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Abstract

Sickle cell disease (SCD) is a chronic genetic disease that requires lifelong therapy and monitoring. Low drug adherence and
poor monitoring may lead to an increase in morbidities and low quality of life. In the era of digital technology, various mobile
health (mHealth) apps are being tested for their potential in increasing drug adherence in patients with SCD. We herewith discuss
the applicability and feasibility of these mHealth apps for the management of SCD in India.

(JMIR Mhealth Uhealth 2021;9(4):e25496)   doi:10.2196/25496
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Background

In recent years, a revolution in information technologies has
greatly influenced health care practices under the broad
definition of digital health. Digital health practices are becoming
highly adaptable in both developed and developing countries
[1]. Moreover, with the increasing use of smartphones, smart
watches, and artificial intelligence–based devices, mobile health
(mHealth) is expected to define the standard of health care
delivery across the globe. Specifically, mHealth apps can be
used to increase disease awareness, increase drug adherence,
provide cognitive behavioral therapies, and track health care
delivery [2-5]. There are more than 325,000 mHealth apps
available for Android and Apple smartphones [6]. Various
mHealth apps have been clinically tested for their effect on
compliance for many chronic diseases worldwide [7-11] and
there are mounting indications that support the feasibility and
applicability of mHealth interventions for better compliance in
managing chronic diseases in pediatric patients as well. During
the ongoing COVID-19 pandemic, mHealth has emerged as a
silver bullet, not only for teleconsultations and telemonitoring
of patients with chronic diseases, but also for increasing health
care delivery in remote areas [12-14].

Sickle Cell Disease: A Life-threatening
and Highly Morbid Disorder

Sickle cell disease (SCD) is a genetic and chronic ailment,
highly prevalent in Sub-Saharan Africa, the Middle East, the
Mediterranean region, India, and parts of Central and South
America. Globally, more than 300,000 children are born each
year with SCD and three countries (Nigeria, India, and the
Democratic Republic of Congo) bear about half of the global
burden [15]. Patients with SCD often present with acute
complications (eg, bone pain crisis, acute abdominal pain, acute
chest syndrome, visceral sequestration crisis, aplastic crisis,
acute anemia, cerebrocardiovascular complications, priapism).
Chronic morbidities in SCD (eg, chronic pain syndromes,
immunological and infectious complications, chronic lung
disease, hepatobiliary complications, renal complications, leg
ulcer, musculoskeletal complications, and psychosocial or
psychiatric issues) are often encountered [16].

The under-five mortality of SCD varies significantly depending
on the availability of health care facilities and infrastructure.
For example, in low-income countries with poor access to health
care services, mortality can reach up to 90% [15]. There is now
growing evidence that continuous interventions through
disease-modifying drugs such as hydroxyurea and prophylactic
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antibiotics can decrease morbidities and increase life expectancy,
thereby leading to increased health-related quality of life and
reduced health burden [17-22]. However, the sustainability of
drug adherence is a major challenge in public health, as an
average of about 50% of patients with chronic illness (including
SCD) do not adhere to proper treatment in developed countries
[23,24]. Furthermore, the prevalence of medication
nonadherence is much higher in developing countries due to
their relative scarcity and inequities of health care resources in
comparison to developed nations [25-27]. Low drug adherence
not only is associated with increased morbidity and poor
health-related quality of life for patients, but also increases
burden on the health economy and increases health care
utilization in a country setting.

Various factors govern drug adherence, including delivery of
health care services, economic situation, and cultural factors of
patients [28]. Behavioral factors like forgetfulness, inappropriate
time management, lack of awareness of disease, and fear of
drugs pose additional barriers to drug adherence [29-31]. It has
been observed that parents of patients with SCD with mild
symptoms are less willing to accept the risk associated with
taking hydroxyurea, particularly with regard to the long-term
side effects, which include birth defects and cancer [29].
Therefore, patients with mild symptoms are more unwilling to
take medications. In addition, patients with poor drug adherence
can experience a mild-to-moderate medication response, causing
frustration in both patients and their parents, which further leads
to increased drug nonadherence.

Low drug adherence in SCD is also a major issue in India, where
the majority of patients with SCD belong to scheduled
communities (both the scheduled caste and scheduled tribes)
[32,33], who face many barriers in accessing quality health care
services. The scheduled caste and scheduled tribes are groups
of people scheduled in the Constitution of India on the basis of
economic, social, and educational disadvantage. Tribes are the
most marginalized communities and mostly live in hard-to-reach
remote hilly and forested areas. Many of the tribal communities
are still dependent upon hunting and gathering and primitive
agricultural practices. Poor accessibility, social disconnection,
inconvenient timing, longer waiting times in government health
care facilities, and poor economic conditions are some of the
major roadblocks to accessing quality health care services in
tribal areas in India [34]. Further, due to the different
environments and terrains in which tribes live, inequalities in
sociocultural behavior, and lack of participation, a universal
design of health care services becomes inappropriate in tribal
communities. Various nongovernmental organizations
(NGOs)—such as SEARCH (in Gadchiroli, Maharashtra, India)
[35], MAHAN (Melghat, Maharashtra) [36], Seva Rural
(Jhagadia, Gujarat) [37], Jan Swasthya Sahyog (Ganiyari,
Chhattisgarh) [38], and ASHWINI (Gudalur, Tamil Nadu)
[39]—have developed different locally appropriate customized
models for providing better health care services in hard-to-reach
remote tribal areas.

With regard to SCD, various control programs have been in
operation in India for an extended period of time. However, due
to the lack of an organizational referral system and standard
treatment guidelines for the management of SCD, most of these

programs are limited to the screening of patients [40]. It has
been observed that most patients seek treatment only when they
have an acute sickle cell crisis. Moreover, the low accessibility
and affordability of drugs is a major obstacle in the management
of SCD in Indian tribes [41,42].

The Role of mHealth in SCD
Management: Indian Context

Disease interventions using mHealth have been tried for several
diseases in tribal and rural India. For example, in a recent
clinical trial, accredited social health activists (ASHAs) who
used an mHealth app (ImTecho) as a job aid were able to
provide better maternal and child health services in tribal areas
in the state of Gujarat [43]. Similarly, presumptive tuberculosis
referrals increased when rural health care providers used
mHealth technology in tribal areas of Khuntu District of
Jharkhand state [44]. Based on different models, a framework
of digital health for increasing referrals, monitoring patients,
and increasing the accessibility of malaria drugs in rural areas
has been suggested [45]. A similar approach can be adopted for
increasing drug availability and improving the referral system
for SCD as well. Intervention measures (eg, sending reminders,
allowing pain and symptom reporting, enabling
self-management, and providing cognitive behavioral therapy)
through mHealth apps for increasing drug adherence for SCD
have been tested in several parts of the globe and have shown
promising results in terms of disease outcome [46-48]. In
addition, self-management practices in SCD have been found
to be increased by the use of mHealth apps. However, no such
intervention measures have previously been tried for patients
with SCD in India. Considering SCD in India is mostly prevalent
in scheduled communities living in rural and hard-to-reach
areas, mHealth might be especially useful for SCD management.
This is because access to health care services in hard-to-reach
rural and forested areas remains meagre due to poor local
transport systems. In these circumstances, mHealth apps can
be used to improve the referral system in inaccessible areas by
increasing knowledge among ASHAs, community health
workers, and the traditional healers in the tribal communities.

Is it practically feasible to use mHealth apps for patients with
SCD in India? Several broad factors might limit the adoption
of mHealth in patients with SCD in India (Textbox 1). One of
the major roadblocks is poor internet availability in rural India.
Although the number of mobile and internet users in rural areas
is said to have increased substantially in recent years (Figure
1) [49], by the year 2018, just 14.9% of rural households had
internet access [50]. Furthermore, mobile and internet
connectivity are considered poor in hard-to-reach forested areas,
which could hinder access to mHealth apps. In addition, the
poor socioeconomic status of tribes further limits their ability
to sustain the cost of smartphones and internet data plans for a
longer duration. Moreover, a low level of digital literacy among
rural and tribal people also impedes the usability of mHealth
apps. Apart from this, people living in rural areas, especially
tribes, have their own social beliefs and customs that are
different from other populations in India, thereby limiting the
use of such mHealth apps due to hesitation and stigma. In

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e25496 | p.6https://mhealth.jmir.org/2021/4/e25496
(page number not for citation purposes)

Kumar & DasJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


addition, privacy and cybersecurity issues related to the online
use of any mobile app (including mHealth) may be a concern
of people who are inadequately digitally literate and
economically disadvantaged. Further, most mHealth apps require

manual use; therefore, after a certain time period, patient
engagement may decrease. Therefore, not only the feasibility,
but also the long-term sustainability of mHealth apps in patients
with SCD residing in rural and tribal areas is presently uncertain.

Textbox 1. Utility of and roadblocks to mobile health apps for the management of sickle cell disease in India.

Utility

• Enhancement of referral system

• Strengthens public health delivery

• Augments drug adherence

• Creates disease awareness

• Improves self-management abilities during a primary sickle cell crisis

Roadblocks

• Low digital literacy

• Poor telecommunication connectivity in remote areas

• Cost of data plans for economically disadvantaged communities

• Digital privacy and data security

Figure 1. Telephone and internet density in rural India.

In spite of the above mentioned barriers to the use of mHealth
apps in India, there is a light at the end of the tunnel. Based on
the applicability of disease management and growing
digitalization in India, measures should be taken to implement
mHealth technology for SCD interventions with locally
appropriate customized solutions. For example, mHealth apps
with artificial intelligence that require little manual intervention
may be helpful for patients with low digital literacy. In addition,
for better management of SCD, user-specific customizable
mHealth apps should be made, not only for increasing drug
adherence but also for informing the patient about disease
precipitating factors through daily activity monitoring and
environmental conditions, thereby reducing acute crises. Such

customization requires field-based and need-based approaches
through direct inputs from patients as well as their caregivers
in terms of expectations, needs, and experiences in combatting
SCD to improve short-term engagement. Once such customized
and user-friendly mHealth apps are in use by patients, regular
feedback in terms of usage, technicality, and user-friendliness
can be obtained from users at regular intervals for long-term
sustainability. Furthermore, considering the poor economic
conditions of many rural and tribal people, the provision of
incentives (in term of free smartphones and internet data packs)
may also serve as a boon for increased sustainability of mHealth
apps for SCD intervention in India. In addition, encouragement
through community engagement as part of a drive for increased
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use of mHealth apps could prove useful, as could the
involvement of health ambassadors (eg, ASHAs, community
health workers, community leaders, traditional healers, and/or
adult SCD champions). These health ambassadors can be trained
on the operation and use of mHealth apps, who in turn can train
patients with SCD and their caregivers to use mHealth apps
effectively. Moreover, socioeducational drives for increasing
digital literacy among patients with SCD residing in rural and
tribal areas can prove highly rewarding in terms of effective
management. Furthermore, studies aiming to evaluate the cost
effectiveness of mHealth interventions in improving health care
delivery and drug adherence for patients with SCD living in
remote areas are needed to assess the sustainability of such
interventions.

The Way Forward

In 2016, the Indian government aimed to increase the
accessibility of hydroxyurea in district hospitals located in
high-prevalence areas and issued guidelines for the prevention
and control of hemoglobinopathies [51]. However, due to
implementation gaps, the program could not be initiated in the
majority of states, particularly in tribal areas [40]. Recently, a
draft policy was prepared, which advocates for the improvement
of SCD treatment centers in all districts and ensures a free
supply of hydroxyurea and penicillin to low-income patients
[52]. Furthermore, the recent introduction of the Ayushman
Bharat scheme promulgating universal health coverage ensures
free treatment of low-income patients admitted in hospitals [53].
For the successful implementation of these schemes, there is a
pressing need for the development of an organizational referral

system and a strong communication system for increasing
awareness about diseases and the treatment and monitoring of
patients. In this context, mHealth can appropriately establish
itself as a game changer in the management of SCD in India.
Therefore, the introduction of mHealth for SCD has huge
potential in terms of enhancing health care delivery and
management, and providing a better quality of life to patients
globally, including in India. However, the feasibility,
acceptability, and sustainability of such mHealth apps for the
management of SCD in India is uncertain at present. For this,
the keys to success are the following: a strong inclination from
the government through health policy reform for socially and
economically marginalized populations living in rural and
hard-to-reach areas; a significant investment in infrastructure
development for the strengthening of mobile and internet
connectivity in these areas; and promulgation of digital literacy
using intersectoral coordination and public-private partnerships
in rural and tribal populations. The recent introduction of the
Prime Minister’s Digital India Movement and the Prime
Minister’s Rural Digital Literacy Movement—with a view to
ensuring the availability of cost-effective high-speed internet
to every citizen and empowering the rural population in the use
of digital technologies, including the marginalized scheduled
castes/tribes and differently abled persons—is one such welcome
move in this direction. Furthermore, with advances in digital
technologies, a reduction in the cost of internet data plans and
a higher penetration of mobile and internet connectivity in rural
and hard-to-reach areas are expected in the future. In light of
the above developments, the future of mHealth in India seems
bright, and this will lead to a better prognosis and improved
health-related quality of life for patients with SCD.
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Abstract

Background: Atrial fibrillation (AF) is the most common cardiac arrhythmia worldwide. Early diagnosis of AF is crucial for
preventing AF-related morbidity, mortality, and economic burden, yet the detection of the disease remains challenging. The
12-lead electrocardiogram (ECG) is the gold standard for the diagnosis of AF. Because of technological advances, ambulatory
devices may serve as convenient screening tools for AF.

Objective: The objective of this review was to investigate the diagnostic accuracy of 2 relatively new technologies used in
ambulatory devices, non-12-lead ECG and photoplethysmography (PPG), in detecting AF. We performed a meta-analysis to
evaluate the diagnostic accuracy of non-12-lead ECG and PPG compared to the reference standard, 12-lead ECG. We also
conducted a subgroup analysis to assess the impact of study design and participant recruitment on diagnostic accuracy.

Methods: This systematic review and meta-analysis was conducted in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) guidelines. MEDLINE and EMBASE were systematically searched for articles
published from January 1, 2015 to January 23, 2021. A bivariate model was used to pool estimates of sensitivity, specificity,
positive likelihood ratio (PLR), negative likelihood ratio (NLR), and area under the summary receiver operating curve (SROC)
as the main diagnostic measures. Study quality was evaluated using the quality assessment of diagnostic accuracy studies
(QUADAS-2) tool.

Results: Our search resulted in 16 studies using either non-12-lead ECG or PPG for detecting AF, comprising 3217 participants
and 7623 assessments. The pooled estimates of sensitivity, specificity, PLR, NLR, and diagnostic odds ratio for the detection of
AF were 89.7% (95% CI 83.2%-93.9%), 95.7% (95% CI 92.0%-97.7%), 20.64 (95% CI 10.10-42.15), 0.11 (95% CI 0.06-0.19),
and 224.75 (95% CI 70.10-720.56), respectively, for the automatic interpretation of non-12-lead ECG measurements and 94.7%
(95% CI 93.3%-95.8%), 97.6% (95% CI 94.5%-99.0%), 35.51 (95% CI 18.19-69.31), 0.05 (95% CI 0.04-0.07), and 730.79 (95%
CI 309.33-1726.49), respectively, for the automatic interpretation of PPG measurements.

Conclusions: Both non-12-lead ECG and PPG offered high diagnostic accuracies for AF. Detection employing automatic
analysis techniques may serve as a useful preliminary screening tool before administering a gold standard test, which generally
requires competent physician analyses. Subgroup analysis indicated variations of sensitivity and specificity between studies that
recruited low-risk and high-risk populations, warranting future validity tests in the general population.
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Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia
worldwide, affecting approximately 33.5 million individuals.
AF is more prevalent with increasing age, and its prevalence is
expected to double by 2030 [1]. The disease can result in
considerable morbidity and mortality by increasing the risk of
heart failure, stroke, major cardiovascular events, sudden cardiac
death, chronic kidney disease, peripheral arterial disease, and
all-cause mortality despite often being asymptomatic [2]. A
range of management choices, including anticoagulation, rate
control, and rhythm control through medication or electrical
cardioversion, can markedly reduce risks and relieve symptoms.

Although the treatment of AF is well established because of
numerous guidelines and clinical trials, the detection of the
disease remains challenging. The gold standard for AF detection
is the 12-lead electrocardiogram (ECG) [3]. However, this
method is not always available and can be unfeasible in certain
groups of patients, such as individuals with paroxysmal AF who
fail to undergo a 12-lead ECG in a timely manner or individuals
with silent (subclinical) AF without any related symptoms.
Therefore, devices that are convenient, inexpensive, and
ambulatory are required to serve as preliminary screening tools;
subsequently, initial diagnoses can be confirmed or excluded
using the gold standard 12-lead ECG in hospital settings [4,5].

Several studies have investigated the accuracy and applicability
of various ambulatory devices over the past few years. Rather
than focusing on the devices themselves, this review targeted
technologies used in ambulatory devices; thus, the summarized
results are not limited to certain products. Among reviews of
the use of ambulatory devices for AF detection, only one
systematic review and meta-analysis focused on the accuracy
of technologies compared with the gold standard [6]. That
review concluded that blood pressure monitors and non-12-lead
ECGs were most accurate; however, it failed to consider a newer
technology, photoplethysmography (PPG). PPG is a new
technology that has become ubiquitous in recent years, and one
of its most widely known implementations is the Apple Watch
[7]. Therefore, we conducted an updated systematic review

focusing on 2 technologies that are used in ambulatory devices
to detect AF: non-12-lead ECG and PPG. Additionally, the
review focused on the automatic detection of AF utilizing
built-in algorithms to validate their use as a convenient screening
tool.

The aim of this paper was to provide a systematic overview of
the accuracy of the 2 technologies compared with 12-lead ECG
in the detection of AF as well as to describe their applicability,
potential, and limitations.

Methods

Literature Search and Selection Criteria
We conducted a systematic search of MEDLINE (Ovid) and
EMBASE for articles published from January 1, 2015 to January
23, 2021 using the search terms “mHealth,” “telemedicine,”
“wearable,” “mobile health,” “mobile application,” and “digital
treatment” in combination with the term “atrial fibrillation.”
The search terms are presented in Multimedia Appendix 1. In
addition, reference lists of relevant systematic reviews and
included studies were hand-searched to identify additional
articles. Only papers in English were included. All randomized
trials, observational studies, and case series were included,
whereas systematic reviews and case reports were excluded.
Studies that recruited participants aged ≥18 years, investigated
any method of identifying patients with suspected AF using an
ambulatory device equipped with automatic interpretation by
a mobile app or algorithm, provided a reference standard with
12-lead ECG interpreted by a competent professional, and
reported sufficient data to enable the calculation of the
diagnostic accuracy were included. Studies that investigated
invasive methods of identifying AF, focused on the training of
algorithms, validated the method and algorithm through a
dataset, or failed to provide a timely reference standard for all
participants were excluded. Two reviewers independently
conducted the screening and reviewing of articles, and any
disagreements were resolved by consensus with a third reviewer.
The study strictly followed the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) guidelines,
and the PRISMA search flow diagram is provided in Figure 1.
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Figure 1. Summary of the study selection process using the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow
diagram.

Data Extraction and Quality Assessment
Two reviewers independently extracted the data for the selected
articles, including the year of publication, country, study design,
number of study participants, average age of the study
population, characteristics of the study population, technology
used for measurement, measurement time, and reference
standard. The absolute numbers of true positive, false positive,
false negative, and true negative were also extracted.

If a study provided data on both the measurement level and
individual level, the data analysis performed on the measurement
level was extracted first. If a study provided both training data
and validation data, only validation data were extracted. If a
study failed to provide sufficient data for the calculation of
diagnostic accuracy, the lead authors of the studies were
contacted to request the missing data. If the authors failed to

reply, 2 reviewers calculated the incomplete information on the
basis of available data. Studies were excluded only if both the
aforementioned methods failed to identify any additional data.

Study quality was evaluated using the quality assessment of
diagnostic accuracy studies (QUADAS-2) tool, which is
recommended for the evaluation of risk of bias and applicability
in diagnostic accuracy studies [8,9]. The assessment tool focuses
on 4 key domains: patient selection, index test, reference
standard, and flow and timing. Risk of bias was evaluated in
all 4 domains, and applicability concerns were evaluated in the
first 3 domains. For each question, each study was graded as
“low risk,” “high risk,” or “unclear risk.” A standardized table,
recommended by the QUADAS-2 official website, was used to
display the summarized results of the study quality appraisal.
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Statistical Analysis
Diagnostic accuracy statistics were computed using R software
version 4.0.0 (R Core Team). The pooled sensitivity, specificity,
positive likelihood ratio (PLR), negative likelihood ratio (NLR),
and diagnostic odds ratio (DOR) — with their respective 95%
CIs — were calculated using a bivariate diagnostic
random-effects model in the mada package [10]. Tests for
heterogeneity regarding the DOR were also performed and

presented with Cochran Q and Higgins I2. Summary receiver
operating characteristic (SROC) curves were used to summarize
and visualize the diagnostic performance of each included study.
The area under the summary receiver operating characteristic
(AUSROC) curve was also calculated for both the non-12-lead
ECG and PPG methods.

Publication bias was assessed using the Deek funnel plot
asymmetry test, which is a scatterplot of (1/root [ESS]) against
(ln[DOR]) [11]; a P value <.10 indicated publication bias. Fagan
nomogram analysis was performed to determine the posttest
probability of the disease based on the likelihood ratio of the
diagnostic test. An age-adjusted prevalence of 0.5% was applied
in the analysis to represent the general population worldwide
[12], whereas a prevalence of 2.3% was adopted to represent a
population with higher risks as targeted in a systematic review
[13]. The left axis of a Fagan nomogram represents the pretest
probability, the middle axis displays the likelihood ratio of the
diagnostic test, and the right axis indicates the posttest
probability. 

