2 (95% CI 0.7
to 1.7) min of MVPA per hour compared with when the parent
reported the child was not engaging in PA. For girls, our findings
revealed similar amounts of average minutes per hour of MVPA
(0.2; 95% CI −0.5 to 0.9) when parents reported the child’s PA
relative to when they did not report the child’s PA via EMA.
The statistical interaction analyses for the parent’s EMA report
of their child’s PA and accelerometer-measured ST and LPA
association revealed similar results between boys and girls
(Pinteraction=.17 and .55, respectively). In addition, our results
indicated that the association between the parent’s EMA report
of their child’s SB and accelerometer-measured ST and LPA
somewhat differed between boys and girls (Pinteraction=.049 and
.05, respectively) in this sample. For boys, the results showed
that when the parent reported the child’s SB via EMA, it was
associated with an average increase of 1.4 (95% CI −0.2 to 3.0)
min per hour of ST and an average decrease of −0.9 (95% CI
−2.2 to 0.4) min per hour of LPA, relative to when the parent
reported the child not engaged in SB. For girls, however, our
results revealed that when the parent reported the child engaged
in SB via EMA, it was associated with an average decrease of

−1.1 (95% CI −3.0 to 0.8) min per hour of ST and an average
increase of 1.2 (95% CI −0.4 to 2.9) min per hour of LPA,
relative to when the parent reported the child not engaged in
SB. According to our statistical interaction analysis, when the
parent reported the child engaged in SB, boys and girls had
similar levels of MVPA (Pinteraction=.39).

Did Season Modify the Association Between Parent
Ecological Momentary Assessment Report of the
Child’s Physical Activity and Sedentary Behavior and
the Accelerometer-Measured Sedentary Time,
Light-Intensity Physical Activity, and
Moderate-to-Vigorous–Intensity Physical Activity?
The statistical interaction analysis did not indicate that the
association between the parent’s EMA report of their child’s
PA and accelerometer-measured ST, LPA, and MVPA differed
by season (ST: Pinteraction=.41; LPA: Pinteraction=.43; and MVPA:
Pinteraction=.59) in this sample. Similarly, regarding the
association between the parent’s EMA report of their child’s
SB and accelerometer-measured ST, LPA, and MVPA, the
results of the interaction analysis revealed similar results across
seasons (ST: Pinteraction=.85; LPA: Pinteraction=.89; and MVPA:
Pinteraction=.31).

Discussion

Principal Findings
This study examined the relationships between the parent’s
report of their child’s PA and SB via electronically delivered
EMA surveys and simultaneous objective (ie, accelerometry)
measurement of child engagement in minutes per hour of ST
and PA (ie, LPA and MVPA) and if these associations differed
by day of the week, sex, and season. The results revealed that
the use of mobile EMA surveys by parents to report the child’s
PA and SB was strongly associated with
accelerometer-measured ST, LPA, and MVPA in this sample.
Day of the week and sex were identified as moderators of these
relationships. These findings suggest that the parent-reported
EMA surveys might be a suitable measure for capturing PA and
SB in children, particularly when the parent is able to spend
more proximate time observing the child’s sedentary and PA
behaviors.

Our results showed a stronger association between the parent’s
EMA report of their child’s PA and SB and
accelerometer-measured ST, LPA, and MVPA and ST and LPA,
respectively, for weekend days than on weekdays. These results
are consistent with other studies [24,26,33]. Given that the
majority of our sample included parents who worked full time,
it is plausible that parents were more often in the presence of
their child during weekends and, therefore, were able to provide
better estimates of their child’s PA and SB during weekend
days relative to weekdays via EMA. Previous research indicated
that retrospective, parent self-reported PA and SB methods are
not a suitable proxy measure for assessing 2- to 9-year-old
children’s PA and SB [34]. In fact, these retrospective methods
rely on the respondent’s memory, which can lead to recall bias
[35]. Given that mobile technology is now widely available,
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researchers may rely on electronically delivered EMA surveys
to overcome these self-report issues related to more traditional
retrospective assessments (eg, 7-day physical activity recall).
Therefore, EMA might be advantageous over retrospective
survey methods because EMA surveys can be programmed to
be delivered multiple times during the day, with such prompting
frequency that might facilitate understanding of daily life health
behaviors, reduce recall bias if answered promptly, and improve
ecological validity and generalizability. Future research using
the parent-reported EMA surveys to capture PA and SB of
children might use these results to better program their EMA
prompts and to also anticipate when parents are more likely to
provide more accurate reports of the child’s PA and SB. For
instance, these studies could incorporate more EMA prompts
for the times in which the parent is with the child (eg, evenings
hours and weekends) and also incorporate in the study protocol
EMA prompts that could be delivered directly to the child,
which could be particularly a good strategy for older children.