Because the risk of patient selection bias among the studies was
obvious, a subgroup analysis between low-risk groups (studies
that recruited patients with and without AF) and high-risk groups

(studies that recruited only patients with AF) was conducted to
investigate the effect of the study design and population on
diagnostic performance. Data synthesis and most statistical
analyses were conducted using R version 4.0.0.

Study Registration
This systematic review and meta-analysis was registered in the
PROSPERO International Prospective Register of Systematic
Reviews (ID: CRD42020179937).

Results

Literature Search 
Figure 1 illustrates the flowchart of study inclusion. The initial
search yielded 864 publications from MEDLINE (Ovid) and
EMBASE. Duplicates and irrelevant studies were removed,
yielding 791 publications for title and abstract review. After
exclusion of 690 publications for irrelevant study focus, the rest
of the 101 publications were then assessed through full-text
articles. In total, 85 publications were excluded for the following
reasons: having insufficient context, being an inappropriate
study type, having a study population aged <18 years, utilizing
invasive or implantable devices to identify AF, or having an
inadequate reference standard. The full-text evaluation yielded
16 publications that met the inclusion criteria; these papers were
included in this systematic review and meta-analysis [14-29].
No additional studies were identified through the hand-searching
process. The characteristics of the included studies are listed in
Table 1. The details of the study population, the prevalence of
AF, ambulatory devices, measuring time, and measurement data
are presented in 2 respective tables for non-12-lead ECG and
PPG in Multimedia Appendix 2.
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Table 1. Characteristics of the included studies and study population.

PopulationnaIndex testStudy designCountryYearStudy authors

Inpatients and outpatients aged
>18 years in a cardiovascular
department

401Non-12-lead ECGb

and PPGc

Prospective, cross-sec-
tional

China2020Chen et al [14]

Participants aged >65 years

(n=79 with AFd and n=336
without AF)

415Non-12-lead ECGProspective, cross-sec-
tional

United Kingdom2020Lown et al [15]

Inpatients with no predefined
exclusion criteria

92Non-12-lead ECGProspective, cross-sec-
tional

Germany2020Wegner et al [16]

20 patients with permanent AF
and 24 control individuals in si-
nus rhythm

44PPGProspective, cross-sec-
tional

Hong Kong2020Yan et al [17]

Patients aged >18 years diag-
nosed with AF and scheduled for
elective cardioversion

95Non-12-lead ECGProspective, longitudinalItaly2019Reverberi et al [18]

Patients aged ≥65 years, individ-
uals with known AF and supple-
mented with individuals without
AF

223Non-12-lead ECG
& PPG

Prospective, cross-sec-
tional

Belgium2019Proesmans et al [19]

Patients aged ≥18 years assigned
to 12-lead ECG for any nonacute
indication

214Non-12-lead ECGProspective, cross-sec-
tional

Netherlands2019Himmelreich et al [20]

Patients admitted to the cardiolo-
gy ward with ongoing 12-lead
ECG surveillance

94Non-12-lead ECGProspective, cross-sec-
tional

Norway2019Haverkamp et al [21]

Patients aged ≥18 years admitted
to the hospital

108PPGProspective, cross-sec-
tional

China2019Fan et al [22]

Patients admitted to the cardiolo-
gy ward

217PPGProspective, cross-sec-
tional

Hong Kong2018Yan et al [23]

Patients aged 35-85 years diag-
nosed with AF and scheduled for
anti-arrhythmic drug initiation

52Non-12-lead ECGProspective, cross-sec-
tional

United States2018William et al [24]

Patients aged >18 years diag-
nosed with AF and scheduled for

elective DCe cardioversion

98PPGProspective, longitudinalUnited States2018Rozen et al [25]

Patients aged 18-90 years diag-
nosed with AF and scheduled for
elective cardioversion

100Non-12-lead ECGProspective, longitudinalUnited States2018Bumgarner et al [26]

Patients aged >65 years (n=82
with AF and n=336 without AF)

418Non-12-lead ECGProspective, cross-sec-
tional

United Kingdom2018Lown et al [27]

Patients aged ≥18 years admitted
to the cardiology ward

265Non-12-lead ECGProspective, cross-sec-
tional

Belgium2016Desteghe et al [28]

Athletes, students, and patients
of an ambulatory cardiology
clinic

381Non-12-lead ECGProspective, cross-sec-
tional

United States2015Haberman et al [29]

an: number of participants.
bECG: electrocardiogram.
cPPG: photoplethysmography.
dAF: atrial fibrillation.
eDC: direct current.

Characteristics and Quality of Studies
All the included studies followed a prospective design and had
a total of 3217 participants. Of the 16 publications, 13 were

cross-sectional studies [14-17,19-24,27,28], where the
measurement was conducted at a single point, and the other 3
were longitudinal [18,25,26], where the measurement was
conducted more than once for each participant. The sample size
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of the studies ranged from 44 to 418 participants. Four studies
excluded participants aged <65 years, 4 studies recruited only
participants with a diagnosis or history of AF [18,24-26], and
4 studies identified patients with AF and supplemented the
cohort with control participants [15,17,19,27]. The remaining
7 studies recruited in-hospital patients with various indications
[14,16,20-23,28], and 1 study recruited athletes, students, and
patients of an ambulatory cardiology clinic [29]. The AF
prevalence among the participants in these studies ranged from
5% to 100%.

The 16 studies investigated 2 technologies: non-12-lead ECG
and PPG. This review defines non-12-lead ECG as
measurements recorded by any electrode-based device;
participants simply placed their fingers on the electrodes,
attached the electrodes to their chest, or held the electrodes in
their hands. PPG is a technology that measures changes in tissue
blood volume that enables the recording of each heartbeat; the
signal can be detected by any device with a camera monitoring
various body parts, including the fingertip, wrist, palm, and
face. Among the publications included in this review, 10 studies
focused on non-12-lead ECG equipped in 10 different
electrode-based ambulatory devices [15,16,18,20,21,24,26-29];
4 studies focused on PPG recorded by cameras [17,23], phone
cameras [19,22,23,25], or wristbands [14,22]; and 2 studies
investigated both technologies in the same cohort [14,19]. All

measurements were processed automatically using algorithms
or smartphone apps. The reference standard in all the studies
was 12-lead-ECG, which was interpreted by competent
physicians or cardiologists in a blinded manner. Data for the
primary statistical analysis, including true positives, false
positives, false negatives, and true negatives, are presented in
Multimedia Appendix 2.

The quality of the included studies was evaluated according to
the criteria of the QUADAS-2 tool. Regarding the risk of patient
selection bias, case-control studies and participants from
cardiology departments were labelled as unclear risk in yellow,
and studies that included only patients with AF were labelled
as high risk in red. To be included in this review, all studies
must have used 12-lead-ECGs as the reference standard;
however, if studies used other types of reference tests in a small
proportion of participants, they were still included but marked
as unclear risk in the reference standard column. In the flow
and timing assessment, studies that sequentially performed the
reference test right before or after the index test were labelled
as unclear risk, whereas studies that performed both index and
reference tests simultaneously on the participants were labelled
as low risk. Other criteria were assessed as provided. Two
independent reviewers performed the quality appraisal, and the
results are presented in Figure 2.
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Figure 2. Summary of the QUADAS-2 quality appraisal of the included studies. ECG: electrocardiogram; PPG: photoplethysmography.

Data Synthesis of Diagnostic Accuracy
In total, 3217 participants with 7623 measurements were
included in the data synthesis. 

Automatic detection of AF based on non-12-lead ECG had a
combined estimated sensitivity of 89.7% (95% CI
83.2%-93.9%), specificity of 95.7% (95% CI 92.0%-97.7%),
PLR of 20.64 (95% CI 10.10-42.15), NLR of 0.11 (95% CI
0.06-0.19), and DOR of 224.75 (95% CI 70.10-720.56). A

heterogeneity test among included studies was assessed with a

Cochran Q of 13.99 (df=15, P=.526) and Higgins I2 of 0%.
Automatic detection of AF based on recordings of PPG had a
combined estimated sensitivity of 94.7% (95% CI
93.3%-95.8%), specificity of 97.6% (95% CI 94.5%-99.0%),
PLR of 35.51 (95% CI 18.19-69.31), NLR of 0.05 (95% CI
0.04-0.07), and DOR of 730.79 (95% CI 309.33-1726.49). A
test of heterogeneity for the PPG studies reported a Cochran Q

of 8.78 (df=7, P=.269) and Higgins I2 of 20.26%. The forest
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plots of the pooled diagnostic accuracies are presented in Figure
3 and Figure 4. SROC curves for both the technologies in all
the included studies are presented in Figure 5. The AUSROCs
were 0.97 for non-12-lead ECG and 0.95 for PPG.

In light of the 2020 European Society of Cardiology Clinical
Practice Guidelines for the diagnosis and management of AF
[30] that recommended a manually interpreted, single-lead ECG
≥30 seconds as the other option to establish a definitive
diagnosis of AF, we also extracted relevant data from the
included studies to perform a meta-analysis of such a method.

Manual interpretation based on non-12-lead ECG had a
combined sensitivity of 93.4% (95% CI 86.7%-96.8%),
specificity of 96.3% (95% CI 92.9%-98.1%), PLR of 25.93
(95% CI 13.70-49.05), NLR of 0.07 (95% CI 0.04-0.14), and
DOR of 439.64 (95% CI 202.89-952.65). All non-12-lead ECG
segments included were recorded ≥30 seconds. The forest plots
of the pooled diagnostic accuracies are shown in Multimedia
Appendix 3. An SROC comparison curve between the automatic
and manual interpretations of non-12-lead ECG are presented
in Figure 6. No PPG recordings were examined manually among
the included studies.

Figure 3. Forest plot of the combined diagnostic estimates of sensitivity and specificity of automatically interpreted non-12-lead electrocardiograms
(ECGs).

Figure 4. Forest plot of the combined diagnostic estimates of sensitivity and specificity of automatically interpreted photoplethymography (PPG).
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Figure 5. Summary receiver operating curves of the automatically interpreted non-12-lead electrocardiogram (ECG) and photoplethymography (PPG)
in the diagnosis of atrial fibrillation.
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Figure 6. Summary receiver operating curves of automatic and manual interpretations of non-12-lead electrocardiogram in the diagnosis of atrial
fibrillation.

Subgroup Analysis: Study Population
A subgroup analysis (Figure 7) was performed to investigate
the effect of the study design and population on the diagnostic

accuracy. Studies were divided into 2 groups: low risk (group
1), including those that recruited participants with and without
AF, and high risk (group 2), including those that only recruited
participants with prediagnosed AF.
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Figure 7. Subgroup analysis of the study population, including a comparison of summary receiver operating curves between the low-risk study
population, which included patients with and without atrial fibrillation, and high-risk study population, which included only patients with atrial fibrillation,
for (A) non-12-lead electrocardiogram and (B) photoplethysmography.

Non-12-lead ECG yielded a sensitivity of 87.6% and specificity
of 96.4% in low-risk studies (n=13) and a sensitivity of 95.6%
and specificity of 92.1% in high-risk studies (n=3). PPG yielded
a sensitivity of 94.9% and specificity of 98.1% in low-risk
studies (n=7) and a sensitivity of 93.1% and specificity of 90.9%
in high-risk studies (n=1). The subgroup analysis of non-12-lead
ECG indicated a higher sensitivity and lower specificity among
the high-risk studies. On the other hand, only 1 study was
included in the high-risk group for PPG; thus, no conclusion
could be made regarding the subgroup analysis of the PPG
technology.

Fagan Nomogram
The Fagan nomogram analysis (Multimedia Appendix 4 and
Multimedia Appendix 5) demonstrated that, with an age-adjusted
prevalence of 0.5% in the general population with pooled PLR
of 20.64 and pooled NLR of 0.11, the posttest probabilities of
non-12-lead ECG increased to 9.40% and decreased to 0.06%,
respectively; with pooled PLR of 35.51 and pooled NLR of
0.05, the posttest probabilities of PPG increased to 15.14% and
decreased to 0.03%, respectively. By contrast, in a high-risk
population with a prevalence of 2.3%, the application of
non-12-lead ECG had posttest probabilities of 32.70% and
0.26%, respectively, and PPG had posttest probabilities of
45.53% and 0.12%, respectively.

Publication Bias
Publication bias was assessed using Deek funnel plots
(Multimedia Appendix 6 and Multimedia Appendix 7). For
studies investigating the non-12-lead ECG method, visual

inspection of the funnel plot indicated a likely absence of
publication bias (P=.107). For studies investigating the PPG
method, a visual evaluation of the funnel plot also provided no
clear evidence of publication bias (P=.107).

Discussion

Principal Findings
This systematic review and meta-analysis on the diagnostic
accuracy of 16 studies published between 2015 and 2021
confirmed that both non-12-lead ECG and PPG are highly
accurate technologies in detecting AF. Automatically interpreted
PPG provided the highest sensitivity and specificity for the
diagnosis of AF, immediately followed by the manual
interpretation of non-12-lead ECG, whereas automatically
diagnosed AF based on non-12-lead ECG performed relatively
weaker than the first 2 methods. However, they all demonstrated
outstanding diagnostic accuracy. The differences among these
approaches may be attributed to measuring techniques: PPG
optically records volumetric changes in local arterioles and, in
this manner, measures pulse variability (or R-R interval) and
heart rhythm variability, while non-12-lead ECG assesses the
electrical activity of the heart using electrodes. Other possible
explanations for the variability include different classification
thresholds and different methods used in the algorithm design.

Early diagnosis of AF is crucial for preventing AF-related
morbidity, mortality, and economic burden. The prevalence of
undiagnosed AF in the United States is estimated to be 1%-2%,
and the incremental cost burden could amount to US $3.1 billion
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per year [31]. In comparison, smart wearable devices and mobile
phones are almost ubiquitous worldwide, and the incremental
cost for their application is relatively low. Our summarized
findings suggest that the appropriate application of these
technologies enables early diagnosis and treatment, which might
possibly contribute to reducing the cost of illness. The current
guidance suggests pulse palpation and 12-lead ECG in AF
screening. However, in a meta-analysis by Taggar et al [6],
pulse palpation was proved inferior to 4 other methods because
of lower specificity; additionally, the use of 12-lead ECG is
limited by its inconvenience and the fact that it captures an ECG
at only 1 time point. In clinical practice, continuous Holter
monitoring is one of the most commonly used methods to detect
AF. However, this examination requires patients to carry the
machine with them for an extended period, which results in
inconvenience; thus, it is also not a suitable tool for general
screening.

The 2 main technologies reviewed in this meta-analysis,
non-12-lead ECG and PPG, have several advantages as
screening tools for AF. First, they involve lightweight,
low-cost, and ambulatory devices. In this review, non-12-lead
ECGs were employed in devices such as handheld tablets
[16,19-21,24,27,28], watchbands [14,26], handheld rod-like
sensors [28], and electrodes attached to the chest
[15,16,18,19,27]. By contrast, PPG signals can be assessed on
the fingertips [19,22,23,25], wrist [14,22], earlobe, and face
[17,23] by any device with simple optoelectronic components,
such as a smartphone. Second, these technologies require a
relatively short monitoring time, which enables fast and timely
screening; the monitoring time most commonly varied from 30
seconds to 1 minute. Third, measurements obtained by these
devices were automatically interpreted by built-in algorithms,
which means that the tests can be conducted without the
presence of a health care professional. Several studies
[16,20,24,26,28] included in this review conducted additional
analyses comparing algorithms’ and physicians’ interpretations
of the same non-12-lead ECG segments and concluded that
automated algorithm performance is not inferior to competent
professional interpretation. Finally, as demonstrated in the
results, the automatically generated diagnoses established with
both technologies yielded outstanding diagnostic accuracy.
Automatically interpreted PPG had a sensitivity and specificity
of 94.7% and 97.6%, respectively. Automatically interpreted
non-12-lead ECG had a sensitivity and specificity of 89.7% and
95.7%, respectively. As for the interpretation of non-12-lead
ECG by competent physicians, an established method to
diagnose AF according to the 2020 European Society of
Cardiology Clinical Guidelines had a sensitivity and specificity
of 93.4% and 96.3%, respectively. Demonstrating effectiveness,
convenience, and time savings with high diagnostic accuracies,
we suggest using these technologies with built-in automatic
interpretation as preliminary screening tools for the detection
of AF when the gold standard method, which generally requires
a physician’s interpretation, is not feasible. Notably, the
screening program should target high-risk populations (eg,
elderly) to avoid false positives.

We performed a subgroup analysis of both technologies on
account of the apparent patient selection bias among included

studies. The sensitivity and specificity of a test are generally
believed to not vary with the disease prevalence of a population;
however, variations of these diagnostic parameters were often
spotted. According to a previous article that summarized the
phenomenon and proposed several possible causes [32], the
specificity of a test tended to be lower with high disease
prevalence, and although not significant, the sensitivity appeared
higher with high prevalence of some diseases. This review also
observed instability of the sensitivity and specificity between
low-risk groups (studies that recruited patients with and without
AF) and high-risk groups (studies that recruited only patients
with AF). Higher sensitivity and lower specificity were
generated in the high-risk groups using the non-12-lead ECG
tests; however, no conclusion could be made for the PPG method
because only 1 study included a high-risk group. The results
indicate that the performance of these technologies was affected
by the recruited population and design of the included studies.
Future validation conducted in a more general population is
warranted to investigate such an occurrence.

Strengths and Limitations
To our knowledge, this is the first systematic review and
meta-analysis to compare the diagnostic accuracy of 2 common
technologies, namely non-12-lead ECG and PPG, used in
ambulatory devices for detecting AF. This review followed
PRISMA guidelines, implemented a comprehensive search
strategy, applied strict inclusion and exclusion criteria, and
employed 2 independent reviewers to assess all the included
studies. For instance, one of the criteria was to exclude studies
that failed to provide a timely reference standard; this resulted
in the exclusion of multiple large-scale screening studies but
ensured time consistency between the index test and reference
standard. Moreover, we investigated the heterogeneity and
publication bias of included studies, as well as the posttest
probability of AF using these ambulatory device technologies.
Finally, an additional subgroup analysis was performed to
investigate the effect of the study population on diagnostic
performance. The result identified sensitivity and specificity
variations between low-risk and high-risk populations, indicating
future validation of the diagnostic accuracy of these tests is
needed in a more general population.

This review of studies on AF detection using ambulatory devices
has several limitations. The most noteworthy concern is the
study population investigated. Except for the 4 studies that
recruited only patients with AF for their assessment, other
studies were mostly conducted in a case-control style or
recruited inpatients from hospitals. This problem was reflected
in the QUADAS-2 quality assessment and possibly contributed
to the instability of diagnostic accuracy in the subgroup analysis.
Additionally, the heterogeneity of devices and algorithms used
should be considered. Although we explored the accuracy of
ambulatory devices from a technology perspective, these
technologies were applied in diverse devices, and the
measurements were automatically interpreted by their respective
algorithms. Furthermore, measurements of insufficient quality
or unclassified by algorithms tended to be excluded in the
calculation of the diagnostic accuracy in some of the studies
[14,19,22,24,26]; the proportion of insufficient or unclassified
recordings ranged from 0.5% to 33.8%. Finally, some studies
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regarded atrial flutter as the same disease state as AF, viewing
the incident as a positive AF result [16,19,20,24,26-29].

Conclusions
Both non-12-lead ECG and PPG technologies offered high
diagnostic accuracies for AF. Automatically interpreted PPG
recordings generated the highest sensitivity and specificity
compared to both the manual and automatic interpretations of

non-12-lead ECG. Detection of AF employing automatic
analysis techniques may serve as a useful preliminary screening
tool before administering a gold standard test, which generally
requires analyses by competent physicians. Subgroup analysis
indicated variations of sensitivity and specificity between studies
that recruited low-risk and high-risk populations, and future
validation of these diagnostic tests in the general population is
warranted.
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Abstract

Background: Connected mental health, which refers to the use of technology for mental health care and technology-based
therapeutic solutions, has become an established field of research. Biofeedback is one of the approaches used in connected mental
health solutions, which is mainly based on the analysis of physiological indicators for the assessment and management of the
psychological state. Biofeedback is recommended by many therapists and has been used for conditions including depression,
insomnia, and anxiety. Anxiety is associated with several physiological symptoms, including muscle tension and breathing issues,
which makes the inclusion of biofeedback useful for anxiety detection and management.

Objective: The aim of this study was to identify interventions using biofeedback as a part of their process for anxiety management
and investigate their perceived effectiveness.

Methods: A systematic literature review of publications presenting empirically evaluated biofeedback-based interventions for
anxiety was conducted. The systematic literature review was based on publications retrieved from IEEE Digital Library, PubMed,
ScienceDirect, and Scopus. A preliminary selection of papers was identified, examined, and filtered to include only relevant
publications. Studies in the final selection were classified and analyzed to extract the modalities of use of biofeedback in the
identified interventions, the types of physiological data that were collected and analyzed and the sensors used to collect them.
Processes and outcomes of the empirical evaluations were also extracted.

Results: After final selection, 13 publications presenting different interventions were investigated. The interventions addressed
either primarily anxiety disorders or anxiety associated with health issues such as migraine, Parkinson disease, and rheumatology.
Solutions combined biofeedback with other techniques including virtual reality, music therapy, games, and relaxation practices
and used different sensors including cardiovascular belts, wrist sensors, or stretch sensors to collect physiological data such as
heart rate, respiration indicators, and movement information. The interventions targeted different cohorts including children,
students, and patients. Overall, outcomes from the empirical evaluations yielded positive results and emphasized the effectiveness
of connected mental health solutions using biofeedback for anxiety; however, certain unfavorable outcomes, such as interventions
not having an effect on anxiety and patients’ preferring traditional therapy, were reported in studies addressing patients with
specific physical health issues.

Conclusions: The use of biofeedback in connected mental health interventions for the treatment and management of anxiety
allows better screening and understanding of both psychological and physiological patient information, as well as of the association
between the two. The inclusion of biofeedback could improve the outcome of interventions and boost their effectiveness; however,
when used with patients suffering from certain physical health issues, suitability investigations are needed.

(JMIR Mhealth Uhealth 2021;9(4):e26038)   doi:10.2196/26038
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Introduction

Background
Anxiety is the brain's way of reacting to stress and alerting to
possible danger, which makes it an expected feeling in a
person’s daily life, as it can be triggered by normal daily
scenarios [1,2]. However, the persistence of this feeling might
be an indicator that the person is suffering from an anxiety
disorder. Anxiety disorder is an umbrella term that comprises
various mental disorders characterized by excessive anxiety,
tension, and fear that interfere with the person's daily life and
interrupt the normal execution of daily tasks and activities [2].
There are 5 main types of anxiety disorders [3]: generalized
anxiety disorder, obsessive compulsive disorder, panic disorder,
posttraumatic stress disorder, and phobia. Most anxiety disorders
affect women 2 times more than they affect men [3]. The causes
of anxiety disorders are not clear and differ from one person to
another based on many factors. Anxiety can be triggered by
difficult life experiences, surrounding environment, and health
behavior or can be caused by physical factors, such as overactive
brain areas involved in emotions and behavior, genetics, and
brain chemistry [4,5]. In addition to psychological symptoms,
anxiety is also associated with many physiological symptoms
including muscle tension, heartbeat issues, breathing issues,
sweating, dry mouth, and headaches [1,3,5].

Connected mental health is the subfield of connected health that
refers to the use of information and communication technologies
for mental health care and includes all related areas such as
mobile mental health, digital mental health, tele–mental health
and e–mental health [6]. Connected mental health now plays a
crucial role in the health care sector and contributes to improving
the delivery of mental health care by providing novel, affordable,
and easy-to-access solutions [6,7]. Technology has been
included in mental health care in several forms including the
exploitation of sensors for mental states’ detection and
management [8], mobile apps for mental health care [9], and
websites [10,11]. Use of technology has also facilitated access
to many therapeutic solutions for anxiety disorders and mental
health generally [7]. Examples include virtual reality (VR),
computer- and internet-based cognitive behavioral therapy, and
biofeedback [7]. VR is a 3D environment that can be either
similar to or different from the real world. It allows the patients
to interact with a specific environment based on the
psychological issue and feared stimuli [12]. Computer-based
cognitive behavioral therapy and self-rated mental health help
evaluate the patient’s mental health via apps or websites by
analyzing the user's answers to certain mental state assessment
questions [13]. Patients can also use chatbots and online therapy
services to communicate with mental health professionals and
obtain a diagnosis [13,14]. Biofeedback-based mental health
interventions aim to identify the patient’s mental state by
monitoring body activities [15].

Biofeedback for mental health is based on measuring
physiological changes associated with psychological states [16]
to help monitor the body functions that are affected by the
psychological reactions. Biofeedback-based interventions use
and monitor different physiological factors, including heart rate,

galvanic skin response (also known as electrodermal response),
and respiration measurements. The main aim of biofeedback
training is to provide patients with awareness and insight on
their physiological changes, helping them better control those
changes, and consequently, better control their mental state.
Biofeedback has been shown to be one of the useful ways to
help reduce the symptoms of anxiety disorders [17]. The
physiological manifestations of anxiety make biofeedback useful
in anxiety detection and treatment solutions.

Biofeedback could be useful for several mental health issues,
such as stress, anxiety, hypertension, and depression [18].
Moreover, advances in technology have allowed biofeedback
to become affordable, cost-effective, and easily used by
practitioners as well as users [18]. The aim of this paper was to
investigate the use of biofeedback in connected mental health
solutions for anxiety disorders by conducting a systematic
literature review. We investigated modalities of biofeedback
use by identifying treatment approaches combined with it, types
of sensors used in the interventions, and the physiological data
collected and analyzed. In addition, we reviewed empirical
evidence on the effectiveness of biofeedback-based interventions
for anxiety from intervention outcomes.

Related Work
Biofeedback is becoming one of the complementary and
alternative medicine forms recommended by many doctors and
therapists [16]. This section presents examples of literature
addressing the adoption of biofeedback in treatment solutions
for anxiety disorders and other mental issues.

Biofeedback in combination with psychotherapy was used for
military medical providers suffering from anxiety, depression,
and insomnia [19]. Psychotherapy helped reduce symptoms of
anxiety and depression but could not improve insomnia issues.
Yet when combined with biofeedback, the treatment was able
to improve the sleep of the military medical providers [19].

A portable biofeedback device was integrated into clinical
practice for patients with anxiety who were receiving cognitive
behavioral therapy–based treatment [20]. Patients reported
higher satisfaction with biofeedback-based treatment compared
to that reported for other relaxation techniques such as
meditation, yoga, and unassisted breathing. It was reported that
biofeedback could be a promising treatment adjunct for disorders
of autonomic arousal and could be easily integrated into
treatment [20].

An exploratory review [21] investigated the efficacy of treating
anxiety disorders in children and adolescents using biofeedback,
cognitive behavioral therapy, and mindfulness combined with
technological tools and programs, including serious games,
web-based tools, apps, and internet-based tools. It reported that
connected health interventions were found to be effective for
anxiety management, as many studies reported they were as
effective as traditional treatments.

Moreover, other studies [22-24] discussed the effectiveness of
biofeedback in serious games for emotion regulation and mental
health, generally. They reported that there was promising
evidence for integrating biofeedback in serious games for
managing anxiety [22-24]. Biofeedback has been reported as a

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e26038 | p.28https://mhealth.jmir.org/2021/4/e26038
(page number not for citation purposes)

Alneyadi et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


successful approach to practice emotion regulation and was also
found to improve performance on decision-making tasks in
serious games [22]. Moreover, examples of existing
biofeedback-based games have shown positive results for
reducing depression and anxiety [24].

Methods

Overview
We aimed to investigate the modalities of use of biofeedback
in connected mental health solutions for anxiety disorders, as
well as investigate the empirical evidence on such solutions.
This study follows the quality reporting guidelines set out by
PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-analysis [25]). Figure 1 summarizes the review
process.

Figure 1. Review process.

Research Questions
We attempted to answer the following 2 research questions: (1)
What are the biofeedback-based connected mental health
interventions for anxiety available in the literature? (2) How
effective are biofeedback-based connected mental health
solutions in treating anxiety? The first aims to identify the
different treatment approaches that could be combined with
biofeedback for the management of anxiety, as well as the
different types of sensors and physiological information that
could be used in biofeedback-based interventions. The second

aims to identify patients’ interaction with the biofeedback
treatments in connected mental health solutions and how
beneficial it is to their case and level of anxiety.

Research Method
The search for candidate papers was conducted in IEEE Digital
Library, PubMed, ScienceDirect, and Scopus using the search
strings presented in Table 1. The search strings included relevant
terms and were formulated to identify a wide selection of
candidate publications.

Table 1. Search strings.

Search stringID

“biofeedback” AND “treatment” AND “anxiety” AND “disorder” AND (“e-health” OR “m-health” OR “digital health” OR “ehealth”
OR “mhealth” OR “connected health” OR “technology”)

1

(“computer” OR “mobile”) AND “biofeedback” AND “anxiety” AND “disorder” AND “games”2

Paper Selection
After the primary selection of candidate papers by applying the
search strings to the digital libraries, duplicates were removed
and the candidate publications were first analyzed by inspecting
the titles then filtered based on a set of eligibility criteria to
construct a final selection of relevant studies (Figure 2). Papers
were selected based on the following inclusion criteria: studies
that (1) addressed treating anxiety using biofeedback, and (2)

combined information and communication technologies and
biofeedback to treat anxiety. Exclusion criteria were any of the
following: (1) publications that were not original research papers
(eg, index or abstract); (2) studies that presented biofeedback
as a treatment for general mental health or other issues, such as
depression, but not anxiety; (3) studies that did not combine
information and communication technologies and biofeedback
to treat anxiety; or (4) studies that were not empirically
evaluated (eg, reviews).
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Figure 2. Selection process.

Data Collection
Studies in the final selection were analyzed to extract relevant
information. A data extraction form with predefined fields was
developed in a spreadsheet (Microsoft Excel 2016). Data were
extracted and categorized. While extracting data, we focused
mainly on answering the research questions by identifying
treatment approaches combined with biofeedback for anxiety
management, the cohort groups addressed by the interventions,
types of physiological data analyzed in the interventions, sensors
used to collect the data, the processes of the empirical
evaluations conducted on the interventions, and the outcome of
empirical evaluations. Studies were then classified, mainly by
grouping the interventions by cohort group and treatment
approach.

Synthesis
The synthesis method used in this study consisted of reading
and analyzing selected studies, categorizing the data extracted
from selected studies, and classifying the studies by enumerating
the number of interventions for each data category. It should
be noted that interventions including more than one treatment

approach, more than one type of physiological data, or more
than one type of sensor were counted in each category. The
results are presented in figures and tables, because visualization
of the results facilitated their analysis, and as a narrative
summary describing the interventions and principal findings.

Results

Search Results
A total of 114 candidate publications were identified; however,
only 13 studies met the eligibility criteria and were included in
the final selection (Figure 2); 10 were published from 2011 to
2020, 2 were published in 2009, and 1 was published in 2002.
The selected studies targeted people from different cohort
groups: 8 of the interventions targeted mainly anxiety, while
the rest addressed health issues associated with anxiety. In
interventions that were identified, biofeedback was combined
with different treatment techniques. Information on the
publications, including targeted health issues and targeted cohort
groups, are presented in Table 2, and information on processes
and outcomes of the empirical evaluations are presented in
Multimedia Appendix 1.
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Table 2. Final selection.

ConditionCohort groupYear of publicationAge category/reference

Adults

AnxietyPatients with Parkinson disease2020[26]

Pain and anxietyPatients with rheumatic diseases2019[27]

Associated anxiety, stress, and depressionPatients with drug-resistant temporal lobe
epilepsy seizures

2018[28]

Psychological stress including anxietyTeachers and nurses2014[29]

AnxietyPatients with generalized anxiety disorder2009[30]

Young adults

AnxietyYouth in residential care2018[31]

AnxietyCollege students2016[32]

Anxiety related to their studiesUniversity students2009[33]

Children and adolescents

Anxiety and performanceChildren and adolescents with autism2017[34]

Risk of anxietyChildren2016[35]

Pain and anxietyPediatric patients2015[36]

AnxietyChildren and adolescents2011[24]

Migraine and anxietyChildren2002[37]

Identified treatment techniques included biofeedback with VR,
games, and relaxation practices used with different cohort groups
including children and adolescents, young adults, and patients
(Figure 3). Children and adolescents were the age group most

targeted by interventions. Figure 4 presents the association
between treatment techniques and physiological data types.
Data related to heart activity and skin response were used the
most.

Figure 3. Bubble chart associating the treatment techniques with the target cohorts.

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e26038 | p.31https://mhealth.jmir.org/2021/4/e26038
(page number not for citation purposes)

Alneyadi et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Figure 4. Bubble chart associating the treatment techniques with physiological indicators analyzed in the papers.

Interventions for Adults
Of the 13 studies, 5 presented solutions for adults [26-30], 4 of
which addressed patients [26-28,30]. Two of the solutions for
patients were based on VR [27,30]. One was a VR-based
biofeedback and guided meditation system for the management
of pain and anxiety in patients with rheumatic disease [27]
consisting of modules with and without respiratory biofeedback,
monitored using a microphone. The user, when interacting with
the VR environment, is instructed to breathe along to an
oscillating pacer. Patients who used the intervention preferred
the guided meditation module that did not include biofeedback
over the module with biofeedback [27]. The other VR-based
solution [30] was for the treatment of generalized anxiety
disorder using VR and mobile phones, in which the user
explored a virtual island by following a therapist-recorded
narrative that included relaxation exercises. The user was also
connected to biosensors that record physiological parameters
including skin conductance, heart rate, and respiration. Some
of the virtual experience elements were directly modified by
the real-time heart rate variability of the user. Including
biofeedback in the VR-based mobile intervention resulted in a
higher decrease of anxiety than the VR-based mobile
intervention without biofeedback [30].

Music therapy was also used with biofeedback; one intervention
[26] consisted of an Ambulosono system for patients with
Parkinson disease. The system is based on a method of musical
gait training that rewards desirable gait behaviors with music
play. The system comprised wireless headphones and a
combination of a music player and a wearable sensor (iOS
gyroscope and accelerometer) worn above the knee of the user
to collect movement and step information. During gait
biofeedback training, music is played when the user achieves
a set stride length. Even though the data used in this intervention
were not related to psychological status, the intervention had a

secondary impact on patients’ levels of depression and anxiety
[26].

A biofeedback system based on skin conductance used for the
management of nonpharmacological epilepsy and associated
anxiety, depression, and stress was proposed in [28]. The system
presents the users with movies to trigger certain emotions that
users were required to control [28]. While the users watched
the films, skin conductance was measured and recorded using
electrodes on the index and middle finger of the left hand of the
participant. The study reported that skin conductance response
was not related to changes in anxiety levels, which is
contradictory to the findings of other studies in which skin
conductance was used as an indicator of anxiety [38,39]. Yet
this contradiction might be specific to the group targeted by the
intervention. Even though the intervention reported a decrease
in patients' anxiety and depression, it was suggested that this
decrease reflects a nonspecific or a placebo effect of using the
intervention [28].

For adult workers, particularly teachers and nurses [29], an
intervention consisting of virtual scenarios with real-time
monitoring was used for the management of the psychological
state. The system put the user in virtual scenarios of stressful
experiences and natural scenarios to learn certain relaxation
techniques while the user was connected to cardiovascular belt
and wrist biosensors to collect heart rate and heart rate
variability. Data collected by the sensors were assessed by a
decision support system that provided users with a real-time
graphical representation of their current stress level. Some of
the elements of the virtual experience were driven by the
emotional status of the patient, measured by the biosensors. In
this intervention, the combination of VR with biofeedback
showed significantly better results than those of VR
interventions without biofeedback or traditional treatments. The
combination of VR and biofeedback showed better results in
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reducing anxiety when compared to traditional cognitive
behavioral therapy treatment [29].

Interventions for Young People
Of the 13 studies, 3 addressed mainly young people [31-33].
One of the interventions was a biofeedback video game called
Dojo for anxiety and externalizing problems for young people
in residential care [31]. The game promoted emotion regulation
by providing tutorials on cognitive behavioral therapy–based
relaxation techniques such as deep breathing, progressive muscle
relaxation, positive thinking, and guided imagery. The game
also included mini games that trigger different emotions such
as fear, frustration, and anger and require the users to regulate
their emotions using the techniques. User heart rate was
monitored while playing the game through a biofeedback
hardware and was displayed on the screen. Users were required
to control their physiological reaction to succeed in the game,
thus encouraging them to regulate their emotions [31].

Two interventions [32,33] targeted college students. One was
based on music therapy and biofeedback treatment for anxiety
[32]. The intervention provided the user with a relaxing music
experience and judged the effect by measuring dynamic changes
including skin resistance, as well as electroencephalography
and electromyography indicators [32]. Another intervention
provided biofeedback training to help university students
overcome anxiety related to their studies [33]. The intervention
is based on using a stress sweeper biofeedback device for the
physiological measurements. Collected physiological indicators
included heart rate and respiration. The biofeedback device
helped guide participants while they practiced techniques to
reduce anxiety related to their studies [33].

Interventions for Children and Adolescents
Of the 13 studies, 5 presented solutions for children and
adolescents [24,34-37]: 3 studies presented interventions based
on games [24,35,36], including the programs Freeze-Framer
and Journey to the Wild Divine, to reduce anxiety and
depression. The programs were biofeedback-assisted relaxation
training games that included cognitive behavioral therapy. The
interventions used 2 to 3 electrodes to record momentary
changes in heart rate variability and skin conductance levels.
An example of a biofeedback relaxation activity offered by the
programs is one in which users built a bridge—the user was
required to relax to continue the construction of the bridge. As
user breathing slows and tension decreases, the bridge is built;
if the user experiences frustration or anxiety, the bridge
disappears. After a continuous period of relaxation, the bridge
is finished and the user can cross it [24]. Journey to the Wild
Divine [36] collects heart rate variability and skin temperature
of the users via sensors attached to the users' fingers. The
program contains 15 levels, and completing one level requires
meeting certain relaxation standards. Quick completion of a
level is an indication of the ability of the patient to quickly
regulate their physiological response and relax [36].

A VR biofeedback breathing game called DEEP [35] situates
users in an underwater fantasy world, where they can move

freely. The game is not based on levels or goals; rather, it
provides personal breathing and meditation support by
promoting diaphragmatic breathing through biofeedback. The
game collects breathing data using a stretch sensor. A
microcontroller interprets the sensor readings and sends data to
the game, where it is used to change the user experience and
manipulate the game elements. Slow and deep breathing allows
players to move forward in the game, thus promoting
diaphragmatic breathing. The intervention showed promising
results; it was reported to decrease anxiety in a timely manner
[35].

VR was also used in an anxiety-sensitive and
performance-sensitive adaptive system for children with autism
[34]. The system was composed of different modules including
VR-based social communication, real-time physiological data
acquisition, intelligent anxiety predictor, and strategy generator
modules. The system captured photoplethysmography,
electrodermal activity, and skin temperature signals to use as
anxiety predictors. The system's purpose was to identify and
quantify the user's anxiety level from real-time biomarkers,
along with performance metrics during social communication
simulations. The system adapts, progressing through different
levels of tasks, based on the anxiety and performance metrics
[34].

A system providing thermal biofeedback treatment to children
suffering from migraine [37] included two types of thermal
treatments, hand-warming biofeedback and hand-cooling
biofeedback, to help the children deal with their migraine
symptoms and anxiety. The treatments had different effects on
migraines, yet did not affect anxiety levels [37].

Empirical Evaluations
All 13 studies presented processes and outcomes of empirical
evaluations. The empirical evaluations, in general, followed
similar protocols: they included participants based on sets of
eligibility criteria and divided participants into intervention and
control groups who were wait-listed or received traditional
treatment. Overall, the empirical evaluations yielded positive
results. However, unfavorable outcomes were reported in some
studies (Multimedia Appendix 1).

Discussion

Main Findings
Interventions identified in this review used biofeedback with
different treatment techniques, different sensors and
physiological data, and for different purposes; however, all the
interventions followed the same logic (Figure 5). The process
begins with physiological data collection via sensors attached
to the user. Physiological data are then processed and analyzed
to generate a type of feedback from the system. In the
interventions identified in this review, 2 main types of feedback
were reported. Based on the readings of the physiological data
the interventions either modified the user interface and
experience or offered a visual presentation of the physiological
changes.
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Figure 5. Layer diagram for a biofeedback-based system. EEG: electroencephalography; EMG: electromyography; GSR: galvanic skin response; HR:
heart rate; PPG: photoplethysmography.

Biofeedback With VR and Games
Biofeedback was mostly found to be combined with VR and
was found to increase the efficacy of such interventions [29,30].
The VR concept emerged in the 1980s and is based on
transforming any real situation into a virtual experience. VR is
based on the basic elements of generating images, presenting
sensory information, and updating the displayed images based
on the users’ position and orientation [40]. VR has the potential
to create rich sensory experiences [41] and has been used for
the management of different mental issues, such as the treatment
of anxiety [42]. VR has been widely used for anxiety, by
exposing patients to virtual situations triggering anxiety and
teaching them how to deal with such situations. VR-based
treatments have been used for different anxiety issues [43],
including phobia management [44], mainly for the delivery of
exposure therapy. VR facilitates exposure therapy exercises
because they can be conducted in the therapist's office rather
than in real-world phobic situations [44]. VR exposure has also
been found to be effective for panic disorder [45] and in helping
veterans with posttraumatic stress disorder [46].

Having issues interacting with the world is at the core of many
psychological issues, including anxiety. VR could be a useful
approach to face that issue, as it helps to simulate real-life
experiences for the patients. Examples include helping manage
phobia issues, which are characterized by intense fear and
anxiety when interacting with certain elements, and
posttraumatic stress disorder, in which patients have flashbacks
of traumatizing experiences [42]. VR and biofeedback were

also used with children [35], suggesting that it can be a
children-friendly treatment. VR was used with children with
multiple disabilities to familiarize them with the use of the
wheelchair [47]. Moreover, VR has also been adopted into
different types of games for purposes such as interactive
entertainment, interactive training, and education [48]. The
combination of VR with games has also been used in different
medical settings as well, including medical training [49] and
rehabilitation treatments [50].

Games have been coupled with biofeedback for mental health.
Games for health can be classified as serious games, which
mainly refers to games that do not focus on enjoyment,
entertainment, and fun as their main purpose [51] but rather on
elements such as education, training, and health improvement
[52]. Quality games have been shown to influence behavior
[53] and enhance concentration [54], as well as to facilitate
learning and information retention [55,56]. Blending
biofeedback with games has shown promising results. A
computer biofeedback game based on animated gut imagery
was used with people with irritable bowel syndrome and helped
patients decrease their stress as well as mitigate symptoms
related to their physical disorder [57]. Biofeedback-based games
have also been used for physical issues management, for
example, in balance training for people affected by chronic
hemiplegic stroke, which showed positive results and was
reported to be a feasible adjunct to conventional therapy [58].

Interventions including games mainly targeted the young
generation [24,31] and have been shown to be effective. Young
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people are heavy users of technology, in general, and are the
most familiar with gaming technologies, as millions of
adolescents and young adults play video games and are the
primary users of games [59,60]. Heavy use of technology and
familiarity with games makes the young generation a suitable
group for the use of game-based mental health care
interventions. When introduced to VR interventions and games,
biofeedback helped enhance the virtual and gaming experiences
and encouraged user engagement, in addition to providing
insight on user physiological and psychological states to help
with the management of health issues. However, it must be
noted that for such interventions to be helpful, user needs,
experience, and preferences should be at the heart of their design
[23,42].