Sex differences in parent EMA-reported PA and SB and
accelerometer-measured minutes of PA and ST were also
observed in this sample. Specifically, our results showed a
stronger association for boys relative to girls for the relationship
between parent EMA-reported PA and accelerometer-measured
MVPA. This finding is consistent with previous studies using
both objective and self-reported measurements of children’s
PA, in which showed that boys generally engage in more
minutes of MVPA than girls [36-39]. In addition, our results
noting sex differences for the association between parent
EMA-report of SB and accelerometer-measured ST and LPA
are aligned with numerous other studies [23,33,40,41]. It is
noteworthy to mention that we observed an inverse association
between boys and girls for the association between parent
EMA-reported SB and accelerometer-measured ST and LPA.
It is possible that parents in our sample perceived boys more
often engaged in SB activities (eg, playing video game), whereas
girls more often engaged in more LPA (eg, dancing) activities.
These findings might be useful for future studies using EMA
as a measurement instrument of PA and SB for two main
reasons. First, EMA survey question and answer selection could
be appropriately designed to reflect specific SB and LPA that
are often preferred or habitually practiced by boys (eg, playing
video game) and girls (eg, craft, playing musical instruments)
[42-44]. Second, these studies could also incorporate children’s
specific activities preferences for school time, recess time, and
leisure time as a way to better capture specific sedentary and
LPA behaviors [45,46].

The season has also been noted to be an important factor in
modifying children’s PA behaviors [25]. However, our results
stand in contrast to previous studies examining season effects
on the child’s PA and SB [47,48], as the association between
the parent EMA-reported child’s PA and SB and
accelerometer-measured ST, LPA, and MVPA remained similar
across seasons in our sample. A potential explanation as to why
our results differed from past studies may be because of the fact
that season was defined differently across studies. For example,
some studies defined it as fall versus spring [47], whereas others
defined it as warmer versus colder months [48]. This
inconsistency in seasonal characterization makes it challenging

to compare findings across studies. Therefore, future studies
investigating season effects on PA and SB levels in children
might benefit from employing more rigorous characterization
of seasonality (eg, weather, ecology, hours of daylight, and
geographic region).

Strengths and Limitations
This study has several strengths, including (1) the use of
electronically delivered EMA surveys to measure the child’s
PA and SB, with a flexible prompting frequency delivered
repeatedly at different waking hours within an 8-day observation
period, which reduced reliance on participant’s memory thus
reducing the likelihood of recall bias; (2) the use of objective
measurement of PA and SB via accelerometry, which is
particularly suitable for measuring PA and ST; (3) data
collection spanning different seasons and all months of the year;
and (4) the inclusion of racially/ethnically and
socioeconomically diverse participants, as well as immigrant
populations, which increases generalizability within
vulnerable/high-risk populations. However, some limitations
are noteworthy. First, the dichotomous nature of the EMA
survey questions about PA and SB and the lack of clearer
descriptions of what constitutes LPA (eg, standing and walking
slowly), MVPA (eg, running and biking fast), and SB (eg, time
spent watching television or video game) might have led parents
to interpret PA and SB differently, which could have resulted
in some measurement error. Future studies using EMA surveys
might benefit from providing clearer descriptions of what
constitutes LPA, MVPA, and SB in their questions, specifically
those associated with childhood obesity and other preventable
health conditions (eg, viewing television/movie, playing
computer and video games, or other screen-related SBs) [49,50].
This would allow parents to provide better reports of their
child’s behaviors, thus allowing researchers to use more accurate
information regarding the specific types of behaviors, such as
SBs among children that could be targeted in future behavior
intervention trials. Second, it was unknown if parents were in
the presence of their child while answering the EMA surveys.
Therefore, it is possible that parents were not always observing
their child when prompted to answer the EMA surveys and were
instead making an educated guess regarding their child’s
sedentary and PA behaviors, likely because they are
knowledgeable about their child’s routine [51]. In addition,
given that self-report methods of PA (either reported by older
children or parent proxy for younger children) might be prone
to social desirability bias, we cannot rule out this possibility in
our sample. Third, given that accelerometer wear time decreased
considerably later in the day and around the time that the fourth
signal-contingent EMA survey was delivered to the parent, it
is possible that accelerometer-measured child ST, LPA, and
MVPA were underestimated during that time of the day. Fourth,
our accelerometer wear time data were summarized to the hour,
and although responses were uniformly assessed within the
hour, future studies should attempt to collect and summarize
accelerometer data to at least the minute to gain more precise
estimates of PA and ST. Fifth, our results may not be
generalizable to activity, and SBs performed outside the times
in which the signal-contingent EMA prompts were answered
by the parents.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 5 |e15458 | p.554http://mhealth.jmir.org/2020/5/e15458/
(page number not for citation purposes)

de Brito et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Conclusions
Our findings indicated that the parent’s report of their child’s
PA and SB via electronically delivered EMA surveys were
strongly associated with accelerometer-measured ST, LPA, and
MVPA in children aged 5 to 7 years. Notably, these associations
were stronger during weekend days than on weekdays. In
addition, the parent’s EMA report of PA and
accelerometer-measured MVPA were more strongly associated
in boys relative to girls. The association between the parent’s
EMA report of SB and accelerometer-measured ST and LPA