Biofeedback With Relaxation Practices and Music
Relaxation techniques and practices include somatic methods
such as progressive relaxation, breathing, stretching, and
physical exercises, as well as cognitive approaches including
imagery, meditation, goal-directed visualization, and
self-awareness [61]. These methods have been shown to be
effective in mitigating anxiety and stress [61,62]. Biofeedback
was coupled with such practices in some interventions [33,36]
to inform users about the changes in their physiological
measurements to help them better understand the association
between their psychological and physiological indicators.
Biofeedback inclusion was effective in the reduction of anxiety
in these interventions [33,36].

Representing results with graphs, diagrams, animations, or other
in order to deliver information for better understanding is used
in education and is viewed as an effective teaching tool [63].
The same approach was used with patients to educate them
about their health, which resulted in the patients being more
satisfied, becoming more knowledgeable, and gaining
understanding about their health issues [64]. In the case of
anxiety, helping patients better understand and follow their case,
the physiological changes associated with their mental issue,
and treatment modalities can help them be more aware of the
effect of anxiety on their bodies and help them be more
accepting and trusting of the treatment applied, which might
even influence the outcome of the treatment. Relaxation
techniques were also used for pediatric pain management [33].
Relaxation techniques may be effective complementary therapies
to pharmacologic techniques for pediatric pain, which can help
reduce or even eliminate the amount of medication needed to
treat the pain [65]. Relaxation approaches have also been used
to manage other types of pain, including labor pain during
childbirth [66], perioperative pain [67], and chronic pain [68].

Music with biofeedback was also among the relaxation
techniques that showed positive results [32]. Music therapy has
been shown to regulate both the physical and the mental health
by affecting both the physiology and psychology of the person.
Music can be combined with and included in different mental
health management approaches and relaxation techniques [69]
and can be used as a relaxation method on its own, as it was
reported to be as effective as the progressive muscle relaxation
method [70]. Because preferred or accepted types of music can
be different in each community, when including music in

psychological treatments, cultural consideration might be
necessary [69].

Relaxation practices and music-based techniques have been
widely adopted in technology-based interventions for anxiety,
mainly in mobile apps [14]. Relaxation practices and music
influence not only the psychology but also the physiology of
our bodies. The inclusion of biofeedback could help improve
mental care interventions based on those techniques.
Biofeedback provides insight on physiological changes, which
helps patients both assess and manage their psychological state.

Biofeedback for Anxiety Associated With Other Health
Issues
Anxiety was found to be common among patients of many
physical disorders including patients with cancer [71] and people
suffering from chronic obstructive pulmonary disease [72].
Anxiety is also common when undergoing medical procedures,
such as magnetic resonance imaging [73]. Therefore, some
interventions addressed symptoms of specific health issues and
the anxiety associated with their prevalence [27,28,34]. Those
interventions included solutions based on combining
biofeedback with VR, which, in certain cases, showed
unfavorable results [27]. This might be due to VR not being
suitable for patients with health issues such as migraine,
headache, seizure disorder, and vestibular abnormalities [43].
In addition, anxiety caused by the prevalence of specific health
issues is generally impacted by the progress of the health issue
itself, which might indicate that, in the interventions addressing
other health issues, anxiety levels were impacted as a result of
the change in the user’s health but not as a direct effect of the
intervention on anxiety specifically [26,37].

Implications
This review may be of interest to researchers, mental health
interventions’developers, and practitioners interested in the use
of biofeedback in mental health management as it presents
descriptions and analysis of 13 examples of biofeedback-based
interventions for anxiety and different treatment approaches
that could be combined with biofeedback, including VR, games,
and music therapy. We also presented physiological indicators
that could be exploited in biofeedback-based interventions and
analyzed for anxiety management including heart rate
measurements, respiration, and movement, which could be
collected using different sensors including wrist sensors,
cardiovascular belts, electroencephalography, and
electromyography. The review showed different cohorts that
could benefit from biofeedback-based interventions including
children, patients, and workers. The interventions have generally
yielded positive results in improving anxiety.

Use of biofeedback allowed better screening, understanding,
and control of physiological factors during anxiety management
interventions, improving outcomes and effectiveness; however,
a need for additional investigation for certain health issues was
highlighted.

It must be noted that this review might have some limitations:
(1) the inclusion of other terms in the search string might result
in additional publications and (2) searching Google Scholar
might have resulted other relevant studies.
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For future work, we intend to use the findings of this review to
collaborate with mental health care professionals to create a

biofeedback-based mobile app for the management of anxiety
for young adults in United Arab Emirates.
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Abstract

Background: Atrial fibrillation (AF) is the most common arrhythmia, and its prevalence is increasing. Early diagnosis is
important to reduce the risk of stroke. Mobile health (mHealth) devices, such as single-lead electrocardiogram (ECG) devices,
have been introduced to the worldwide consumer market over the past decade. Recent studies have assessed the usability of these
devices for detection of AF, but it remains unclear if the use of mHealth devices leads to a higher AF detection rate.

Objective: The goal of the research was to conduct a systematic review of the diagnostic detection rate of AF by mHealth
devices compared with traditional outpatient follow-up. Study participants were aged 16 years or older and had an increased risk
for an arrhythmia and an indication for ECG follow-up—for instance, after catheter ablation or presentation to the emergency
department with palpitations or (near) syncope. The intervention was the use of an mHealth device, defined as a novel device for
the diagnosis of rhythm disturbances, either a handheld electronic device or a patch-like device worn on the patient’s chest.
Control was standard (traditional) outpatient care, defined as follow-up via general practitioner or regular outpatient clinic visits
with a standard 12-lead ECG or Holter monitoring. The main outcome measures were the odds ratio (OR) of AF detection rates.

Methods: Two reviewers screened the search results, extracted data, and performed a risk of bias assessment. A heterogeneity
analysis was performed, forest plot made to summarize the results of the individual studies, and albatross plot made to allow the
P values to be interpreted in the context of the study sample size.

Results: A total of 3384 articles were identified after a database search, and 14 studies with a 4617 study participants were
selected. All studies but one showed a higher AF detection rate in the mHealth group compared with the control group (OR
1.00-35.71), with all RCTs showing statistically significant increases of AF detection (OR 1.54-19.16). Statistical heterogeneity

between studies was considerable, with a Q of 34.1 and an I2 of 61.9, and therefore it was decided to not pool the results into a
meta-analysis.

Conclusions: Although the results of 13 of 14 studies support the effectiveness of mHealth interventions compared with standard
care, study results could not be pooled due to considerable clinical and statistical heterogeneity. However, smartphone-connectable
ECG devices provide patients with the ability to document a rhythm disturbance more easily than with standard care, which may
increase empowerment and engagement with regard to their illness. Clinicians must beware of overdiagnosis of AF, as it is not
yet clear when an mHealth-detected episode of AF must be deemed significant.

(JMIR Mhealth Uhealth 2021;9(4):e26161)   doi:10.2196/26161

KEYWORDS

eHealth; mHealth; telemedicine; cardiology; atrial fibrillation; systematic review

Introduction

Atrial fibrillation (AF) is the most commonly diagnosed
arrhythmia [1]. It may be paroxysmal (present for 30 seconds

to 7 days), persistent (present for more than 7 days), or
permanent [2]. Risk factors for AF are diverse and include
advanced age, male gender, diabetes mellitus, hypertension,
obesity, valvular disease, obstructive sleep apnea, heart failure,
and previous myocardial infarction [3]. Among other symptoms,
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AF can cause palpitations, dyspnea, and tiredness. Patients can,
however, be asymptomatic [4].

The worldwide prevalence of AF is increasing. This increase
has been attributed to an aging population and increased
prevalence of cardiovascular risk factors [5]. A European study
has shown that the number of patients with diagnosed AF is
expected to increase from a prevalence of 2.3% in 2010 to 3.5%
to 4.3% in 2050 [6]. Due to an increased risk of stroke, AF is
associated with increased risk of mortality [7]. Compared with
patients with sinus rhythm, those with AF are found to have a
2.4-fold risk of stroke, and the risk of ischemic heart disease
and development of chronic kidney disease are both increased
1.6-fold [8].

Early diagnosis of AF and prophylactic treatment for ischemic
stroke with oral anticoagulants is therefore important, whether
the AF is paroxysmal, persistent, or permanent and symptomatic
or silent [2]. Moreover, it has been demonstrated that excessive
supraventricular ectopic activity, defined as the presence of
either ≥30 premature atrial contractions (PACs) per hour daily
or any runs of ≥20 PACs, increases the risk of stroke in patients
with a CHA2DS2-VASc (congestive heart failure, hypertension,
age ≥75 years, diabetes mellitus, stroke or transient ischemic
attack [TIA], vascular disease, age 65 to 74 years, sex category)
score of ≥2 by 2.4% [9].

Traditionally, patients are diagnosed with AF using a 12-lead
electrocardiogram (ECG). In case of suspected paroxysmal AF,
it is possible to perform prolonged monitoring via Holter
registration. However, as paroxysmal AF is often silent and
patients can have vast periods of sinus rhythm, diagnosing
paroxysmal AF is a challenge [10].

Over the last decade, consumer grade health monitoring devices
have been developed and marketed as beneficial for personal
health monitoring [11]. Among those devices are several
different smartphone connectable ECG devices. The majority
are lead-I ECG devices, handheld instruments that register lead
I of the ECG, measuring the electric current generated by the
myocardium by using the fingers of the right and the left hand
[12]. These devices are typically used for spot-checks. Another
group of devices is meant for continuous monitoring and involve
patches that stick to the chest and allow monitoring of the heart
rate and rhythm continuously for up to 2 weeks [13]. Both
groups of devices can be seen as mobile health (mHealth)
devices and used for AF screening [12].

Studies have been done to assess the accuracy of mHealth
devices compared with 12-lead ECGs. A recent systematic
review suggests several mHealth devices are suitable in the use
of detecting AF, based on the sensitivity and specificity of these
devices [14]. However, it is still unclear if and to what extent
the use of mHealth devices leads to higher detection rates of
AF. Therefore, the objective of this systematic review is to
evaluate studies comparing the detection rate of AF by mHealth
devices with more traditional outpatient follow-up.

Methods

Literature Review and Definitions
A systematic literature review was conducted to evaluate the
efficacy of mHealth devices using standard (traditional) care as
the reference standard in people with an indication for follow-up
for a suspected arrythmia (eg, after catheter ablation or electrical
cardioversion) or in cases of an acute emergency department
presentation with (near) syncope or palpitations where no
arrhythmia could be found at the time of presentation. The
efficacy of mHealth was defined as the detection rate of AF by
a smartphone-connectable ECG device, either a handheld
electronic device or patch-like device attached to the study
subject’s chest or by requiring subject to send an ECG
transtelephonically. Standard care was defined as follow-up via
a general practitioner or regular outpatient clinic visit with a
standard 12-lead ECG or Holter monitoring. This systematic
review was conducted and reported by following the Cochrane
Handbook for Systematic Reviews of Interventions [15].

Eligibility Criteria
The eligibility criteria for studies to be included in this
systematic review were as follows:

• Published studies comparing mHealth devices with standard
care in patients with an indication for follow-up via ECG
or Holter monitoring

• Studies with AF detection as a primary or secondary
outcome measure

• Studies conducted in people aged 16 years and older
reporting demographic data such as patient characteristics,
study setting, sample size, and data points

• Studies performed in a clinical or outpatient setting
• Studies in patients without an internal cardioverter

defibrillator, pacemaker, or ventricular assist device

Studies had to be published in English or Dutch to be selected.
If a study has been indexed in multiple databases, only the
PubMed version was included.

Literature Search Strategy
The search strategy is presented in Multimedia Appendix 1. No
study design filters were applied, and all electronic databases
were searched for articles from Jan 1, 2005, until February 19,
2020. The following databases were searched: Medline, Embase,
PubMed, Web of Science, Emcare, Academic Search Premier,
and the Cochrane Library. The search results were managed
using EndNote X9 software (Clarivate Analytics). Relevant
studies and reviews were manually searched to identify other
possible relevant studies.

Article Selection and Data Synthesis
A 2-stage process was used for inclusion in the review. Two
reviewers (TB, RT) first independently screened all titles and
abstracts of the identified studies to find potentially relevant
studies. The same reviewers then assessed the full-text articles
independently for the eligibility criteria. Any disagreements
were resolved by consensus.
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Risk of Bias Assessment
Risk of bias was assessed with the RoB 2 (Risk of Bias 2) tool
for randomized controlled trials (RCTs) and the ROBINS-I
(Risk of Bias in Nonrandomized Studies of Interventions) tool
for nonrandomized studies [16,17]. This is in accordance with
the Cochrane Handbook’s recommendations [15]. The risk of
bias had 3 levels: low risk of bias, some concerns, and high risk
of bias.

Summary Measures
The primary outcome measure of this systematic review was
the odds ratio (OR) of AF detection, comparing mHealth devices
to standard care. The PATCH-ED (Patch Monitor in Patients
With Unexplained Syncope After Initial Evaluation in the
Emergency Department) and IPED (Investigation of Palpitations
in the Emergency Department) study groups reported no events
in the control groups [18,19]. Therefore, the Haldane correction
was used [20]. A heterogeneity analysis between studies was
performed with a chi-square test [15]. A forest plot was made
to summarize the results of individual studies. Finally, an

albatross plot was made to allow the P values to be interpreted
in the context of study sample size. The contour lines of
albatross plots are formed by hypothetical effect sizes [21]. In
this case, this concerns odds ratios due to the outcome being
dichotomous. The forest and albatross plots were made in
Matlab (The Mathworks Inc).

Results

Study Selection
As of October 19, 2020, a total of 3384 articles were obtained
from the database searches. Two investigators (TB and RT)
excluded 3350 studies based on the title and abstract. A total
of 34 abstracts meeting the eligibility criteria were identified.
After reviewing the full text, the reviewers chose 14 studies
with a total of 4617 study subjects. The selection process is
shown in Figure 1. The kappa statistic for interrater reliability
was .81, showing substantial agreement between the 2
investigators [22].
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Figure 1. Study search and selection process.

Study Characteristics
The 14 selected studies consist of 8 cohort studies, 4 RCTs, and
2 case-control studies [18,19,23-34]. Table 1 shows participant
and study characteristics. Study populations were heterogenous:

some studies included only patients without any history of AF,
others included only patients with earlier documented AF.
Participant genders varied between the study populations: 42%
to 87% were male. Mean age varied from 44 to 73 years.

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e26161 | p.43https://mhealth.jmir.org/2021/4/e26161
(page number not for citation purposes)

Biersteker et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Table 1. Study characteristics.

Primary outcomeFollow-
up

ControlInterventionSample size; drop
out; mean age;
male

Patient charactertisticsStudy typeAuthor, year,
country

AFd detection90 dc24 h Holter+
at complaints

Transtelephonic

ECGb once dai-
ly

92; 0 (0%); 54 ya;
78% male

Catheter ablation patientsProspective
cross-sectional

Liu et al
(2010), China
[23]

AF detection14 d24 h HolterZioPatch74; 0 (0%); 65 y;
55% male

Patients who are managed
for AF, no definition was
given

Prospective
cross-sectional

Rosenberg et
al (2013), US
[24]

Arrhythmia detec-
tion

14 d24 h HolterZioPatch146; 4 (2.7%);

n/ae; n/a

Outpatients with indication
for Holter monitoring

Prospective
cross-sectional

Barrett et al
(2013), US
[25]

Arrhythmia detec-
tion

28 d24 h HolterZenicor twice

daily + 24 hf

Holter

95; 0 (0%); 54 y;
44% male

Patients with unexplained
palpitations or presyncope

Prospective
cross-sectional

Hendrikx et al
(2014), Swe-
den [26]

AF detection6 mogMonthly 24 h
Holter

CardioPhone
twice daily

28; 2 (6.7%); 59 y;
87% male

Catheter ablation patientsProspective
cross-sectional

Kimura et al
(2016), Japan
[27]

AF detection28 dSingle 12-lead
ECG

SensorMobile
twice daily

1678; n/a; 51 y;
48% male

Volunteers to join in an

mHealthh study

Retrospective
cross-sectional

Busch et al
(2017), Ger-
many [28]

Time to diagnosis
of AF

1 yFollow-up at
the GP

AliveCor Kar-
dia twice a
week

1001; 5 (0.5%); 73
y; 47% male

≥65 y patients without AF

at a GPj practice

Single center,

open label RCTi
Halcox et al
(2017), UK
[29]

Atrial arrhythmia
detection

6 moStandard care
(no added
care)

AliveCor Kar-
dia once daily

46; 0 (0%); 55 y;
65% male

Patients with a history of AFProspective,
matched cohort
study

Hickey et al
(2017), US
[30]

Arrhythmia detec-
tion

30 dExternal loop
recorder

AliveCor Kar-
dia at com-
plaints

33; 5 (13.2%); 48
y; 42% male

Patients with unexplained
palpitations who underwent
previous Holter monitoring

Prospective
cross-sectional

Narasimha et
al (2018), US
[31]

Symptomatic
rhythm detection

14 dStandard care
(no added
care)

ZioPatch689; 0 (0%); 67 y;
47% male

≥16 y ER patients with unex-
plained syncope

Prospective, un-
matched case-
control study

Reed et al
(2018), Scot-
land [18]

Symptomatic
rhythm detection

90 dStandard care
(no added
care)

Alivecor Kardia
at complaints

240; 2 (0.8%); 40
y; 44% male

≥16 y ER patients with unex-
plained palpitations or
(pre)syncope

Multicenter,
open label RCT

Reed et al
(2019), Scot-
land [19]

AF detection6 moStandard care
(no added
care)

AliveCor Kar-
dia daily and at
complaints

238; 5 (2.1%); 61
y; 76% male

Patients with documented
AF, undergoing ablation or

ECVk

Single center,
open label RCT

Goldenthal et
al (2019), US
[32]

Arrhythmia detec-
tion

1 d24 h HolterWebCardio
(patch)

141; 0 (0%); 44 y;
53% male

Admitted patients to cardiol-
ogy ward who required
monitoring

Prospective
cross-sectional

Karunadas et
al (2019), In-
dia [33]

AF detection14 d24 h HolterZioPatch116; 26 (22.4%);
70 y; 47% male

Non-AF patients with nonla-

cunar stroke or TIAl
Multicenter,
open label RCT

Kaura et al
(2019), UK
[34]

ay: year.
bECG: electrocardiogram.
cd: day.
dAF: atrial fibrillation.
eNot applicable.
fh: hour.
gmo: month.
hmHealth: mobile health.
iRCT: randomized controlled trial.
jGP: general practice.
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kECV: electrical cardioversion.
lTIA: transient ischemic attack.

A total of 9 studies used handheld devices such as the Kardia
(AliveCor Inc) or Zenicor-ECG (Zenicor Medical Systems AB)
as an intervention, while 5 studies used a patch such as the Zio
(iRhythm Technologies Inc), which was placed on the
participant’s chest [13,35,36]. The duration of the intervention
was 1 to 14 days for studies with patches and 28 days to 1 year
for studies with handheld devices. All studies published data
about AF detection, although AF detection was the primary
outcome in only 6 studies. A total of 4 studies used detection
of any arrhythmia (AF, atrial flutter, supraventricular or
ventricular tachycardia, sinus pauses of more than 3 seconds,
and second- and third-degree atrioventricular blocks), and 2
other studies reported symptomatic arrhythmias as the primary
outcome; 1 study used atrial arrhythmia detection and the final
study reported the time to AF diagnosis as the primary outcome.
One study reported a composite endpoint of AF, ventricular
tachycardia, and sinus pauses of more than 3 seconds instead
[25].

A total of 6 studies used 24-hour Holter monitoring as standard
care, with 1 study adding another 24-hour Holter monitoring
when study patients experienced an episode of palpitations and
another study adding another 24-hour Holter monitoring every
month, 6 times in total. However, 5 studies only saw patients
back in the outpatient clinic or general practitioner. One study
used an external loop recorder as standard care, activated at
complaints during the entire follow-up duration, and the final
study documented one extra standard ECG as standard care.
Holter timing was at the start of the study in 4 of 6 studies that
used Holter monitoring. In the other 2 studies, the timing of the
Holter monitoring was unclear.

Study Results
Table 2 shows the number of events throughout the studies. The
individual study results are shown in a forest plot (Figure 2) but
not pooled due to the considerable clinical and statistical
heterogeneity. To show the P values in the context of the study
sample size, an albatross plot is presented (Figure 3).

Table 2. Study outcomes.

Odds ratio (95% CI)Events (control),
n (%)

Events (intervention),
n (%)

Control group,
n

Intervention
group, n

Sample size, nAuthor

Nonpatch studies

1.77 (0.96-3.26)27 (29.2)39 (42.4)——a92Liu et al, 2010 [23]

4.87 (1.02-23.16)2 (2.1)9 (9.5)——95Hendrikx et al, 2014 [26]

4.23 (1.31-13.62)6 (21.4)15 (53.6)——28Kimura et al, 2016 [27]

2.03 (1.19-3.44)21 (1.3)42 (2.6)——1678Busch et al, 2017 [28]

3.92 (1.45-10.58)5 (1.0)19 (3.8)5015001001Halcox et al, 2017 [29]

3.56 (1.05-12.05)7 (30.4)14 (60.9)232346Hickey et al, 2017 [30]

2.22 (0.51-9.76)3 (9.1)6 (18.2)——33Narasimha et al, 2018 [31]

19.16b (1.10-333.12)0 (0)9 (7.3)116124240Reed et al, 2019 [19]

1.54 (0.92-2.57)49 (41.5)58 (50.4)123115238Goldenthal et al, 2019 [32]

Patch studies

2.66 (1.35-5.26)21 (28.4)38 (51.3)——74Rosenberg et al, 2013 [24]

1.72 (0.99-2.99)27 (18.5)41 (28.1)——146Barrett et al, 2013 [25]

35.71b (1.70-750.18)0 (0)2 (2.3)60386689Reed et al, 2018 [18]

1.00 (0.20-5.04)3 (2.1)3 (2.1)——141Karunadas et al, 2019 [33]

8.43 (1.00-70.87)1 (2.1)7 (16.3)6056116Kaura et al, 2019 [34]

aNot applicable.
bHaldane correction applied.
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Figure 2. Forest plot of the study results. No pooling due to heterogeneity.

Figure 3. Albatross plot, with plotted odds ratio lines.
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All studies showed a higher AF detection rate in the mHealth
group compared with the control group except the study by
Karunadas, which showed an equal number of events (3; 2.1%)
in both groups [33]. This study used an mHealth patch for 1
day and compared it to Holter monitoring performed on the
same day. The 24-hour to 72-hour patch data have been
disregarded for the analysis.

All RCTs showed a statistically significant improvement of AF
detection with mHealth devices. ORs were 3.92 (95% CI
1.45-10.58) for the REHEARSE-AF (Assessment of Remote
Heart Rhythm Sampling Using the AliveCor Heart Monitor to
Screen for Atrial Fibrillation) trial, 19.16 (95% CI 1.10-333.12)
for IPED, 1.54 (95% CI 0.92-2.57) in the iHeart (Information
Technology Approach to Implementing Depression Treatment
in Cardiac Patients) trial, and 8.43 (95% CI 1.00-70.87) in the
EPACS (Early Prolonged Ambulatory Cardiac Monitoring in
Stroke) trial.

Statistical Heterogeneity
The 14 selected studies showed a variety of populations,
interventions, and outcomes and are therefore considerably
clinically heterogenic. A chi-square test was conducted to assess

statistical heterogeneity, which showed a Q of 34.1 and an I2

of 61.9, and therefore the studies show considerable statistical
heterogeneity.

Quality Appraisal
Figure 4 presents the generic risk of bias, assessed with the RoB
2 and ROBINS-I tools. In the selected RCTs, blinding of
participants was not possible due to the nature of the
intervention. Of all selected RCTs, one had a high risk of bias
on the outcome data. Kaura et al [34] reported a dropout of
22.4% and did not address this data in the report. This was also
true for the RCT by Goldenthal et al [32], but the dropout in
this trial was just 2.1%. As for allocation concealment in the
trial carried out by Halcox et al [29], no clarity was provided
in the method section of the paper.

Figure 4. Risk of bias assessment. Randomized trials were assessed with the ROB 2 (Risk of Bias 2) tool, while ROBINS-I was used for nonrandomized
studies. ROBINS-I: Risk of Bias in Nonrandomized Studies of Interventions.

Of the nonrandomized studies, the studies by Liu et al [23],
Rosenberg et al [24], Hendrikx et al [26], Kimura et al [27], and
Hickey et al [30] were scored as strong. Several studies showed
an intermediate risk of bias. Barrett et al [18] reported no
baseline characteristics, and Holter timing was unclear.
Narasimha et al [25] reported a dropout of 13.2% but performed
separate per-protocol and intention-to-treat analyses. Reed et
al [31] used unmatched cohorts with several parameters not
being known or stated. Also, there was a time interval of 7 to
8 years between gathering of the data in the intervention and
control cohorts.

Two studies showed a high risk of bias. Busch et al [28] used
data from a registry, in which the study subjects were volunteers
willing to participate in an mHealth study. Karunadas et al [33]
reported no baseline characteristics, and only WebCardio data
from the first 24 hours were used. The 24-hour to 72-hour data,
although gathered, were not reported.
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Discussion

Summary of Evidence
The main finding of this systematic review of 14 studies is the
increased AF detection rate when using mHealth devices
compared with standard follow-up. Moreover, the 4 RCTs
included all showed a statistically significant difference.
However, there was a considerable clinical and statistical
interstudy heterogeneity. The results of all studies but one show
that mHealth devices lead to an increased detection of AF.

An argument can be made that conducting more (spot)
measurements will automatically lead to more diagnoses of any
illness. However, as AF is often only present for a short period
of time and untraceable once sinus rhythm is restored, the
clinical implications of the opportunity for conducting more
spot measurements could be of importance with regard to stroke
risk, for example. Following standard care does not allow
patients to record their ECG without a delay, as they must visit
their care provider or call an ambulance. Meanwhile, a paroxysm
of AF may already have disappeared. Smartphone-connectable
ECG devices could therefore provide patients with the
opportunity to act immediately by documenting their rhythm
disturbance. This is not only true for AF but also for other
paroxysmal arrhythmias.

Although both handheld devices and patches lead to an increased
AF detection rate, there may be a different use case to both
groups of devices. Patches could be seen as prolonged Holter
monitoring. The Zio patch can remain on the body for up to 14
days [13]. Handheld devices are used to do spot measurements
for a longer period of time and can therefore only be used for
screening or in patients with complaints that could fit with a
rhythm disturbance. Therefore, the benefit of patches over
handheld devices is that asymptomatic rhythm disturbances
may be diagnosed with the use of a patch, although
patient-triggered recordings with handheld ECG devices may
be a more viable solution when a longer period of follow-up is
indicated.

Potential of mHealth for Population-Based Screening
Smartphone-connectable ECG devices cannot only be used in
patients with a suspected paroxysmal rhythm disturbance but
also for screening purposes. As stroke has been found to be the
first symptom of AF in 37% of patients aged younger than 75
years with no history of cardiovascular diseases, secondary
prevention in the form of screening risk groups for AF de novo
may be of clinical relevance [37]. When it comes to screening
for AF, there are several possibilities. Individuals can be
screened regardless of medical history (systematic screening),
on presenting to a physician for issues unrelated to AF
(systematic opportunistic screening), or based on the presence
of AF-associated risk factors (targeted screening). A recent
meta-analysis has shown opportunistic screening, with a number
needed to screen of 170, to be a likely cost-effective use of
resources [38]. However, the number needed to screen varies
between age groups and is found to be lowest, 83, in patients
aged older than 65 years, against 926 for ages 60 to 64 years
and 1089 for patients aged younger than 60 years, and therefore
screening might be most opportune in people aged older than

65 years [39]. A very recent study using a Monte Carlo
simulation to assess the cost-effectiveness of screening for AF
with mHealth devices using 30,000 patients per CHA2DS2-VASc
score (1-9) has found this type of screening to cause increased
health care costs but a reduction in the incidence of stroke [40].
Several mHealth studies have used a systematic opportunistic
screening approach such as screening for AF with handheld
devices in individuals who visit pharmacies or those who visit
their general practitioner for a flu vaccination [41-45]. These
studies have all concluded handheld smartphone-connectable
ECG devices to be viable screening tools.

Clinical Implications
In this era of mHealth, patients are increasingly able to take
(spot) measurements by using smartphone-connectable ECG
devices, as those devices are commercially available. However,
no consensus exists within the scientific community whether
each episode of AF should be seen as clinically significant. AF
is traditionally defined as an irregular arrhythmia without visible
P waves lasting 30 seconds or more or documented on a standard
10-second 12-lead ECG [46]. The Kardia and other devices that
register a lead-I ECG document a period of 30 seconds [35].
However, the clinical significance of a short paroxysm of AF
is debated. Looking at AF ablation patients, it is known that the
quality of life response is proportional to the burden rather than
to a short-lived event and the AF burden is also a better predictor
for stroke risk compared solely with a history of AF [47,48]. A
recent study in patients with pacemakers tested various AF
episode duration thresholds and found that patients with initial
AF events up to 3.8 hours only had a median AF burden of 0.2%
compared with 9.5% for those with initial AF episodes of more
than 3.8 hours. This was a statistically significant difference
with a P value of <.0001 [49].

Limitations
Due to considerable clinical and statistic heterogeneity, with an

I2 of 61.9, the results of the included studies could not be pooled
into a meta-analysis. The study populations varied from healthy
adults to patients with an extensive history of AF, interventions
ranged from short-term follow-up with a patch to long-term
follow-up with a handheld device, and primary outcomes were
also diverse. These differences led to a wide spread in the
number of detected cases of AF, from 1% to 3% in the study
by Busch et al [28] to 30% to 61% in the study by Hickey et al
[30]. Instead of performing a meta-analysis, a forest plot without
a diamond and an albatross plot were made. Furthermore,
participants in RCTs could not be blinded due to the nature of
the intervention. This is a small problem, however, since a
diagnosis of AF is not a subjective end point.

Conclusion
This systematic review reflects on 14 studies with different
populations, interventions, and (primary) outcomes. A total of
13 studies found an increased number of AF diagnoses with the
use of an mHealth intervention compared with standard care,
with the remaining study by Karunadas et al [33] showing equal
effectiveness. All 4 RCTs showed a statistically significant
result in favor of the mHealth intervention. Due to considerable
clinical and statistical heterogeneity, individual study results
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could not be pooled into a meta-analysis, and as a result, it
cannot be concluded that those mHealth interventions are
effective in certain populations or every population. However,
smartphone-connectable ECG devices provide patients with the
ability to document a rhythm disturbance more easily than with
standard care, and with the introduction of more mHealth
devices and specifically devices that can diagnose AF like the
Apple Watch (Apple Inc) and Move ECG (Withings) [50,51],

this is unlikely to change. With increased patient expectations
and the increased empowerment and engagement with regard
to their illness that mHealth devices may provide [52], future
patients may request mHealth to be a part of their standard
follow-up. However, as it is not yet clear when an
mHealth-detected episode of AF should be deemed significant
[48], clinicians must beware of overdiagnosis of AF and,
sequentially, overtreatment with oral anticoagulants.
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PAC: premature atrial contraction
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Abstract

Background: There is worldwide demand for an affordable hemoglobin measurement solution, which is a particularly urgent
need in developing countries. The smartphone, which is the most penetrated device in both rich and resource-constrained areas,
would be a suitable choice to build this solution. Consideration of a smartphone-based hemoglobin measurement tool is compelling
because of the possibilities for an affordable, portable, and reliable point-of-care tool by leveraging the camera capacity, computing
power, and lighting sources of the smartphone. However, several smartphone-based hemoglobin measurement techniques have
encountered significant challenges with respect to data collection methods, sensor selection, signal analysis processes, and
machine-learning algorithms. Therefore, a comprehensive analysis of invasive, minimally invasive, and noninvasive methods is
required to recommend a hemoglobin measurement process using a smartphone device.

Objective: In this study, we analyzed existing invasive, minimally invasive, and noninvasive approaches for blood hemoglobin
level measurement with the goal of recommending data collection techniques, signal extraction processes, feature calculation
strategies, theoretical foundation, and machine-learning algorithms for developing a noninvasive hemoglobin level estimation
point-of-care tool using a smartphone.

Methods: We explored research papers related to invasive, minimally invasive, and noninvasive hemoglobin level measurement
processes. We investigated the challenges and opportunities of each technique. We compared the variation in data collection
sites, biosignal processing techniques, theoretical foundations, photoplethysmogram (PPG) signal and features extraction process,
machine-learning algorithms, and prediction models to calculate hemoglobin levels. This analysis was then used to recommend
realistic approaches to build a smartphone-based point-of-care tool for hemoglobin measurement in a noninvasive manner.

Results: The fingertip area is one of the best data collection sites from the body, followed by the lower eye conjunctival area.
Near-infrared (NIR) light-emitting diode (LED) light with wavelengths of 850 nm, 940 nm, and 1070 nm were identified as
potential light sources to receive a hemoglobin response from living tissue. PPG signals from fingertip videos, captured under
various light sources, can provide critical physiological clues. The features of PPG signals captured under 1070 nm and 850 nm
NIR LED are considered to be the best signal combinations following a dual-wavelength theoretical foundation. For error metrics
presentation, we recommend the mean absolute percentage error, mean squared error, correlation coefficient, and Bland-Altman
plot.

Conclusions: We addressed the challenges of developing an affordable, portable, and reliable point-of-care tool for hemoglobin
measurement using a smartphone. Leveraging the smartphone’s camera capacity, computing power, and lighting sources, we
define specific recommendations for practical point-of-care solution development. We further provide recommendations to resolve
several long-standing research questions, including how to capture a signal using a smartphone camera, select the best body site
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for signal collection, and overcome noise issues in the smartphone-captured signal. We also describe the process of extracting a
signal’s features after capturing the signal based on fundamental theory. The list of machine-learning algorithms provided will
be useful for processing PPG features. These recommendations should be valuable for future investigators seeking to build a
reliable and affordable hemoglobin prediction model using a smartphone.

(JMIR Mhealth Uhealth 2021;9(4):e16806)   doi:10.2196/16806

KEYWORDS

noninvasive hemoglobin; smartphone-based hemoglobin; hemoglobin level from image and video

Introduction

Hemoglobin (Hb) abnormalities cause several blood diseases,
and lead to fatal and chronic health problems, including heart
attack, stroke, and pregnancy complications [1]. When an
adequate Hb blood level (men≥13 g/dL, women≥12 g/dL) is
not maintained, the disorder complicates the function of the
major organs (eg, kidney, brain, and heart) that require oxygen
[2]. Anemia, a common Hb disorder, may be caused by blood
loss, which is mostly a chronic condition (as occurs with
menstruation), decreased red blood cell (RBC) production
associated with iron and other nutritional deficiencies, and
increased RBC destruction [3,4]. The central role of Hb is to
maintain physiologic homeostasis, and the high frequencies of
Hb abnormalities make assessment of this parameter a daily
clinical activity.

Approximately 5.6% of the US population is anemic and 1.5%
of the population has moderate to severe anemia [5]. Sickle cell
diseases (SCD) cost more than US $1.5 billion annually in the
United States [6]. Globally, blood disorders and associated
complications affect more than 5 million people. In Africa,
approximately 250,000 babies are born with SCD every year
[7] and 1.62 billion people are affected by Hb-related
abnormalities worldwide [8]. A reliable, affordable, and
user-friendly solution is crucial to assess the Hb status of a large
population. Clinical assessment of Hb typically involves the
cyan-methemoglobin method, which is considered to be reliable.
However, this invasive process has several limitations, including
that the diagnostic devices are not portable, results are not
immediately available, and the entire process is expensive. Thus,
an Hb disorder diagnosis based on an invasive method is not a
perfect solution, especially for people in low- and
middle-income countries [9,10]. With available medical
facilities, frequent invasive testing is also less convenient due
to pain, anxiety, and infections [11]. A recent study estimated
the cost for a complete blood count (CBC) test in Bari, Puglia,
Italy, with approximately 1,000,000 inhabitants, to be US $3.14,
resulting in a total cost of US $560,000 in 2018. Considering
the entire national territory of Italy, the estimated cost will be
more than US $20 million per year for public hospitals for
outpatients. However, the laboratory costs for other cases,
including hospitalized patients and private clinic patients, will
be much higher than this previous estimation in Italy [12]. These
multiple circumstances indicate the reasonable importance of
a noninvasive point-of-care (POC) method for Hb measurement.

Commercially available noninvasive POC tools for Hb
measurement (Figure 1) are already available [13-16], but have
one or more of the following limitations: (1) challenging data
collection methods, (2) complex data analysis and feature
extraction processes, (3) lack of affordability and portability,
and (4) lack of user-friendliness with costly external modules
[17]. Smartphone-based solutions are emerging owing to their
multifaceted benefits. Recent Hb level assessments use the
signal captured from human body locations such as the fingertip
[18], nail beds [19], and lower eyelid area [20]. The
smartphone’s built-in sensors, additional attachments, signal
processing methods, and machine-learning algorithms offer
major advantages for Hb level estimation. However, most of
these components (devices and data collection sites) vary among
studies assessing noninvasive methods for Hb level estimation.
Therefore, it is important to investigate what, how, and why
these components play a vital role in Hb calculation.

Accordingly, in this study, we investigated invasive, minimally
invasive, and noninvasive approaches to address the following
research questions: (1) How is the signal captured by a
smartphone camera from a body site? (2) What issues hinder
the smartphone-captured signal for building a noninvasive
diagnostic tool? (3) How are a signal’s features calculated
considering a fundamental theory? (4) What machine-learning
algorithms are used to develop a smartphone-based POC
diagnostic app?

This study addressed the details of measuring Hb noninvasively.
The paper is organized according to the functional components
of a noninvasive Hb measurement system. The Methods section
describes these components and briefly details current invasive
and minimally invasive methodologies for Hb estimation. A
list of noninvasive methods is discussed in detail, assessing the
challenges and opportunities of smartphone-based solutions. In
the Results section, we describe several sensors and signal
processing methods that are currently available to process
captured signals from different body sites and produce features
to apply machine-learning algorithms. We further discuss the
most common machine-learning algorithms, including ordinary
least squares, multiple linear regression (MLR), partial least
square regression (PLSR), and support vector machine
regression (SVR). In the Discussion section, we provide several
recommendations for the development of a POC tool using a
smartphone and propose lighting sources to improve the
measurement accuracy levels. Finally, we note our contributions
to and limitations of this field.
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Figure 1. Point-of-care tools for minimally invasive and noninvasive hemoglobin measurement: (a) Hemo Cue, and (b) Astrim-Fit. (These two photos
are licensed under CC BY-ND).

Methods

Overview of Hb Estimation Methods
Hb level measurement is a blood diagnosis process to determine
the concentration of Hb in the blood. Clinicians measure Hb in
several ways, although the invasive (blood sample collection)
approach remains the most common. Invasive processes involve
the addition of various chemicals to a blood sample and then
optical variations are calculated using spectroscopic data to

measure the Hb level (Figure 2). By contrast, a noninvasive
(without blood sample collection) approach involves data
obtained from image sensors [21], spectroscopic information,
and output of a photoplethysmographic (PPG) sensor to calculate
the Hb level (Figure 3). In addition, a minimally invasive
process requires only a couple of drops of blood to calculate
Hb, and then collects image and spectra-based information from
the blood sample for an estimation. Such minimally invasive
techniques are comparatively less painful and have fewer
complications in collecting sample data.

Figure 2. Collecting patient's blood sample for doing invasive hemoglobin diagnosis.
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Figure 3. Phases involved in a noninvasive hemoglobin measurement system.

Invasive and Minimally Invasive Processes
Smartphone-based solutions have appeared in recent years for
invasive and minimally invasive blood Hb level measurement.
In these cases, smartphones follow the characteristics of a
spectrometer. For example, Edwards et al [22] built a
smartphone-based G-Fresnel spectrometer that works within a
wavelength range of 400-1000 nm. The G-Fresnel spectrometer
showed a mean error of 9.2% in Hb level measurement in
phantom tissue studies. A tungsten halogen lamp illuminates
the liquid tissue phantom of human Hb and sends the diffusely
reflected light to the G-Fresnel smartphone spectrometer.
Although the smartphone-based spectrometer opens a new
research horizon toward developing a portable and affordable
solution, the use of liquid phantoms may not be an appropriate
approach for layered biological tissues. Living tissue has both
oxy- and deoxy-Hb molecules, and the phantom’s Hb is
saturated mostly with oxygen. Therefore, in vivo studies seem
to be more appropriate for developing a reliable
smartphone-based solution to measure Hb levels.

A color-based POC system developed by Tyburski et al [23]
was built with an inexpensive, disposable, and standalone device
that consisted of two parts: a cap and a body. By capillary action,
blood automatically fills the entire sample tube of the body.
The cap is then placed into the body, which is prefilled with the
reagent solution. After 60 minutes, the blood initiates a redox
reaction and the solution shows a stable color change. Using a
color scale sticker or with the optional smartphone app after
capturing an image of the solution, the Hb level was measured
in 238 patients. The sensitivity of the visual interpretation and
smartphone analysis of this POC device was 90.2% and 91.1%,
respectively, and the specificity was 83.7% and 79.2%
respectively. However, this minimally invasive approach suffers
from the limitation of the reagent’s expiration date, quality of
the cap and body of the device, captured image quality and
resolution, and identification of an exact Hb level by a visual
scale.

Visual image-based approaches have also been introduced for
Hb measurement. Glycated Hb (HbA1c), which provides
information about an average sugar level for the last 4 months,
can be measured using a paper-based system and a smartphone,
which will help to capture an image of a drop of blood. Using
this colorimetric process, Siva et al [24] applied
image-processing techniques to investigate the pixel color
intensity values and correlated the level of Hb with HbA1c [24].
Siemens Healthineers developed and commercially launched a
blood diagnosis device named Aina that can be attached to a
smartphone for determining levels of Hb, HbA1c glucose, and
a lipid profile [25].

A chromatography paper-based test was developed that involves
a mixture of blood and Drabkin reagent based on bloodstain
images digitized with a portable scanner to quantify Hb levels
[26]. This process may be accomplished with a smartphone
camera sensor by developing a mobile app and analyzing the
captured image. For continuous Hb monitoring, a sensor that
can calculate Hb levels is implanted in the body, which requires
replacement every 3-4 days due to enzyme depletion and
membrane contamination [27]. In this implanted system, a wire
has to be attached to the patient’s body to transmit signals [28].

In these invasive and minimally invasive systems, drawing
blood from a vein involves insertion of a needle, which can
cause some discomfort, pain, numbness, or a shocking sensation
to patients, with subsequent itching or burning at the collection
site. These procedures are often traumatic for children and
people with mental disabilities. This situation is further
exacerbated for patients with needlephobia, a medical condition
affecting approximately 10% of the global population [29].

Noninvasive Process
Noninvasive systems are usually composed of the three main
functional components shown in Figure 3: (1) a data acquisition
sensor that captures a raw biological (eg, image or spectral)
signal; (2) a feature engineering unit that preprocesses the signal
and calculates features from the signals; and (3) an Hb level
estimation system, which generally incorporates different layers
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of user authentication, data storage, prediction model usage,
machine learning, and result validation [21]. The user
authentication and Hb estimation phase depend on the device,
internet availability, user data, and prediction model.