also differed between boys and girls. Given these findings, in
contexts where the parent is able to spend more proximate time
observing the child’s engagement in PA and SB, the parent’s
EMA report of their child’s PA and SB might be a useful and
cost-effective method for measuring PA and SB, particularly
in young children and relative to other retrospective self-report
measures. Although the concomitant use of EMA and
accelerometry is recommended, the use of mobile EMA surveys
could be considered when the use of objective measurement of
ST and PA are cost prohibitive.
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Multimedia Appendix 1
Association between ecological momentary assessment of the parent-reported child’s physical activity and sedentary behavior
on accelerometer-measured minutes of sedentary time, light physical activity, and moderate-to-vigorous physical activity per
hour in the ecological momentary assessment survey pre-period by day of the week (N=140 for matched ecological momentary
assessment accelerometry respondents; N=944 for observation days; and N=3127 for ecological momentary assessment surveys).
[DOCX File , 18 KB - mhealth_v8i5e15458_app1.docx ]

Multimedia Appendix 2
Association between ecological momentary assessment of the parent-reported child’s physical activity and sedentary behavior
on accelerometer-measured minutes of sedentary time and light and moderate-to-vigorous physical activities per hour in the
ecological momentary assessment survey pre-period by sex (N=140 for matched ecological momentary assessment accelerometry
respondents; N=944 for observation days; N=3127 for ecological momentary assessment surveys).
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Abbreviations
EMA: ecological momentary assessment
LPA: light-intensity physical activity
MVPA: moderate-to-vigorous–intensity physical activity
PA: physical activity
SB: sedentary behavior
ST: sedentary time
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Abstract

Background: Moyamoya disease (MMD) is a known progressive obstructive cerebrovascular disorder. Monitoring and managing
mood and stress are critical for patients with MMD, as they affect clinical outcomes. The ecological momentary assessment
(EMA) method is a longitudinal study design by which multiple variable assessments can be performed over time to detect
momentary fluctuations and changes in psychological dimensions such as mood and stress over time.

Objective: This study aimed to identify predicting factors associated with momentary mood and stress at both the within-person
and between-person levels and to examine individual fluctuation of mood over time in the short term using an EMA method
combined with a mobile phone app.

Methods: Participants aged older than 18 years were recruited from a tertiary hospital in Seoul, Korea, between July 2018 and
January 2019. The PsyMate scale for negative affect (NA) and positive affect (PA) and the Trier Inventory for Chronic Stress
Scale were uploaded on patient mobile phones. Using a mobile app, data were collected four times a day for 7 days. Pearson
correlations and mixed modeling were used to predict relationships between repeatedly measured variables at both the
between-person and within-person levels.

Results: The mean age of the 93 participants was 40.59 (SD 10.06) years, 66 (71%) were female, and 71 (76%) were married.
Participants provided 1929 responses out of a possible 2604 responses (1929/2604, 74.08%). The mean momentary NA and PA
values were 2.15 (SD 1.12) and 4.70 (SD 1.31) out of 7, respectively. The momentary stress value was 2.03 (SD 0.98) out of 5.
Momentary NA, PA, and stress were correlated (P<.001) and varied over time in relation to momentary variables. Common
momentary variables associated with momentary mood and stress at both the within-person (level 1) and between-person (level
2) levels were identified. Momentary NA increased when being alone and being at the hospital at both levels, whereas momentary
PA increased when eating or drinking, resting, being at a café, restaurant or a public place but decreased when being alone at
both levels. Momentary stress increased when being at the office, at a public place, or as the time of the day went by but decreased
when resting or during the weekend. Different factors affecting mood and stress at different levels were identified. Fluctuations
in individual momentary mood over time at the within-person level were captured.

Conclusions: The EMA method using a mobile phone app demonstrated its ability to capture changes in mood and stress in
various environmental contexts in patients with MMD. The results could provide baseline information for developing interventions
to manage negative mood and stress of patients with MMD based on the identified predictors affecting mood and stress at two
different levels.
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Introduction

Background
Moyamoya disease (MMD) is a rare idiopathic vascular disorder
that is characterized by progressive bilateral stenosis or
occlusion of the distal branches of the carotid arteries with an
abnormal vascular network [1,2]. It is associated with the
development of bifurcation and compensatory arterial collateral
networks at the base of the brain [1,2], hence the name
moyamoya (describing a puff of smoke in Japanese) [1]. MMD
is common in Asian countries, such as Korea and Japan, with
sparse observation in Europe and the Americas [3,4].

The prevalence of MMD in Korea has gradually increased and
reached 16.1 per 100,000 persons in 2011 [4]. This increase can
be partly explained by the increasing availability of diagnostic
tests, such as magnetic resonance (MR) imaging or MR
angiography and prolonged survival owing to improved
management [4,5]. In Japan, the prevalence rate was 6.03 per
100,000 persons in 2003 [6], and in Nanjing, China, the
prevalence rate was 3.92 per 100,000 persons in 2010 [7]. The
incidence rate of MMD in the United States was lower than that
in East Asian countries at 0.087 per 100,000 persons [8],
whereas moyamoya syndrome (MMS), termed unilateral
moyamoya angiopathy [9], is considered to have higher
prevalence in Western countries than in East Asian countries
[10]. The prevalence of MMS in Western countries was found
to be close to that in Japan at 0.34 per 100,000 persons in a
nationwide survey [11]. The relatively high prevalence of MMS
in Western countries may be related to the fact that sickle cell
disease is a frequent cause of MMS in individuals of African
origin living in the United States and Europe [12,13].

The clinical features of MMD or MMS in adult patients
generally involve cerebral hemorrhages and infarction, whereas
children develop ischemic attacks [4]. Relating to the disease’s
chronic and uncertain nature, it has been observed that improper
management of mood and stress can lead to reduced
cerebrovascular blood flow, which is closely related to the
prognosis of the disease [14]. According to recent studies, adults
with MMD are vulnerable to stress and mood changes [14] and
may have anxiety, depression, and posttraumatic stress syndrome
[15].

Mood is a state of subjective feeling that can be changed by
events and is typically described as having either positive or
negative valences [16]. Individual differences exist in
experiencing the states of positive and negative feelings, and
these are assessed as positive and negative effects [17]. Negative
mood states such as depression can extend to psychosocial
distress that potentially leads to stress and, more generally, to
a negative outlook on life [18,19]. Mood and stress vary with
time in relation to the surrounding context, showing changes
over time and interindividual differences [20].

The ecological momentary assessment (EMA) method, also
known as the experience sample method or ambulatory
assessment, is a repeated observational study design by which
time-varying variables can be assessed in natural and real-life
environments [20-22]. For example, participants self-report
their mood or anxiety multiple times to observe changes based
on the environment and/or time while performing their ordinary
daily tasks, without changing their life patterns to attend a survey
[23]. Participants can also report various events, types of food,
and calories per serving multiple times per day to track down
changes in their eating behavior over days or weeks [24]. Such
reports can be completed through diaries, personal digital
assistants, mobile apps, or wearable sensors [25] in the short or
long term, depending on the study goals and design [26]. This
method is reportedly accurate and able to detect changes in
psychological properties through multiple daily assessments
[27,28], helps address questions regarding individual differences
[29], and elucidates momentary changes and fluctuations in
psychological dimensions such as mood and stress over time
and across situations [30,31]. It has been widely used to assess
the psychological characteristics of participants with [32,33]
and without [26] mental problems. Recently, various tools using
mobile phone technology have been developed and used to
measure mood and stress in diverse patient populations [26];
thus, this study utilized the EMA approach for moyamoya
patients’ condition.

Objectives
This study aimed to identify predicting factors associated with
momentary mood and stress at both the within-person and
between-person levels and to examine individual fluctuation of
mood over time in the short term using an EMA method
combined with a mobile phone app.

Methods

Participants
Adult patients with MMD, who visited the outpatient clinic of
a tertiary hospital or were admitted in the same hospital, were
recruited from July 2018 to January 2019. Only participants
who used Android operating systems were included, as the
developed mobile app was only available for this operating
system with the version 4.4 or higher as described in a previous
study [32]. To exclude possible cognitive impairment that would
preclude the participants from answering the questionnaire, all
patients were required to have a score higher than 24 on the
Korean version of the Mini-Mental State Examination [33],
which is widely used to test the cognitive ability of clinical
populations in Korea. This study was approved by the
institutional review board of the Yonsei University Health
System (approval number: 4-2018-0385), and informed consent
was obtained from each participant.
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Measurements
Measurements in this study included baseline variables, such
as demographic characteristics, disease-specific information,

trait mood (anxiety and depression), and trait stress. Momentary
measures were mood and stress. The study variables at baseline
and momentary measures are summarized in Table 1.

Table 1. Study variables at all time points.

Ecological momentary assessmentBaselineVariables

Day 7Day 6Day 5Day 4Day 3Day 2Day 1

N/AN/AN/AN/AN/AN/AN/AaxDemographic characteristics

N/AN/AN/AN/AN/AN/AN/AxDisease-specific information

N/AN/AN/AN/AN/AN/AN/AxKorean Hospital Anxiety and Depression Scale

N/AN/AN/AN/AN/AN/AN/AxKorean Perceived Stress Scale

xxxxxxxN/AMomentary mood (PsyMate)

xxxxxxxN/AMomentary stress (Trier Inventory for Chronic Stress)

ax: variables measured at the day point.
bN/A: not applicable.

Baseline Measures
Patients provided demographic information such as age, sex,
income, level of education, symptoms experienced, and disease
duration since the diagnosis. The perceived severity of the
disease was also self-reported at baseline using a 5-point scale.