Before elaborating on the smartphone-based noninvasive
approaches, we investigated spectroscopy-based techniques
with near-infrared (NIR) spectroscopy (NIRS), because these
methods have received considerable attention for the
noninvasive measurement of blood Hb, oxygenation, pH,
hematocrit, and glucose levels [30]. We investigated the lighting
sources used in various NIRS methods to determine which NIR
lights are most useful in calculating an Hb level noninvasively.
The light sources used in a spectra-based investigation may
enhance the chance of obtaining accurate Hb information using
a smartphone camera to which lights can be attached as an
external device.

External lights (ie, NIR lights) are required when a smartphone
has no support to sense blood Hb noninvasively in living tissues.
One noninvasive method for measuring Hb flow involves
analyzing the response of an NIR spectrometer that monitors
variations in the absorption of NIR light in the arm, followed
by calculating the changes in deoxy-Hb and oxy-Hb
concentrations using six wavelengths: 797.5, 802.5, 831.2,

848.7, 866.5, and 907.8 nm [31]. A strong correlation (R2=0.95)
between Hb values calculated by venous occlusion PPG and
NIRS was determined. Using the PPG signals under eight
wavelengths (ranging from 600.22 nm to 1000.60 nm), Yi et al
[32] improved the accuracy of dynamic spectrum extraction
and analyzed transmitted light through the fingertip of 220
subjects. They developed a calibration model between the
dynamic spectrum data and Hb levels, obtaining a correlation
of r=0.86 and a root mean square error of prediction of 8.48
g/L. Although the estimated Hb levels were accurate and precise,
closely matching clinical requirements, there is an opportunity
to involve a more rational calibration set selection process and
further improvements of the instrument’s signal to noise ratio
(SNR). Again, this solution should involve a portable and
low-cost instrument.

Table 1 summarizes other spectra-based Hb level measurement
processes, which vary in terms of the ranges of light wavelength,
input signals, and acquisition devices. In most cases,
investigators have used an expensive spectrometer for data
collection. Among these spectra-based studies, the most
commonly used spectral wavelengths have been 850 nm, 940
nm, and 1070 nm. Investigators have also employed specialized
devices to capture PPG signals from the data collection sites
such as the finger, hand, and earlobe.

Table 1. Summary of spectra-based techniques proposed for noninvasive hemoglobin measurement.

Participants (N)SignalComparatorWavelength (nm)Reference

220PPGaHematology analyzer (Pentra 60; ABX; France)600-1100Yi et al [32]

78PPGSysmex-KN21670, 940Rochmanto et al [33]

10PPGPronto-7, Hemocue Hb analyzer530Desai et al [34]

33PPGHemocue Hb-201TM660, 905Kavsaoglu et al [35]

32PhotonStandard CBC test400-700Kim et al [36]

69PPGPrototype624, 850Nirupa et al [37]

119SpectraLEDb and photodiode600-1050Ding et al [38]

8SpectraOcean Optics DH-2000350-1050Bremmer et al [39]

48PPGLED600-1000Timm et al [40]

—dSpectraIRc LEDs760-940Fuksis et al [41]

—LightAnalyzer oximetry660, 940Pothisarn et al [42]

41PulseRadical 7, XE-2100940Nguyen et al [43]

129PulseHemoglobin cyanide method569, 660, 805, 880, 940, 975Jeon et al [44]

—SpectraWhite LED500-700Jakovels [45]

1008SpectraOxyTrue Hb600-1400Timm et al [46]

32PPGMasimo Pronto 7, RGB CMOS camera500-700, 1300Wang et al [47]

—LightK1713-09 Hamamatsu Photonics, Co-oximeter600, 625, 660,

760, 800, 940, 1300

Suzaki et al [48]

10PPGHemo Cue670Al-Baradie et al [49]

aPPG: photoplethysmography.
bLED: light-emitting diode.
cIR: infrared.
d—: information not provided.
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Results

Smartphone as a POC Tool
A smartphone-based POC tool as a potential alternative to
invasive clinical blood testing is rapidly attracting attention
because of the advantages of availability, user-friendliness, and
easy attachability to different biosensing devices. The
combination of a smartphone and an external device can offer
a reliable and affordable POC tool for remote health monitoring.
Moreover, the enhanced computing ability, sensing capability,
portability, and wide availability of smartphones have propelled
this development.

Approximately 56% of US adults and more than 2.5 billion
people worldwide are currently using smartphone devices.
Multiple critical issues have been addressed in employing
smartphones for clinical measurement, including for
physiological parameter estimation [50-52], noninvasive Hb
diagnosis [53,54], and blood glucose measurement [55,56].
Several studies have shown a higher level of performance in
some biomedical applications where a smartphone plays a
pivotal role in measuring blood oxygenation, Hb, glucose level,
cholesterol, and antibody levels (see Multimedia Appendix 1).
The most frequently used smartphones are developed by Apple,
Samsung, Motorola, Google, HTC, Sony, and Asus, where the
camera sensor is used to capture videos or images. The accuracy
level was deemed to be reliable in each of the studies listed in
Multimedia Appendix 1 [50,51,54,55,57-64]. Data commonly
captured by a smartphone were obtained from two main body
sites: the fingertip and eyelid.

Finger-Based Analysis
The average width of a human index finger is 14 mm, including
the bone (∼6 mm), tissue, dermis (∼3 mm), epidermis (∼1.5
mm), and nail-plate (∼1 mm) [65]. As a data collection site, the
finger is frequently chosen for several reasons: it is easy to place
on a smartphone, it is less sensitive than the eyelid, and it is
easy to control. In most cases, the finger pulp area is illuminated
using either the phone flashlight or external light sources to
obtain the pulsatile information of blood in this area. Reflectance
and transmittance oximetry, based on the light source’s position,
have been applied to the fingertip area using a smartphone to
estimate Hb levels. For example, SmartHeLP [53], HemaApp
[66], and Hb Meter [67] determinations have used smartphone
camera sensors to capture image or videos. In these studies,
various lengths of fingertip videos were recorded with different
smartphones, and each video frame was analyzed pixel-wise by
separating the red, green, and blue (RGB) pixel intensities.
Hasan et al [53] subdivided each frame into 10×10 similar sized
blocks, separating RGB pixel intensities, and generating
time-series information on each block over all frames. They
also applied an artificial neural network to estimate Hb levels
based on training data of 75 subjects. The gold-standard Hb
levels ranged from 7.6 to 13.5 g/dL, and a rank-order correlation
of 0.93 was obtained between model-predicted and
gold-standard Hb levels. Based on the pixel information from
the group of blocks, the most significant region of interest was
determined to be close to the smartphone’s flashlight. Although
RGB pixels were explored in this study, only the red pixel

information was employed for development of the prediction
model. In addition, the presence of extreme (lower and higher)
levels of Hb was limited.

Similarly, Wang et al [66] evaluated fingertip videos using three
different hardware embodiments, in which the first embodiment
included a white flash and infrared emitter, the second
embodiment incorporated an incandescent lamp with a white
flash and infrared emitter, and the third embodiment was made
by a white flash and custom infrared light-emitting diode (LED)
array (Figure 4) [66,68-70]. The external lighting sources, a
combination of incandescent and NIR LEDs, resulted in better
estimation with an error of 1.26 g/dL and correlation of r=0.82
compared with the other two embodiments. In this case, they
captured 15-second-long fingertip videos from 31 subjects,
generated pulsatile signals, and extracted RGB time-series
waveforms for each video. Additional features, including peak
and trough, were calculated from each time-series dataset, and
SVR was applied to estimate the level of Hb for each user. In
this study, the analyzed Hb levels ranged from 8.3 g/dL to 15.8
g/dL, which were compared with those estimated using Masimo
Pronto. Although HemaApp showed greater accuracy than
Masimo Pronto, HemaApp was not tested on various types of
devices (eg, smartphone) and lighting sources. HemaApp used
the bulb to receive light of about 1000 nm, and the age of the
light bulb impacted the efficiency. In addition, the effect of
ambient light in this study was significant. To make HemaApp
more versatile, the prediction model requires upgrading on the
training data with more subjects.

In another report, four LED lights with different wavelengths,
photodiodes, and a microcontroller unit were used to capture a
finger’s PPG signal, enabling calculation of the ratio between
alternating current (AC) and direct current (DC) signals of the
PPG, and estimation of the Hb level, which was transferred to
a smartphone through Bluetooth [71]. The microcontroller
analyzed the PPG signal using the exponential moving average
and then linear regression was applied to calculate the Hb level
of 30 subjects, with a root mean square error of 1.53 g/dL.
However, the light setting requires correct illumination for
precise Hb estimation and the effect of different skin
pigmentation is yet to be tested in this system.

A human fingernail, with about 1 mm thickness on average, is
comprised of keratin protein, which is translucent [72].
Fingernails have been studied since they allow for easy data
capture and they are relatively easy to control [73]. Mannino et
al [19] analyzed the images of a fingernail bed captured by a
smartphone-based app to investigate critical information for
noninvasive Hb level measurement. In this study, an Apple
iPhone 5s captured the fingernail bed images (with the camera
flash both on and off) from 337 participants who provided blood
samples for a standard CBC test. Multilinear regression with a
bisquare weighting algorithm was applied to build a prediction
model from the nail bed’s image parameters and standard
laboratory reports. Although the smartphone app measured the
Hb level within 2 gm/dL with a bias of 0.2 gm/dL in 100
patients, and showed a good correlation (r=0.82) compared with
CBC reports, the system suffers from a limitation of automated
region of interest selection.
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Figure 4. Smartphone-based point-of-care tools for noninvasive hemoglobin measurement using fingertip and eyelid images. (a) SmartHeLP [53], b)
HemaApp [66], (c) SSR-based Hgb [20], and (d) Conjunctiva-based Hgb [80]. The images are presented with permissions.

Most of the finger-based studies for Hb level estimation
considered reflectance oximetry, in which the smartphone
camera and the light source were on the same side. However,
transmittance oximetry has been rarely applied for finger-based
data collection in estimating Hb levels. There is an opportunity
to investigate the finger as a data collection site by applying
transmittance oximetry, in which light from the finger’s dorsal
area is sent to the pulp area, because peak absorption of the
human melanin pigment occurs at around 335 nm [74], whereas
tissue has low absorbance (translucent) in the red and NIR
regions, and prior studies indicated that NIR light could
penetrate more than 1-2 cm [75].

Palpebral Conjunctiva
The palpebral conjunctiva, the lower eyelid area of the eye, has
received considerable attention as a measurement site because
the microvessels in this area are clearly visible and melanocytes
are not present [76]. Reflectance spectroscopy has been applied
to capture data from the eyelid area [77]. Digital photography
and spectral data of lower eyelid images or spectral data
converted from an RGB image were applied in several studies
to measure Hb levels in a noninvasive manner.

Recently, Park et al [20] introduced a smartphone-based solution
that converts an RGB image captured by a smartphone’s camera
sensor into a virtual hyperspectral image. The need for additional

equipment such as an attachment with a smartphone to capture
the spectral response was avoided by generating a conversion
matrix (T) to transfer a regular image to a spectral image. The
generated spectral image was defined as virtual spectra, which
were used to train an Hb prediction model. In this study, a wide
range of Hb values were calculated in clinical settings and
compared with the estimated Hb levels, and Bland-Altman
analyses showed reliable performance. Although three different
smartphones were used to collect the data, the testing on other
smartphones, creation of a more extensive dataset with a wide
range of Hb levels, and inclusion of patients with a variety of
possible confounding medical conditions are required for further
evaluation of this approach.

Selim et al [77] developed a solution based on a lower eyelid
image captured by a commercially available Sony DSC-F1
digital camera with a charge-coupled device (CCD), exposing
the palpebral conjunctiva. To minimize the effect of ambient
light, a gray card was placed close to the eye, and the region of
interest was selected from both the eyelid and gray image
manually. Invasively measured Hb, using an automated cell
counter (SE 9500, Sysmex Corporation, Japan), was compared
with the estimated Hb of 117 subjects’ eyelid images,
demonstrating a Pearson rank-order correlation coefficient of
0.6. However, the prediction algorithm was not verified with
other light sources, compared with a gold-standard test, checked
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according to the variation in oxygen saturation, or tested in
outdoor settings.

Dimauro et al [78] attached an enclosed macrolens with a
smartphone to capture a close and high-resolution image of an
eyelid with precise focus. The image was segmented using the
SLIC Superpixels algorithm, a region of interest was selected
for feature extraction, the erythematous was calculated for the
CIE-Lab color space, and the k-nearest neighbor classification
algorithm [79] was applied to the eyelid image data captured
from 102 participants. Applying the Random Oversampling
Examples (ROSE) balancing algorithm, they found reliable
prediction of the Hb level using conjunctiva images.

Digital images of the palpebral conjunctiva can provide
information to measure the level of Hb in a noninvasive manner
[80]. Anggraeni et al [57] built a regression model using the
digital images of 20 participants’eyelids along with white paper
images captured at the same time by Asus ZenFone 2, and
estimated the Hb concentration, which correlated highly with
clinically measured Hb levels (r=0.92). Among the three color
pixels of a palpebral conjunctiva image, the red color intensity
showed better performance than the green and blue pixel
intensities in this study. However, specific software is required
for image analysis, and the region of interest needed to be
selected for enhancing the precision level.

In addition to conjunctiva images, Rojas et al [81] developed
Selienemia, a smartphone and cloud-based platform, using RGB,
ISO files, and exposure of images of the tongue, and built a
curve-fitting model applying logistic regression and a neural
network algorithm. The tongue images provided a better result
(sensitivity 91.89% and specificity 85.18%) than the
conjunctiva-based prediction model (sensitivity 91.89% and
specificity 70.34%) when tested on 64 patients. However, the

training model was built on a population in which most of the
participants were young (mean age of 22.6-31.6 years) and
extreme levels of Hb were rarely observed in this group (mean
10.6-14.8 g/dL). Establishing a controlled environment and
standardized images for Selienemia is challenging.

Although noninvasive devices can capture accurate blood Hb
values, their application can be cumbersome and limit users,
since the devices have to be attached and oriented correctly,
and must be operated with expertise. Access to expensive
noninvasive devices for Hb diagnosis is not a practical solution
in many low- and middle-income countries. Since the number
of smartphone users in the world is estimated at about 6 billion
[82], discussion about noninvasive methods should involve
user-friendly and cost-effective solutions developed using a
smartphone; however, more details of the sensors used are
required. In the following sections, we discuss several sensors
and signal processing tools.

Sensors
Sensors translate a physiological signal into machine-accessible
data that allow for measurement of physical properties of the
human body by collecting physiological signals from one or
multiple body sites, including the skin [45], fingertip [66], lip
[83], and eye conjunctiva [84]. A machine-learning algorithm
with the features generated from a sensor’s signal can be used
to build a prediction model to estimate Hb levels.

Table 2 lists the different types of sensors that have been used
to capture physiological data to estimate Hb levels
noninvasively. Most of these sensors are based on image, PPG
signal, and optical data. Some of the sensing devices were built
by the research team, whereas others used off-the-shelf hardware
such as a smartphone, PPG device, or spectrometer.
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Table 2. Summary of different sensors, signal types, and body sites used for hemoglobin level measurement.

Body partSignalSensorDeviceReference

FingerLightPPGaHemocue Hb-201Kavsaouglu et al [35]

ConjunctivaSpectraOpticalSpectrometer, quartz-tungsten-halogen
source

Kim et al [36]

FingerLightPPGPrototypeNirupa et al [37]

FingerSpectraOpticalLEDb and photodiodeDing et al [38]

FingerSpectraOpticalInGaAs photodiodeTimm et al [40]

FingerLightOpticalAnalyzer oximetryPothisarn et al [42]

FingerPulseFluorescence and
optical

XE-2100, Masimo Radical 7Nguyen et al [43]

FingerPulseOpticalHardware prototypeJeon et al [44]

SkinSpectraOpticalNuance 2.4Jakovels et al [45]

FingerSpectraOpticalHemocueTimm et al [46]

FingertipPPGImageMasimo Pronto 7, RGBc CMOSd cameraWang et al [47]

FingerPPGImageSmartphone cameraKamrul et al [53]

FingerPPGImageSmartphone cameraWang et al [66]

Finger, ear or toeSpectraOpticalModified pulse oximeter, Coulter STKS
Monitor

Kuestner et al [85]

Finger or earSpectraOpticalHemocue 201+, Radical-7Lamhaut et al [86]

ArmSpectraOpticalRGB CMOSJakovels et al [87]

FingerSpectraOpticalR1-25 and R2-25aMiyashita et al [88]

FingerSpectraOpticalAvaSpec HS1024x58TEC-USB2Li et al [89]

FingerSpectraOpticalHemocue 301, Siemens RapidPoint 405,
Sysmex XT 2000i

Frasca et al [90]

aPPG: photoplethysmography.
bLED: light-emitting diode.
cRGB: red, green, blue.
dCMOS: complementary metal oxide semiconductor.

Optical sensors, as a type of photometric device, capture the
optical signal from an external source such as an LED, laser,
or lights of different spectra [91]. Photodiodes are primarily
used as optical sensors, which are made of indium gallium
arsenide (InGaAs) and indium-phosphor. In some cases, optical
sensors contain an embedded amplifier that can select different
wavelengths (500-1600 nm) of the signal. A complementary
metal oxide semiconductor (CMOS) is a sensor that converts
photons to electrons for digital processing, which is used in
smartphones, digital video cameras and digital CCTV cameras,
astronomical telescopes, scanners, barcode readers, robots, and
optical character recognition systems. As high-end smartphone
devices include CMOS camera sensors, we can collect data
using a smartphone in data collection. In addition to RGB, a
CMOS sensor, RGB LED ring-light illuminator, and
orthogonally orientated polarizers can be used to capture images,
where multiple images under different light sources may carry
rare information [87]. The reason is that CMOS chips, with
PPG light-capturing cells, pick up the photons at different
wavelengths and translate them into electrons, which are
converted by digital-to-analog converters into pixels of various

colors [92]. The CCD sensor, a light-sensitive integrated circuit,
can convert each image pixel into an electrical charge, and has
a high degree of sensitivity that can generate an image even in
low-light conditions [93].

InGaAs, an alloy of indium arsenide and gallium arsenide, is
another type of infrared sensor used in photodiodes. As a faster
response, an InGaAs photodiode is preferred in most studies
since these photodiodes have shown higher quantum efficiency
[94]. An InGaAs photodetector may also be useful for
noninvasively monitoring the Hb concentration and oxygen
saturation [95]. A silicon photomultiplier is a solid-state photon
detector that can count every single photon, is small in size, of
low cost, able to detect low light, and is quantum-efficient [96].
Several studies have used a silicon photomultiplier to build
embedded systems to detect PPG signals in both reflective and
transmittance modes [97].

A PPG sensor captures an optical response from the
microvascular bed of a fingertip, and is used for arterial, venous,
and respiratory measurements. Recently, optical PPG sensor
data were used for noninvasive Hb measurement [98]. A PPG
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device can identify the finger motion with a motion detector
and can work with more than one wavelength. Compared with
data captured by an electrocardiogram machine, a PPG device

reliably (R2=0.93) calculated the heart rate of 170 subjects [99].

Sensing through an electrical-sensing device costs additional
money, which complicates the use of such systems. By reducing
the number of electrical sensors through leveraging the
smartphone’s camera sensor, an image or video signal can be
collected from a body site, and these data can be processed to
generate machine-readable signals and features, and then
machine-learning algorithms are applied to build an Hb
prediction model. Smartphone-captured data, either image,
audio, or video, should be preprocessed using signal processing
techniques.

Signal Processing
Smartphone-recorded signals captured from a body site are
attenuated by different unintentional issues such as movement,
external noise, and motion artifacts. As part of preprocessing,
smartphone-captured data, image, or video are processed using
OpenCV library, which generates time-series signals [100] that
can be applied to Fourier series analysis on a cycle-by-cycle
basis. To remove high-frequency noise in the signal, the data
can be filtered using smoothing filters such as Savitzky-Golay
smoothing, Butterworth, and Gaussian filters. A cycle-by-cycle
Fourier series analysis could reduce the measurement error of
the signal from 37% to 3% [101].

The Savitzky-Golay data smoothing filter uses a least-squares
polynomial approximation by fitting a polynomial to an input
dataset, and evaluates the resulting polynomial at a single point,
maintaining the shape and magnitude of the waveform peaks
while smoothing the waveform [102].

Biological signals, which are nonstationary as they tend to
change over time, can be passed through wavelet transformation
for noise reduction and signal enhancement [103]. Stationary
wavelet transform was applied to PPG signals, and the wavelet
transforms modulus maxima was used to reduce motion artifacts,
resulting in an 87% reduction in heart rate estimation error, 76%
reduction in heart rate variability estimation error, and 66%
reduction in instantaneous heart rate error [104]. A continuous
wavelet transform can be used to determine the accurate position
of the peak and trough of a PPG signal [105]. However, wave
transform has limited capability in restoring corrupted PPG
signals for both heart rate and pulse transmit time measurements

[106]. There are also more advanced techniques derived from
wave transform such as synchrosqueezing transform that have
been used to process PPG signals [107].

Independent component analysis (ICA) can separate the additive
non-Gaussian subcomponents of a multivariate signal [108].
As motion artifacts in a PPG signal are derived from
independent sources, these can be separated using ICA. ICA
can also be used to separate the effect of ambient light and other
sources of interference. Kim et al [109] used a combination of
ICA and block interleaving with low-pass filtering to reduce
motion artifacts in PPG signals. Holton et al [110] compared
ICA with principal component analysis, another source
separation technique, with respect to their effectiveness in PPG
signal recovery from video recordings, and found that ICA
produced the most consistent result.