We used the Korean version of the Hospital Anxiety and
Depression Scale (K-HADS) [34] to measure trait mood after
obtaining the permission of the scale provider. The HADS is
known as a reliable and valid scale and used worldwide for
measuring mental health in clinical settings [35]. The Cronbach
alphas of the K-HADS anxiety and depression subscales have
been reported to be .89 and .86, respectively [35]. The scale
consists of 14 items, 7 items for assessing anxiety and 7 items
for depression, measured on a 4-point scale, from 0 to 3. A
higher score denotes a higher level of anxiety or depression.
The Cronbach alphas for the anxiety and depression subscales
in this study were .75 and .81, respectively.

To measure trait stress, we used the Korean version of the
Perceived Stress Scale, which consists of 10 items [36]. This
scale was freely downloaded from the official homepage of the
Laboratory for the Study of Stress, Immunity, and Disease of
the Carnegie Mellon University. It has negative and positive
subdomains and five negative items for stress and five positive
items for coping ability rated on a 5-point Likert scale (0–4).
The Cronbach alphas of the two subdomains have been reported
to be .87 and .71, respectively [36]. The Cronbach alpha in this
study was .89 for both subdomains.

Momentary Measures Using a Mobile App
Momentary mood was measured using the Korean version of
the PsyMate, translated from the English version with reference
to the original Dutch version. We obtained permission to use
PsyMate from the developers [37]. It consists of nine items
assessing negative affect (NA) and four items assessing positive
affect (PA). The Cronbach alphas of the subscales of NA and
PA were .91 and .92, respectively, in the previous study [37].
The Cronbach alphas in this study were .94 and .92 for NA and
PA, respectively.

Stress was assessed by the Korean version of the Trier Inventory
for Chronic Stress, adapted from the German version [38,39].
It consists of eight items measuring work overload, social
overload, pressure to perform, work discontent, excessive
demands from work, lack of social recognition, social tensions,
and social isolation. The Cronbach alpha in this study was .79.

The questionnaires were uploaded on a mobile app for the
Android operating system developed in the previous study [32].
Momentary mood and stress were measured in an environmental
context considering what the participants were doing, where
they were, and with whom they were at the moment of
answering.

Procedure
After obtaining participant informed consent, we held an
individual and face-to-face 30-min intake session with each
patient. Patients filled the baseline measures and were allowed
time to download the app and practice answering for the EMA
study. Researchers helped the participants answer the baseline
survey and install the app. Patients were provided a reward in
coupons when they completed the baseline survey and
enrollment. They were also informed that they would receive
additional coupons on completion of the EMA study.
Researchers preset the survey period for each patient in advance
to push notifications and instructed participants to carry their
mobile phone during the scheduled survey period and to answer
the survey question when they received the notification
requesting them to do so.

Measures of mood and stress were set on the mobile app, and
notifications were set to appear four times a day for 7
consecutive days (4 times ×7 days=28 times/person) in
semirandom, 90-min blocks. Notifications were sent in the
morning between 8 AM and 9 PM, early afternoon between
noon and 1 PM, evening between 5 PM and 6 PM, and at night
between 9 PM and 10 PM. Participants were instructed that they
would receive a reminder notification when they did not input
the response within 45 min after they received the first
notification for each scheduled measurement. Researchers
monitored participant compliance to the protocol and managed
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participation by phoning patients who did not respond on the
first day and attempted to solve any participation difficulties
and problems in the EMA study.

Statistical Analysis
Data analysis was performed with STATA 14.0 (StataCorp)
using 1929 responses from 93 participants who provided more
than three responses in the total course of the study to capture
changes over time [20]. We analyzed participant characteristics
by descriptive analysis. Independent t tests and analysis of
variance were used to compare the mean differences between
the variable groups. We estimated the Pearson coefficient to
examine the correlation between the momentary variables.
Mixed modeling analysis, handling the clustered and correlated
data [20], was used to describe and predict factors associated
with momentary NA, PA, and stress at both the within-person
(level 1) and between-person (level 2) levels. The threshold of
statistical significance was set at P<.05.

Results

Participants
A total of 93 participants with MMD were recruited. Of 93
participants, 71 (76%) were recruited from the outpatient
department and 22 participants (24%) were recruited from the
admission wards of a university hospital. The mean age of the
participants was 40.59 years (SD 10.06), 71% (66/93)
participants were female, and 76% (71/93) participants were
married. The mean number of years since diagnosis was 3.68
(SD 4.05), and the perceived severity level was 3.56 (SD 1.00)
out of 5. The mean HADS anxiety and depression scores were
7.17 (SD 3.38) and 7.14 (SD 3.51) out of 21, respectively, and
the mean perceived stress level was 1.64 (SD .98) out of 4. The
participant baseline characteristics are summarized in Table 2.

Table 2. Participant characteristics at baseline (n=93).

Possible rangeMean (SD)n (%)Characteristics

Age (years)

N/Aa40.59 (10.06)11 (12)20–29

N/AN/A37 (40)30–39

N/AN/A26 (28)40–49

N/AN/A15 (16)50–59

N/AN/A4 (4)≥60

Sex

N/AN/A66 (71)Female

N/AN/A27 (29)Male

Marital status

N/AN/A71 (76)Married

N/AN/A22 (24)Not married

Education

N/AN/A41 (44)≤High school

N/AN/A52 (56)≥College

Monthly household incomeb (US $)

N/AN/A23 (25)<2000

N/AN/A16 (18)2000–3000

N/AN/A22 (24)3000–4000

N/AN/A31 (33)>4000

N/A3.68 (4.05)N/AYears since the diagnosis

1–53.56 (1.00)N/APerceived severity

0–217.17 (3.38)N/AHADSc anxiety

0–217.14 (3.51)N/AHADS depression

0–41.64 (.98)N/APerceived stress

aN/A: not applicable.
bn=92.
cHADS: Hospital Anxiety and Depression Scale.
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Momentary Responses
Participants provided 1929 responses out of a possible 2604
(1929/2604, 74.1%). Of 1883 responses, 799 (42.4%) were
answered while participants were resting, 344 responses (18.3%)
while working, 293 responses (15.6%) doing household work,
and 188 responses (10.0%) while eating or drinking at the
moment of answering. Of the 1929 responses, 1147 (59.5%)
were obtained when participants were at home, 325 responses
(16.9%) were obtained at the office, and 87 responses (4.5%)

were obtained at a café or restaurant. Of all 1929 responses,
444 (23.1%) were obtained while the participants were alone,
and 1348 (69.9%) were obtained on weekdays. Of 1929
responses, 489 (25.3%), 497 (25.8%), 509 (26.4%), and 434
(22.5%) were provided in the morning, afternoon, evening, and
at night, respectively. The mean momentary NA and PA were
2.15 (SD 1.12) and 4.70 (SD 1.31) out of 7, respectively. The
mean momentary stress level was 2.03 (SD .68) out of 5.
Measures of momentary variables are summarized in Table 3.

Table 3. Measures of momentary variables (n=1929).

Possible rangeMean (SD)n (%)Momentary variables

Whata (things doing)

N/AN/Ab293 (15.6)Household work

N/AN/A344 (18.3)Working

N/AN/A188 (10.0)Eating/drinking

N/AN/A799 (42.4)Resting

N/AN/A259 (13.7)Other

Wherec (place being)

N/AN/A1147 (59.5)Home

N/AN/A325 (16.9)Office

N/AN/A87 (4.5)Café or restaurant

N/AN/A66 (3.4)Hospital

N/AN/A138 (7.2)Public place

N/AN/A164 (8.5)Other

Being alone

N/AN/A444 (23.1)Yes

N/AN/A1485 (76.9)No

Weekend

N/AN/A581 (30.1)Yes

N/AN/A1348 (69.9)No

Time of day

N/AN/A489 (25.3)Morning (8 AM to 9 PM)

N/AN/A497 (25.8)Afternoon (12 noon to 1 PM)

N/AN/A509 (26.4)Evening (5 PM to 6 PM)

N/AN/A434 (22.5)Night (9 PM to 10 PM)

1–72.15 (1.12)N/AMomentary negative affect

1–74.70 (1.31)N/AMomentary positive affect

1–52.03 (0.68)N/AMomentary stress

an=1883.
bN/A: not applicable.
cn=1927.

Correlations Between Momentary Negative Affect, Positive
Affect, and Stress

Momentary NA, PA, and stress were significantly correlated
(P<.001). Momentary NA was negatively correlated with

momentary PA (r=−0.607; P<.001) and positively with
momentary stress (r=0.538; P<.001). Momentary PA was
negatively correlated with momentary stress (r=−0.272; P<.001).
The correlation coefficients between variables are presented in
Table 4.
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Table 4. Correlation coefficients between momentary variables (n=93).

Momentary PAb (r value)Momentary NAa (r value)Momentary variables

-0.607c1Momentary NA

1−0.607cMomentary PA

−0.272c0.538cMomentary stress

aNA: negative affect.
bPA: positive affect.
cP<.001.

Modeling of Between-Person and Within-Person Analysis

Analysis by mixed modeling was performed based on 1929
completed assessments from the participants who provided more
than three responses for analyzing changes of momentary mood
and stress over time at both level 1 (within-person) and level 2
(between-person).

Momentary predicting factors were examined by three models
at levels 1 and 2. Disease-specific variables such as perceived

severity and years since the diagnosis, age, sex, and trait mood
variables at the baseline were added into models 2 and 3 for
adjustment. Momentary variables included things doing (what),
place being (where), being alone or not (with whom), answering
during the weekend or not, and time of day. Table 5 shows the
variables included in each model at both the within-person and
between-person levels.