A Butterworth filter, as a maximally flat filter, makes the
frequency response of a signal as flat as possible in the passband
[111]. By applying the Butterworth filter, high-pass, low-pass,
or band-pass filter, a PPG signal can be processed as an
authentication method of a PPG biometric [112]. With the
Butterworth filter, using both low-pass filtering and wavelet
transform, motion artifacts can be removed from PPG data,
monitor blood pressure, and identify wrong peaks [113-115].

A biological signal captured by a smartphone introduces noise
due to uncontrolled data collection processes, which results in
a low SNR. To remove the motion artifact, a Butterworth filter
[113], singular value decomposition [116], adaptive filtering
[117], Fourier series analysis [118], ICA [109], and principal
component analysis [119] have been most commonly used.
More than one technique should ideally be used to reduce the
motion artifact based on the generated signal’s pattern, noise
level, sources, environment, and acquisition process. After
cleaning, features of the signal are calculated to apply
machine-learning algorithms to build a prediction model.

Machine-Learning Algorithms

Definition
A machine-learning algorithm trains a machine to learn and
apply acquired knowledge in predictions. Most of the current
Hb prediction models use machine-learning algorithms.
Although these algorithms could be used in any type of
diagnostic system, we here present a list of machine-learning
algorithms that are commonly used to assess Hb levels
noninvasively (Table 3).
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Table 3. Summary of machine-learning algorithms for noninvasive hemoglobin measurement.

Performance measuresAlgorithmsReference

r and R2kNNa classifierDemauro et al [12]

r, RMSbDifference accumulationYi et al [32]

MSEk, R2, RMSEl, MAPEm, IAnCARTc, LSRd, GLRe, MVLRf, PLSRg, GRNNh, MLRi,

SVRj

Kavsaouglu et al [35]

MSE, R2Linear regressionNirupa et al [37]

rBP-ANNo and PCApDing et al [38]

rLLSq fitBremmer et al [39]

MSE, R2, rMLR, PLSRJeon et al [44]

Gaussian analysisRegression analysisJakovels et al [45]

BAArRegressionTimm et al [46]

RMSELinear regressionWang et al [47]

r, BAASVRWang et al [66]

r, BAA, P value, bias, precisionLinear regressionLamhaut et al [86]

r and BAA bias plotLinear regressionMiyashita et al [88]

RPLSRLi et al [89]

MSE, r, RMSE, R2, BAARegression, BAAFrasca et al [90]

RPLSR and ANNsKamrul et al [18,53]

akNN: k-nearest neighbor.
bRMS: root mean square.
cCART: classification and regression trees.
dLSR: least-squares regression.
eGLR: generalized linear regression.
fMVLR: multivariate linear regression.
gPLSR: partial least-squares regression.
hGRNN: generalized regression neural network.
iMLR: multiple linear regression.
jSVR: support vector regression.
kMSE: mean square error.
lRMSE: root mean square error.
mMAPE: mean absolute percentage error.
nIA: index of agreement.
oBP-ANN: backpropagation artificial neural network.
pPCA: principal component analysis.
QLLS: linear list squares.
rBAA: Bland-Altman analysis.
sANN: artificial neural network.

MLR
With a similar strategy of more than one simple linear
regression, MLR aims to model the relationship between two
or more explanatory variables and a response variable. The
simple linear regression estimates the relationship between a
dependent variable Y and an explanatory variable X using the
equation Yi=β0+β1Xi+εi, where β0 is the intercept and β1 is the
slope of the line, and the error εi is considered to have a mean
value of 0. By contrast, MLR has p explanatory variables. In

this case, the relationship between Y and X is represented by
the following equation:

Yi = β0 + β1X1i + β2X2i + β3X3i +...+ βpXpi + εi,

where β1 to βp are the coefficients. Using this equation, MLR
uses the features of a signal as an observation (row) of X and
the target value. For example, the clinically measured Hb level
is stored in Y to build an Hb prediction model [35].
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PLSR
Multiple factors, greater than the number of observations, have
been analyzed by PLSR in several studies for Hb level
estimation [120,121]. PLSR calculates a few latent factors
among other factors that may be responsible for most of the
variation in the target or response variable. PLSR names the
latent variable as T or X scores and defines the response
variables as U or Y scores. The X scores with a direction in the
factor space explain the factor variation, even when a strong
relationship with Y scores is lacking. In PLSR, the Y scores
maintain the variation of predicted Y and provide data regarding
the change in U. The greatest advantage of PLSR is that both
X and Y scores are used to determine a correlation, which helps
to build a reliable prediction model [122].

SVR
SVR is a well-known regression technique for the
dimensionality problem, which finds the best hyperplane that
separates a class/group with maximum distance using support
vectors as a set of critical points. The optimization function is
given as follows [123]:

1/2 ||w||2

Subject to,

yi – (wixi) – b < e

(wixi) + b – yi < e

SVR uses kernels, linear or nonlinear, to create a hyperplane
that preserves maximum margins among the data. One of the
popular kernel functions is the radial basis function, which has
been used to estimate noninvasive Hb levels [35,66,124].

Measurement Techniques
An Hb prediction model developed by applying a
machine-learning algorithm from estimated Hb levels requires
a performance test with a gold-standard (clinically measured)
Hb value. Performance measurement, based on comparison of
estimated with clinically measured values, is generally achieved

by calculating the goodness of fit (R2), correlation coefficient
(r), mean absolute percentage error (MAPE), Bland-Altman
plot, mean absolute error, and mean squared error (MSE) in
data analysis, as follows.

MAPE: 

where At is the actual value or gold-standard measurement, Et

is the estimated value, and n is the number of measurements or
observations. MAPE is used in the majority of performance
measurements because it is easy to explain and understand and
does not depend on scale.

If Yi denotes the ith target value and Ŷi denotes the estimated
value of Yi, then the formula for the MSE considering the
dependent variable Y with n elements is:

The correlation coefficient (r) demonstrates how strongly two
measurement methods are linearly related. The value of r is

between –1.0 and +1.0; if r is +1.0 or –1.0, then strong linear
relationships are indicated. The formula for Pearson correlation
is given by [125]:

where n is the sample size, xi, yi are the sample points, is the

sample mean, and is the target mean value.

The Bland-Altman plot is used to estimate a limit of agreement
(LOA) between two quantitative measurements. In general, it
is common to compute the 95% LOA between two measurement
processes. The Bland-Altman plot thus represents the difference
between the two measurement methods against the mean value.

Discussion

Summary
We investigated several invasive, minimally invasive, and
noninvasive methodologies involving a smartphone for data
collection, presentation, and transmission processes toward the
development of a noninvasive Hb measurement tool. The diverse
methodologies across studies included data collection processes,
signal processing techniques, feature selection processes,
prediction model development algorithms, and performance
measurement techniques. Based on these insights, we provide
a list of recommendations to develop a smartphone-based
noninvasive Hb level estimation tool, which are organized below
to answer the research questions on how to capture a signal
using a smartphone camera from a body site, address several
issues that add noise in the smartphone-captured signal, calculate
the features of a signal following a fundamental theory, and
apply machine-learning algorithms for the development of an
Hb prediction model.

Body Site Selection for Signal Acquisition
The recommended optimal data collection sites on the body are
the palpebral conjunctiva, because of easy access to the
microvasculature, and the fingertip, because of the ease of
control and access. In the eyelid area, most data collection
processes involve digital photography [77,84,126] or reflectance
spectroscopy [127,128]. Although most studies demonstrate
how to capture an image accurately, perform spectral
measurement, and maintain the data collection site motionless
during data collection, there is a chance that some of the
measurements may include noise from other unintentional
activities such as eye blinking, eye sensitivity to the light,
breathing, loss of control of the eyelid, or a limited exposed eye
area. While using the smartphone camera or external camera to
capture an eyelid image, the user can attach a fixed object to
the smartphone (eg, mirror) and the image can be captured with
a mobile app, in which the boundary of the eyelid area must be
visible so that users capture the eyelid image from a fixed
distance. In this case, the secondary camera (or the camera on
the screen side) of the smartphone is a good option since the
user can see the app screen and the eyelid area on the
smartphone’s screen, which may allow capturing an eyelid
image without additional assistance.
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The fingertip has several advantages as a data collection site.
Fingertips are easily accessible, less sensitive to minor
manipulations, and are generally easy to control. The
approximate thickness from the dorsal to the ventral pad side
of a finger is about 14 mm for adults. Fingernails with a
translucent protein (keratin) can transfer NIR light, which can
penetrate more than 1-2 cm [73,75]. Thus, NIR light in the
finger tissue can work in both reflective and transmissive mode.
Owing to the greater flexibility, we recommend a fingertip-based
study over an eyelid-based approach.

Response Calculation
Fingertip tissues with arterial and venous blood contain
light-absorbing components that can be recorded by PPG, an
optical device that can be used to observe blood volume changes
noninvasively. A PPG system is built with a light source to
illuminate the tissue area (eg, finger) and a photodetector to
capture the variation of light intensity. The intensity variations
are observed due to the systole and diastole parts of the
heartbeat. Thus, a PPG signal is derived from two parts: the
dynamic part, defined as the AC signal, and the static part,
defined as the DC signal (Figure 5).

Figure 5. Light absorption changes for pulse, arterial, and venous blood, and living tissue. AC: alternating current; DC: direct current.

The absorption of light by melanin and fat in the skin exhibits
a significant response in the shorter wavelengths of light [129].
NIR light, with a wavelength range from 700 to 2500 nm, can
penetrate the finger more efficiently than visible light. In this
range, light can penetrate 1-2 cm in tissues. As suggested by
the foregoing discussion, we recommend light sources of 850
nm or 940 nm, and camera (visible) light to assess the Hb
response from a fingertip video. Since water starts showing a
response at greater than 950 nm, we recommend using 1070-nm
wavelength light to capture the plasma response from a video.
The PPG signal captured under an NIR LED light source should
be used for further processing. Since the low SNR may reduce
the possibility of better PPG generation, selection, and feature
extraction, we recommend utilization of laser diodes as a light
source and developing a PPG generation algorithm using the
dynamic spectrum method [89], ratio of the superimposition
averaging template and pulse wave [130], optimized differential
extraction method [131], and spectral difference coefficient and
dynamic spectrum [132].

Signal Preprocessing
Because the pressure of the fingertip pad on the smartphone
camera and finger movement can alter the waveform of the PPG
signal, a well-designed hardware system for securing the imaged
finger needs to be developed [133,134]. Noise and artifacts can

be further reduced with the use of filters such as moving average
and adaptive filters that work with a reference signal [135]. The
reference signals can be obtained from an additional transducer
to identify finger movement [136]. Most physiological signals
are nonstationary and change their properties over time. In this
case, a wavelet transformation and the smoothed
pseudo-Wigner-Ville distribution are recommended to improve
the PPG signals [135]. The wavelet transform has been used as
a common method of movement artifact reduction for PPG
signals [137].

To identify the region of interest, HemaApp uses the center
section of an image [66], Scully et al [58] used 50×50-sized
image pixel intensities on the green channel, and Jonathan and
Leahy [138] took a central region with a mean intensity value
from 10×10 pixels for smartphone-based PPG generation. Based
on these findings, we recommend subdividing an image into a
10×10 image block, generate a PPG signal on each block against
all frames, and identify the best location to obtain the strongest
PPG signal.

Theoretical Foundations
The transmissive or reflective process captures the properties
of a living tissue noninvasively [139]. The variation of this
transmitted or reflected light depends on the shape, volume,
and refractive index of Hb, and the angular distribution of
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scattered light, which characterizes the absorption properties of
blood and tissue [140]. By analyzing these changes in optical
scattering properties in tissues, a noninvasive solution for Hb
estimation can be achieved.

According to the Beer-Lambert law, Io=Ie−αCD, where Io is the
output light intensity, I is the incident light intensity, α is the
light absorption coefficient, C is the concentration of a blood
component, and D is the light path; the absorption of light is
proportional to the concentration of a medium and the path
length. A finger has three different absorptions for a given
wavelength of light (λ) due to Hb, plasma (P), and the tissue
(T). Therefore, the light absorption (under a given λ) by a finger
is

Io,λ = Ie(αHb[Hb]+αP[P]+αT[T])(−D)

Following the above equation, the light response for the AC
and DC value of a PPG can be given as:

ACλ = Ie(αHb[Hb]+αP[P])(−d1)+(αT[T])(−DT)

DCλ = Ie(αHb[Hb]+αP[P])(−d2)+(αT[T])(−DT),

where d1 is the path length for Hb and plasma during the AC
signal, d2 is the path length for Hb and plasma during the DC
signal, d=d1−d2, and DT is the path length for the tissue. We
assume that the tissue has a stable response, and the ratio of the
magnitude of AC and DC removes the effect of the tissue. Then,
we can express the ratio between the AC and DC values as:

ACλ/ DCλ=e(αHb[Hb]+αP[P])(–d)

where d is the path length that affects only the Hb and plasma
for λ wavelength of light. Taking the log of both sides of the
equation, we can write:

lnACλ/ DCλ=(αHb[Hb]+αP[P])(–d)

The empirically measured absorption coefficient for each
wavelength of light can help to solve the above equation.
However, the system setup for fingertip video recording, lighting
conditions, PPG generation from fingertip videos, and complex
reflection properties of tissue require machine-learning
regression techniques to calculate the ratio of Hb and plasma
[54,66]. By incorporating multiple wavelengths of light and the
respective responses, several studies have demonstrated reliable
Hb prediction models, reducing the number of wavelengths to
two with one Hb-sensitive wavelength and another
plasma-sensitive wavelength. We recommend this
dual-wavelength approach, in which the ratio of the responses
captured by two different wavelengths of NIR lights has been
applied in different investigations such as for blood Hb [35],
skin blood supply assessment [141], oxygenation level [142],
and glucose level [143] estimation. The CCD camera sensors
can capture PPG signals similar to a pulse oximeter using a
photodetector in the NIR range, with a light wavelength around
1000 nm [144]. Modern smartphone cameras have strong
sensing capabilities for PPG imaging and volumetric changes
in the arterial blood, which enable them to capture PPG signals
using reflective or transmissive oximetry from the finger. After
generating the PPG signal from the smartphone-based fingertip
videos, the features can be calculated from each signal.

PPG Feature Generation
Since a PPG signal reflects the movement of blood from the
heart to the fingertip through the blood vessels, the characteristic
parameters of a PPG signal may provide information on blood
constituent levels. PPG features have been used in several
studies, including those of hematocrit, oxygen saturation, pulse,
and respiration [35,145-147]. Based on these insights, we
recommend investigating multiple features from the PPG signal
(Figure 6), including the systolic and diastolic peak, PPG rise
time, pulse transit time, pulse shape, and amplitude [148].
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Figure 6. Multiple features collection from a photoplethysmogram signal.

The systolic peak, an indicator of the pulsatile changes in blood
volume caused by arterial blood flow, is generated by the direct
pressure wave coming from the left ventricle to the periphery
of the body. The diastolic peak is a result of reflections of the
pressure wave by arteries of the lower body [147]. The dicrotic
notch is a small downward deflection between the systolic and
diastolic point of a PPG cycle [149]. The pulse interval
represents the relationship between the contribution that the
wave reflection makes to the systolic arterial pressure and the
reflected wave coming from the center [148]. The PPG shows
blood movement, whereas the first derivative of the PPG signal
indicates the velocity of blood in the finger [150]. Finally, the
ratio of a peak value and the sample rate is denoted as the peak
time.

The systolic amplitude, representing pulsatile changes in blood
volume, can lead a machine-learning algorithm to correlate the
pulsatile changes with blood constituent levels [151]. Delle et
al [152] confirmed the inverse relationship between the middle
cerebral artery peak systolic velocity and Hb levels. With the
incoming arterial pulse in the systolic phase, the total light
absorbance rises with the increase in arterial blood volume. The
systolic increase can then be measured by subtracting the
diastolic baseline absorbance from the systolic peak absorbance
[153]. The relative augmentation allows us to capture these
variations [66], and the inflection points can determine the
minimum and maximum values of the PPG waveform [154].
By calculating the first and second derivatives of the PPG
signals, the informative inflection points can be more accurately
studied. The change in blood volume can be tracked by
calculating the pulse interval and the ratio of different peak
arrival times [155].

Finally, we recommend calculating the ratio of two PPG features
captured under two different wavelengths of light (λH and λP).
The ratio of two PPG signals’ feature values can be presented
as follows:

Rλ1 (λ2)=PPGλ1/PPGλ2,

where, Rλ1(λ2) is the ratio of the two PPG signals’ features,
PPGλ1 is a PPG generated under the Hb-responsive light source,
and PPGλ2 is a PPG calculated under a plasma-responsive light
source. The ratio of the two PPG feature values represents the
individual ratio between each feature value, which can then be
applied to Hb level estimation.

Dataset Balancing
In medical research, an imbalanced learning problem frequently
occurs while solving a classification problem due to insufficient
data of certain classes [12]. The imbalance condition can affect
the prediction model. Therefore, suitable solutions are required
to solve this problem. One strategy might be to alter the class
distribution through data resampling (eg, oversampling with
sample replacement). The newly generated data can remove the
overfitting issues and improve the generalization ability. Class
balancing can be achieved through the ROSE algorithm [156],
which helps to relieve the severity of the effects of an
imbalanced distribution of classes. SMOTE [157], which is
based on an oversampling approach, can also be applied to solve
this issue.

Patient Evaluation Strategy
There are different types of users or patients worldwide of a
smartphone-based POC solution for blood component
measurement. Based on the availability of smartphones and the
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expertise of the user, two strategies can be adopted. The first
strategy is for users living in low-resource settings, who can
obtain the smartphone from a local clinic, pharmacy, village
shop, or government office such as a municipality. Since the
users are not experts in using the mobile app and face challenges
in understanding the output of the blood report, a trained person
can help the patient collect the fingertip video or capture an
eyelid image to transfer to a cloud for further processing. In this
case, the smartphone is safe to use without the risk of losing a
device, sending wrong data, and obtaining misleading feedback
from the cloud. This option is also cost-effective since many
people can access the smartphone with minimum payment. The
second strategy is for smartphone users who have some degree
of mobile health literacy, confidence to capture data, and a better
understanding of mobile apps. In these settings, the users capture
data from fingertip videos or eyelid images by themselves and
submit the data through the internet. In both contexts, users are
also allowed to send their clinical blood test results through the
mobile app to the cloud. These strategies will help researchers
to build an updated prediction model based on the data stored
on the cloud.

These recommendations can provide guidance for researchers
in the area of noninvasive blood component measurement to
develop smartphone-based POC tools with the support of mobile
app development (user interface), cloud computers, and software
and prediction model developers. The data collected by a
smartphone can be transferred to a cloud via the internet where
several steps are to be accomplished, such as authentication,
schedule data to a job manager [158], apply an existing

prediction model, update the model, and give feedback to the
users with an estimated Hb level.

Conclusions
As an increasingly widely available computing platform, the
smartphone offers an alternative, noninvasive POC tool to
traditional measurements of blood Hb. We recommend the
fingertip as the data collection site for the optimal development
of an accurate Hb prediction model due to its easy access, use
of three different NIR lighting sources, specific signal processing
techniques and feature selection methods, and region of interest
selection methods. For fingertip-based data collection, a covered
external NIR light source (ie, fully covered PPG device) can
provide the best PPG signal from a smartphone video. The video
should be captured with minimum presence of ambient light,
as demonstrated by Hasan et al [159] (Figure 7, left). In addition,
an eyelid conjunctiva image can be captured using a smartphone
app installed on a head-mounted plastic passive viewer (Figure
7, right) [12,78]. These two data collection methods can provide
practical applications because of their reliability, ease of use,
and sustainable cost for a patient. Investigators need to consider
the following issues before developing such a smartphone-based
POC tool: (1) cost of the smartphone, external device, reagents
if needed, training, internet, and cloud implementation; (2) other
physiological features of the patient; (3) enabling multiple
checks with a minimal cognitive load for the user; (4) storing
the user’s location, sex, and age in the record; (5) keeping the
external device as optional so that a user can run a diagnostic
without the device; and (6) creating an external device that is
cost-effective, easily attachable, properly fit with the finger,
and user-friendly.

Figure 7. Recommended data collection tool design for (left) fingertip video capture and (right) an eyelid conjunctiva image.
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Abstract

Background: South Africa adopted a universal test and treatment program for HIV infection in 2015. The standard of care that
people living with HIV receive consists of 3 sessions of readiness counseling delivered by lay counselors (LCs). In the largest
antiretroviral therapy (ART) program worldwide, effective and early HIV and ART education and support are key for ensuring
ART adoption, adherence, and retention in care. Having LCs to deliver readiness counseling allows for the wide task-sharing of
this critical activity but carries the risks of loss of standardization, incomplete content delivery, and inadequate monitoring and
supervision. Systems for ensuring that a minimum standard of readiness counseling is delivered to the growing number of people
living with HIV are essential in the care cascade. In resource-constrained, high-burden settings, mobile health (mHealth) apps
may potentially offer solutions to these treatment gaps by providing content structure and delivery records.

Objective: This study aims to explore, at a large Cape Town–based nonprofit HIV care organization, the staff’s perceived
preimplementation barriers and facilitators of an mHealth intervention (Masivukeni) developed as a structured app for ART
readiness counseling.

Methods: Masivukeni is a laptop-based app that incorporates written content, graphics, short video materials, and participant
activities. In total, 20 participants were included in this study. To explore how an mHealth intervention might be adopted across
different staff levels within the organization, we conducted 7 semistructured interviews (participants: 7/20, 35%) and 3 focus
groups (participants in 2 focus groups: 4/20, 20%; participants in 1 focus group: 3/20, 15%) among LCs, supervisors, and their
managers. In total, 20 participants were included in this study. Interviews lasted approximately 60 minutes, and focus groups
ranged from 90 to 120 minutes. The Consolidated Framework for Implementation Research was used to explore the perceived
implementation barriers and facilitators of the Masivukeni mHealth intervention.