Table 5. Designed levels, models, and variables.

VariablesLevel and model

Within-person

What, where, with whom, weekend, and time of day1. Momentary variables

Variables of Model 1 + perceived severity and years since the diagnosis2. Disease-specific variables

Variables of Model 2 + age, sex, trait anxiety/depression, and stress3. Trait variables

Between-person

What, where, with whom, weekend, and time of day1. Momentary variables

Variables of Model 1 + perceived severity and years since the diagnosis2. Disease-specific variables

Variables of Model 2 + age, sex, trait anxiety/depression, and stress3. Trait variables

Momentary Variables Affecting Momentary Mood and
Stress at the Within-Person and Between-Person Levels

Common momentary variables associated with momentary
mood and stress at both the within-person (level 1) and
between-person (level 2) levels were identified. Momentary
NA increased when being alone and being at the hospital at
both levels, whereas momentary PA increased when eating or
drinking, resting, being at a café or restaurant, or at the public
place but decreased when being alone at both levels. Momentary
stress increased when at the office, at the public place, or as the
time of the day went by but decreased when resting or during
the weekend.

Different factors affecting momentary mood and stress at
different levels were also identified. Variables of being at a café
or restaurant (coefficient=−0.19; P=.03) and during the weekend
(coefficient=−.08; P=.03) were associated with momentary NA
at the within-person level only. However, eating or drinking
(coefficient=−0.20; P=.04) and resting (coefficient=−0.21;
P=.01) were associated with momentary NA at the
between-person level only. There was no difference in factors
associated with momentary PA either at the within-person or
at the between-person level. Among variables, being at the
hospital (coefficient=5.67; P<.001) was associated with
momentary stress at the between-person level but not at the
within-person level. Table 6 shows the parameter estimates
from the mixed effect model at both levels.
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Table 6. Fixed effect model parameter estimates at within-person and between-person levels in model 3.

Momentary stress, coefficient (SE)Momentary positive affect, coefficient
(SE)

Momentary negative affect, coefficient
(SE)

Variablesa

BetweenWithinBetweenWithinBetweenWithin

What (things doing)

ReferenceReferenceReferenceReferenceReferenceReferenceHousehold work

0.64 (0.61)0.26 (0.42)−0.20 (0.15)−0.20 (0.12)0.08 (0.12)0.05 (0.09)Working

−0.56 (0.49)0.23 (0.33)0.27 (0.12)b0.24 (0.09)b−0.20 (0.10)b−0.09 (0.07)Eating or drinking

−1.56 (0.33)c−1.03 (0.23)c0.30 (0.08)c0.15 (0.06)b−0.21 (0.07)c−0.08 (0.05)Resting

−1.20 (0.45)−0.26 (0.31)−0.05 (0.11)0.03 (0.09)−0.02 (0.09)−0.01 (0.06)Other

Where (place being)

ReferenceReferenceReferenceReferenceReferenceReferenceHome

1.56 (0.58)c1.82 (0.41)c0.21 (0.14)−0.04 (0.11)−0.19 (0.12)0.05 (0.08)Office

−0.17 (0.61)−0.75 (0.42)0.33 (0.15)b0.37 (0.12)c−0.10 (0.12)−0.19 (0.09)bCafé or restaurant

5.67 (0.62)c0.60 (0.58)−0.07 (0.15)−0.17 (0.16)0.54 (0.12)c0.32 (0.12)bHospital

2.13 (0.47)c0.91 (0.33)c0.28 (0.12)b0.21 (0.09)b0.01 (0.09)−0.06 (0.07)Public place

0.83 (0.43)0.08 (0.30)0.35 (0.11)0.22 (0.08)−0.10 (0.09)−0.10 (0.06)Other

−0.34 (0.27)−0.37 (0.20)−0.49 (0.07)c−0.16 (0.05)c0.24 (0.05)c0.10 (0.04)bBeing alone

−0.76 (0.25)c−1.20 (0.16)c0.01 (0.06)0.02 (0.05)−0.03 (0.05)−0.08 (0.03)bWeekend

Time of day

ReferenceReferenceReferenceReferenceReferenceReference8-9 AM

0.77 (0.31)c0.76 (0.20)c0.08 (0.08)0.09 (0.06)−0.01 (0.06)−0.03 (0.04)12 noon-1 PM

1.03 (0.30)c1.07 (0.20)c−0.03 (0.08)0.03 (0.05)−0.01 (0.06)−0.04 (0.04)5-6 PM

1.40 (0.32)c1.48 (0.21)c0.14 (0.08)0.17 (0.06)c−0.05 (0.06)−0.04 (0.04)9-10 PM

0.73 (0.11)c0.69 (0.41)−0.06 (0.03)b−0.03 (0.09)0.13 (0.02)c0.11 (0.08)Perceived severity

−0.10 (0.03)c−0.16 (0.10)−0.04 (0.01)b−0.03 (0.02)−0.01 (0.01)−0.03 (0.02)Years since the diagnosis

0.19 (0.02)c0.21 (0.08)b−0.08 (0.01)c−0.06 (0.02)c0.07 (0.01)c0.06 (0.02)cTrait anxiety and depression

0.23 (0.03)c0.22 (0.12)0.02 (0.01)b0.01 (0.02)0.03 (0.01)c0.04 (0.02)bTrait stress

aAge and sex adjusted.
bP<.05.
cP<.01.

Individual Fluctuation of Negative Affect and Positive
Affect Over Time
Both the momentary NA and PA of participants fluctuated over
time. We arbitrarily selected 10 participants from those who

completed all 28 assessments to show the individual fluctuation
of affect over time. Specific graphs of NA and PA fluctuation
were constructed for each selected participant in accordance
with momentary and trait variables (Figures 1 and 2 as
examples).
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Figure 1. Individual fluctuation of negative affect over time for the selected participants. NA: negative affect; A to I: selected participants.

Figure 2. Individual fluctuation of positive affect over time for the selected participants. PA: positive affect; A to I: selected participants.

Discussion

Principal Findings
This study used the EMA method to assess and predict
momentary factors associated with momentary mood and stress
in a real-life context in adult patients with MMD. The results
showed that context variables of the participants’ natural
environment affected momentary mood and stress at both the

within-person and between-person levels after adjusting for
participant demographics and disease-specific characteristics
and trait anxiety and depression.

We also identified common variables affecting momentary
mood and stress at both the within-person and between-person
levels and distinguished different variables having different
effects at the within-person and between-person levels.
Participants commonly showed higher NA when being alone
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or at the hospital at both levels. Meanwhile, some factors such
as activities of eating or drinking or resting affected momentary
NA at the between-person level only. Participants commonly
expressed decreased stress when resting or during the weekend
and increased stress at the office and as the time of the day went
by at both levels. Meanwhile, being at the hospital was
associated with higher stress only at the between-person level.
These results showed that different factors at different levels
are associated with NA and stress, although there are numerous
common factors. These factor differences between the two levels
should be considered when designing individualized
interventions to manage the mood and stress of patients with
MMD.

This study also established that an EMA method using a mobile
app could capture individual fluctuations of mood and stress
over time while participants perform their usual daily tasks.
This result is aligned with the result from a previous study that
applied an EMA app using the same scale of the PsyMate to
assess the mood of Dutch patients in an ambulatory mental
health setting [38], presenting the ability to detect changes in
mood over time.

In an additional analysis, we found that patients who had been
diagnosed less than a year ago appeared to be more depressed
than those who were diagnosed more than a year ago. These
results indicate that an emotional care plan with close, regular
monitoring is needed for patients with MMD, especially for
those with higher anxiety and depression, and within a year
after diagnosis. The levels of anxiety and depression of the
participants in this study at baseline were 7.17 (SD 3.38) and
7.14 (SD 3.51) out of 21, respectively. This implies that adults
with MMD may also strive to overcome negative feelings, as
do patients with other cerebrovascular diseases who are at
continuous risk of cerebrovascular hemorrhage and infarction
[40,41].

Perceived stress is a known predictor of depression and
depressive symptoms in patients with stroke [42,43]. The results
of this study also showed that both trait and momentary stress
are significantly associated with momentary mood at both the
within-person and between-person levels. Stress should be

managed, as it triggers negative mood. Negative mood and
stress in patients with cerebrovascular disorders are related to
emotional distress, which threatens health behaviors and drives
patients to avoid health-promoting activities [44].

Perceived social support plays a critical role in buffering stress
and promoting psychological well-being [45-47]. Patients with
MMD should be encouraged to engage in social interactions
with family or self-support groups, as it was shown that being
alone is significantly related to momentary increase in negative
mood at both levels.

Limitations and Future Directions
Our study had limitations. This study included patients who
used Android OS, and those who used other systems were
excluded. In addition, there might be challenges regarding
technical issues and potential malfunctioning of the
configuration, although a helpline was provided by our research
team. These technical points need to be addressed to improve
the EMA survey in the future. In addition, as the patients were
recruited from a tertiary-level hospital in Seoul, patients in
communities or in smaller facilities may differ from this study
population in terms of clinical severity, years since the diagnosis,
or trait mood and stress levels.

Studies on the impact of social support or stress-coping
strategies on mood and stress in MMD warrants further
investigation. EMA methods integrated into momentary
interventions for improving mood and stress could be a
promising future direction in MMD.

Conclusions
In this study, we evaluated the EMA method using a mobile
phone app and demonstrated that the EMA method was able to
capture mood and stress change over time and by assessing
momentary contextual variables. With the identified predictors
affecting mood and stress at two different levels, the results of
this study could provide valuable information for developing
individualized patient-centered interventions for managing the
mood and stress of patients with MMD who are psychologically
vulnerable and whose states cannot be easily assessed in a
real-world environment.
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