Results: Several potential facilitators of Masivukeni were identified. Multimedia and visual elements were generally regarded
as aids in content delivery. The interactive learning components were notably helpful, whereas facilitated updates to the adherence
curriculum were important to facilitators and managers. The potential to capture administrative information regarding LC delivery
and client logging was regarded as an attractive feature. Barriers to implementation included security risks and equipment costs,
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the high volume of clients to be counseled, and variable computer literacy among LCs. There was uncertainty about the app’s
appeal to older clients.

Conclusions: mHealth apps, such as Masivukeni, were perceived as being well placed to address some of the needs of those
who deliver ART adherence counseling in South Africa. However, the successful implementation of mHealth apps appeared to
be dependent on overcoming certain barriers in this setting.

(JMIR Mhealth Uhealth 2021;9(4):e23280)   doi:10.2196/23280

KEYWORDS

HIV/AIDS; antiretroviral treatment; low-resource settings; mHealth; Masivukeni; Consolidated Framework for Implementation
Research; implementation research; lay antiretroviral therapy adherence counselors; mobile phone

Introduction

Background
In South Africa, the integration of lay counselors (LCs) in HIV
health care has revealed some challenges in providing mental
health services [1-3]. LCs face many structural challenges in
their work, including little space and privacy to conduct
counseling and limited support and supervision by health care
staff [2,3]. To further compound these challenges, LCs are not
part of the South African National Department of Health’s
formal employment structure but are rather supervised by their
respective facility managers [3]. One of the challenges with
integrating LCs in providing antiretroviral therapy (ART)
adherence counseling includes the need to standardize content
and delivery within a patient-centered framework [4,5]. Current
research is focused on ways to optimize the skills of LCs who
deliver these interventions [3]. A novel and growing avenue of
research to address these challenges is using technology-based
interventions [6-9]. Evidence suggests that the use of mobile
health (mHealth) apps—mobile and wireless tools used in care
settings—can positively impact postintervention health
behaviors [10,11].

mHealth-based interventions offer several advantages, such as
widespread access to professional care within
resource-constrained environments, the incorporation of
interactive components to enhance learning and medical
education, and a variety of delivery modes (eg, via smartphones,
tablets, and laptops) to suit various contexts [9,11]. Another
benefit includes visual psychosocial education capabilities that
accommodate different learning styles and literacy levels, which
is important for lower literacy countries [7]. One such example
is Masivukeni, a laptop-based mHealth intervention developed
specifically for the South African context for use by LCs who
deliver ART adherence counseling [7]. The intervention was
informed by social action theory, which emphasizes social
relationships and psychoeducation, crucial factors in positive
adherence behavior [12]. The Masivukeni intervention provides
a scaffold to deliver key information about HIV and ART and
activities aimed at addressing behavioral factors that strengthen
adherence [12]. Modules are presented in a linear fashion; they
can be represented at any time and are delivered in a visual and
interactive manner to improve patient interaction and reduce
the effect of low literacy levels [7]. Interventions such as
Masivukeni offer opportunities to improve access to
standardized ART adherence counseling and enhance LCs’
capacity to deliver interventions [13]. However, low-resource

health care settings present challenges to wider mHealth
implementation because of issues such as limited funding, high
costs, and poor infrastructure—factors known to impede the
implementation process [10,14].

In South Africa, LCs provide some relief to the health care
system but require substantial support, and mHealth solutions
may be an effective tool to provide this support [1]. There are
approximately 10,000 LCs in South Africa [15]. Although the
selection criteria for LCs are highly variable, most LCs have
completed secondary schooling [16], and in the Western Cape
province, their training is provided by the People Development
Center (PDC) [17]. In general, training includes (1) basic
information on the HIV/AIDS disease process, (2) an overview
of counseling and communication skills, (3) information on
legal and ethical issues in HIV testing, (4) conducting pre- and
postcounseling processes, and (5) record keeping and reporting
practices [17]. Implementing interventions such as Masivukeni
may provide standardized counseling, which is essential for
ART program retention and patient well-being [2,3,6]. Research
in this context is important for future implementation of mHealth
apps to address the growing need to standardize content delivery
and counseling in low-resource settings.

Objectives
This study aims to explore staff perceptions of
preimplementation barriers and facilitators of mHealth apps
using Masivukeni.

Methods

Setting and Participants
The study was conducted across 4 sites in Cape Town, South
Africa. All 4 sites were operated by TB/HIV Care, one of the
largest nonprofit organizations involved in TB (tuberculosis)
and HIV treatment and prevention in the Western Cape. TB/HIV
Care largely supports local primary health care facilities by
providing care to local communities.

Prospective participants were identified as those providing HIV
testing services from TB/HIV Care. Participants and key
stakeholders from this organization were therefore well placed
to offer valuable insights into the perceived preimplementation
barriers and facilitators of mHealth interventions, such as
Masivukeni. Purposive sampling was used to recruit participants
from the following groups: LCs, supervisors (area coordinators),
and managers (district coordinators). At each respective site,
3-4 LCs, 1-2 supervisors, and 1-2 managers were recruited. LCs
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are employed by TB/HIV Care but trained by the Western Cape
Government, PDC, previously known as the AIDS Training
Information Counseling Center. Participants were required to
have at least one year of experience in their respective positions
and have no previous exposure to Masivukeni.

A total of 3 focus groups (FGs) (participants in 2 FGs: 4/20,
20%; participants in 1 FG: 3/20, 15%) and 7 semistructured
individual interviews (participants: 7/20, 35%) were included
in the final analysis to assess perceptions of Masivukeni and
mHealth interventions in general. A supervisor was excluded
from the analysis because of familiarity with Masivukeni. In
total, 16 women and 4 men participated in the study. At each
site, we recruited 3-4 LCs, 1-2 supervisors, and 1-2 managers.

Data were collected by university-qualified senior research
assistants and overseen by a master’s level project manager.
The senior research assistants were trained in qualitative data
collection techniques and interviewing skills before data
collection. The interviews and FGs were conducted in the
participants’ home language (ie, Afrikaans, English, or
isiXhosa). The semistructured interviews’ duration was
approximately 60 minutes, whereas the duration of the FG
discussions was 90 to 120 minutes. All interviews and FGs were
audio recorded.

Approach
The Consolidated Framework for Implementation Research
(CFIR) was used to investigate the preliminary barriers and
facilitators of Masivukeni. CFIR is a flexible framework that

incorporates constructs and strategies from various
implementation theories and offers a collective approach toward
implementation research [18-20]. It aims to address
implementation at a multilevel system, which includes the
intervention’s characteristics, the staff who administer it, and
the managers connected to the organization [18]. Determinant
frameworks such as CFIR help to address factors hypothesized
to influence implementation success [21]; the CFIR consists of
5 domains containing a number of constructs and subconstructs
[18,21,22]. Domain 5, which is centered on the implementation
process, was not included because this study focused on
preimplementation. The interview guides were based on the
overall themes of the CFIR domains. Textbox 1 illustrates the
4 domains and an overview of the constructs. Barriers are
defined as any factors perceived to potentially obstruct the
implementation of Masivukeni. Facilitators are defined as any
factors perceived to potentially enable the implementation of
Masivukeni. Neutral is defined as a factor perceived as neither
obstructing nor enabling the implementation of Masivukeni. To
assess potential facilitators and barriers, participants were
exposed to a 3-minute video demonstration of Masivukeni [23],
followed by a discussion of the app and its potential use in their
work environment.

Each domain consists of a set of constructs, whereas domain 3
also contains subconstructs. Domain 1 pertains to the
characteristics of the intervention, whereas domains 2 and 3
refer to the inner and outer settings [18]. Domain 4 entails the
characteristics of the stakeholders associated with and involved
in the intervention [18].
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Textbox 1. Domains 1-4 in the Consolidated Framework for Implementation Research.

Domain 1: Intervention characteristics

• Innovation science

• Evidence strength and quality

• Relative advantage

• Adaptability

• Trialability

• Complexity

• Design quality and packaging

• Cost

Domain 2: Outer setting

• Patient needs and resources

• Cosmopolitanism

• Peer pressure

• External policy and incentives

Domain 3: Inner setting

• Structural characteristics

• Networks and communication

• Culture

• Implementation climate

• Organizational incentives and rewards

• Goals and feedback

• Learning climate

• Readiness for implementation

Domain 4: Characteristics of the individuals

• Knowledge and beliefs about the innovation

• Self-efficacy

• Individual stage of change

• Individual identification with the organization

• Other personal attributes

Data Management and Analysis
Qualitative data were managed in Nvivo (QSR International,
Version 11) and analyzed using the framework method [24]
based on the CFIR domains. The framework method is a
systematic qualitative analytical technique that produces highly
structured outputs of summarized data [24]. For this study, a
general deductive approach was applied, as the CFIR contains
predefined codes listed as constructs. Constructs deemed
significant to the study were determined by the a priori
development of the CFIR model. As such, the data were applied
to these constructs to determine the feasibility of the
intervention. In addition, open-ended coding was included in
the analysis to recognize commonalities and peculiarities within
the data for the potential development of constructs not listed
in the framework. A codebook template from the CFIR database

with construct definitions was used [25]. Minor modifications
were made to the constructs to fit the context of the study. For
example, in domain 4, there is a construct called other personal
attributes. This construct was broadly defined to include other
personal features such as competency, motivation, and values,
which can relate to the individuals themselves and to the
intervention [25]. For our study’s purpose, this construct was
refined to include personally identified challenges, which
specified challenges that LCs, supervisors, and managers
experienced in their day-to-day work routine.

Two analysts used the same codebook to analyze the data
independently. A case report was generated for each FG and
individual interviews organized into CFIR domains and
constructs. Case reports contained summary statements to
illustrate how constructs manifested and were supported by
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excerpts from raw data sets. Upon completion of analysis, all
case reports were compared to identify patterns and differences
among the stakeholders. To identify barriers and facilitators,
the constructs were subjected to a rating procedure [26]. The
rating was based on the valence and strength of the statements
under each construct [27]. Valence related to constructs is
thought to have a positive or negative influence on
implementation. These statements can be positive, negative,
neutral, or mixed [27]. A mixed statement contains an equal
number of positive and negative statements. In terms of strength,
statements may be either strongly (2) or weakly (1) positive or
negative. To determine the strength of statements, analysts
considered several factors, including the level of agreement
between respondents, their use of specific and concrete
examples, and choice of language [27]. Any discrepancies in
coding were overviewed by a third analyst and discussed with
the independent analysts until consensus on the reports was
reached.

Ethical Approval
This study was conducted in accordance with the principles of
the Declaration of Helsinki and was approved by the University
of Cape Town Human Research Ethics Committee (reference
number: 246/2011). All participants in the study participated
freely and voluntarily and provided written informed consent.

Results

Overview
The following section includes CFIR constructs that were
significantly positive or negative among participants during the
analysis. Constructs that were not significant to the study or
contained no data were excluded. Although open-ended coding
for potential inductively developed constructs was included,
the analyzed data were easily placed into the predefined
constructs and did not necessitate further development of new
constructs.

Domain 1: Intervention Characteristics

Facilitator: Perceived Evidence Strength and Quality
Facilitator is a supporting belief that the intervention will
achieve desired outcomes. The LCs, supervisors, and managers
all felt that Masivukeni would be useful to counselors and their
clients. This was especially true when transferring knowledge
and facilitating psychosocial education in a standardized manner:

...it’s visual and it’s something that will stick and you
will have it right in front of you so you won’t forget
information or leave things out that are important
because every step is right there... [Manager]

Facilitator: Relative Advantage
Compared with the current model used in adherence counseling,
the LCs, supervisors, and facility managers believed that the
mHealth app had several advantages over their existing model,
in which flipcharts are used as a supportive visual aid. First, the
interactive nature and the visually stimulating components of
the activities were thought to be more engaging. Second, all 3
groups of participants felt that this mHealth intervention would

be particularly helpful when working with adolescents,
especially because they may be attracted to the use of
technology. The same advantage for older clientele was not
clear, and some LCs mentioned that they would like to keep the
books and flipcharts for the grannies:

...we thought this is something that sounds like it is
going to be more helpful than what we are doing, and
we are doing as much as we can with talks, flipcharts
and all. But we do notice that the clients, they are
different...some they understand well, some they
understand with pictures...we thought this is a very
good idea because...it is like both of you are involved
in this learning activity. [Supervisor]

The third major advantage was specific to supervisors and
managers. They felt that having an mHealth app may potentially
assist with their heavy administrative workload. Currently,
Masivukeni is able to record some features of counseling
sessions, such as session length. The participants were excited
about the sharing and monitoring capabilities of the app,
especially the ability to check the number of patients seen per
day by each logged-in LC:

...I can easily pull up the stats for the day and see,
okay, this particular counsellor has seen these
particular clients for this day. … I don’t have to wait
for the month end whereby I’m going to get the facility
diary and check everything. [Manager]

Facilitator: Recommendations for Adapting the
Intervention to Meet Local Needs
Many recommendations were made to potentially adapt
Masivukeni. The LCs felt that the app should have alternate
language options available, specifically isiXhosa and
Afrikaans—common regional languages in the context of the
study. Although counseling sessions are conducted in English,
LCs revealed that educational explanations often occurred in
the client’s first language, especially if the client was older and
less proficient in English. In addition, the participants from each
group felt that using an app such as Masivukeni for children,
adolescents, adults, and older people was possible but that the
content and visual components might need changes for different
levels of understanding and appropriateness depending on the
age group. The supervisors requested that more information on
nutrition and activities aimed at identifying goals and barriers
be added to the app. Information on nutrition and identification
of barriers were not presented in the demonstration:

...you need to understand also not everybody is perfect
in English. You need to understand also there are
youngsters, there are “Gogos” [Grandmothers in
isiXhosa] of 50 years old. They don’t understand all
these things. So, we need to present it in a manner
that will suit everyone’s understanding. [Counselor]

LCs are required to discuss sensitive topics with patients, such
as male circumcision, which can be considered taboo for women
to speak about in some cultures. Although LCs are trained in
approaching these topics, the app could include activities on
sensitive discussions to ease difficulties; this was thought to be
potentially helpful.

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e23280 | p.81https://mhealth.jmir.org/2021/4/e23280
(page number not for citation purposes)

McCreesh-Toselli et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Other suggested modifications to the intervention included
questions regarding its potential electronic capabilities.
Specifically, queries centered on whether this type of app could
include automated software updates to access the latest
adherence curricula. This concern was present across all 3
groups. The participants expressed a need to gain access to
changing adherence information and treatment of HIV. Other
smaller electronic modifications, such as space for electronic
signatures on consent forms, were appealing features. Finally,
the groups of participants felt that Masivukeni would be useful
as a training tool at the PDC or newly appointed ART LCs in
the field, and not just as an aid during ART adherence
counseling:

We have to wait for ATICC [PDC] to give us dates
so that we can send them [the LCs] for updates...But
now, if it can also automatically update the
information when there’s something that has been
approved so that it can also show up, then it will be
also helpful. [Manager]

Barrier: Complexity to Use the Intervention and
Implement It in the Current Setting
There was slight disagreement among the participants in terms
of whether the LCs would be able to use the app. Computer
literacy among LCs is a concern. The participants revealed that
some of this concern was specific to older LCs, who were not
familiar with or open to using computers and technology.
However, the facility managers felt that using technology would
not be a problem, especially if smartphones or tablets were the
modes of delivery instead of laptops:

…most of them [are] already using smart phones. It’s
only two or three that don’t have smart phones and
they already know because a tab[let] is actually
similar to a smart phone...They wouldn’t struggle
with that at all from my point of view. [Manager]

It’s not easy to use computers...even to use my tablet.
I do have the tablet but sometimes I’m stuck.
[Counselor]

Neutral: Perceived and Associated Costs
The supervisors and facility managers presented some concern
about which entity would, on the one hand, purchase the
equipment, and on the other hand, provide its maintenance:

… who’s going to be responsible for the equipment
and who is going to buy it? [Supervisor]

However, there was some recognition that the maintenance of
this app, compared with the upkeep of physical materials such
as flipcharts and books, may prove more cost-effective:

I feel it’s easier to change this application than to
have all those new posters and things being printed
and it tears and it breaks... [Manager]

Domain 2: Outer Setting

Facilitator: Perceived Needs and Resources of the Clients
A clear focus on the needs of clients and patients from relevant
stakeholders plays a positive role in the effective implementation

of an intervention [18,19]. Furthermore, the ability of an
intervention to meet these needs is paramount. The clients’
perceived needs centered on access to important information
and education on HIV/TB and access to ART adherence
education and counseling, which Masivukeni is designed to
achieve. The participants felt that addressing barriers to
adherence and, in particular, the issue of disclosure was a
recurring difficulty among clients. Another important need
focused on the issue of accessibility to clinics and facilities.
Specifically, clients sometimes struggle to find transport to and
from clinics because of financial restraints. When counselors
are aware that a client will not be able to return, LCs sometimes
combine 2 counseling sessions into 1 session. Thus, the degree
of flexibility for each client is exercised by LCs. How
Masivukeni addresses issues of accessibility requires further
adaptation. Finally, LCs mentioned that clients sometimes
migrate to different clinics and facilities around the Western
Cape, repeating HIV testing and counseling with various LCs.
Masivukeni, as an mHealth app, is currently able to record basic
session parameters and may provide a digital space to log
information:

Some of the clients, they default because they didn’t
disclose at home, and then they give us the wrong
addresses...Others, they came, but they work too
much, so they don’t have a chance to come to the
clinics. [Counselor]

When we go to the community, we will find out that
[a client]...has got a folder at each and every clinic.
[Counselor]

Neutral: Peer Pressure
Although not a significantly positive or negative construct, there
is an awareness of the use of technological interventions in
health care in South Africa. Some LCs mentioned MomConnect
and asked whether the Masivukeni app was similar to it. The
LCs felt that the older LCs and clientele may not respond to
technological interventions:

I take it from the MomConnect. There is this web that
Government also has, where you connect pregnant
mommies onto the site. The only ones that connect to
the site is the young ones. You get the 39-year-olds,
the 40-year-olds...we want them to connect to the site
so that they can see this is danger signs in pregnancy,
this is what can go wrong and all of that. But they
are not technology orientated. [Counselor]

Barrier: External Policy and Incentives—Reaching
Clients’ Daily Targets
The LCs, supervisors, and facility managers expressed the
concern that reaching the required daily targets of clients per
day is overwhelming and a significant stressor. Masivukeni
contains a structured platform and takes a certain amount of
time to complete each activity. There was significant
apprehension as to whether the intervention would take more
time than currently exercised per client, consequently hindering
the daily target attainment:
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You have to reach the target; that is why you have to
rush the time. [Counselor]

Domain 3: Inner Setting

Neutral: Networks and Communications—The Quality
and Nature of Relationships
LCs sometimes feel undermined by doctors and nurses. The
LCs mentioned that they are often questioned about clients’
whereabouts when the facility is struggling to make contact
with clients. A number of factors contribute to difficulties
tracking down clients, such as frequent changes in cell phone
numbers and client migration. Some LCs reported that this
contributed to feelings of stress as they felt responsible for their
clients’ whereabouts. However, the relationship between LCs
and supervisors was positive. For example, LCs reported that
they supported each other during difficult cases.

Facilitator: Cultural Values—The Perceived Role of
LCs
The role of LCs centered on providing a supportive relationship
to their clients, with the aim to remain adherent to ART
treatment. Masivukeni, described as an mHealth app used by
LCs to facilitate ART adherence [7], may help to foster these
relationships and support adherence counseling. Supervisors
and managers added that LCs endeavor to empower their clients
and help them address barriers to adherence. In this regard,
Masivukeni contains specific content to address these barriers
[7]. The facility managers agreed that a major aim of the
organization is to reach the daily target of clients seen per day,
in addition to providing standardized, quality counseling.
Although Masivukeni cannot facilitate reaching the daily target,
it can facilitate standardized adherence counseling. These
organizational values and norms can be broadly aligned with
the aims and content of Masivukeni.

Facilitator: Implementation Climate as a Shared
Receptivity for Change
The LCs, supervisors, and facility managers expressed their
openness to the implementation of Masivukeni, although there
was some reservation about whether this would interfere with
time pressures in their daily duties. This rating reflects the
summation of the following subconstructs:

Tension for Change

An mHealth solution was needed in the following 3 specific
areas: an electronic database to (1) assist with administration
and the daily workload; (2) streamline counseling and testing
processes; and (3) provide access to evolving medical
information and treatments for HIV and ART. A manager stated:

Some facilities have been asking for flip charts now
for some time and with the flip charts, things change,
then we ask when are we going to update it because
the information changes...

Compatibility of the Intervention With Existing Systems
and Workflow

Differences between LCs and their supervisors and managers
were evident in this construct. The LCs and two supervisors
seemed concerned that the app would interrupt the workflow

of LCs and stop them from completing the daily targets. This
is because Masivukeni is highly structured and takes a set
amount of time to complete each session. LCs expressed the
need to remain flexible for each client’s needs, which can result
in different amounts of time spent with their clients. The LCs
and a supervisor specifically suggested that this app would be
useful at their clubs, where time is not as much of a constraint.
However, the facility managers felt that having an app like this
for the clubs and individual sessions was useful:

I am thinking this can be used in their groups, clubs.
It will be much better to use it in the group. It is
–One-on-one might take very long...we can identify
the clients that are already having a problem of
defaulting or having challenges with their adherence.
[Supervisor]

LCs also indicated that laptops pose a security risk. Laptops
were seen as valuables, and the facilities had been previously
burgled. Security, although mentioned, was less of a concern
if the app was delivered on a smaller device (such as a
smartphone or tablet computer equivalent), which they thought
may easily be locked away and kept safe:

...at our clinic, we have got a problem of burglary.
They have burgled that container three times. Our
chairs like this were gone. The doctor’s computer
was gone. [Counselor]

Relative Priority to Implement

There were some differences between the groups. LCs and many
supervisors did not prioritize the implementation of Masivukeni.
However, the facility managers expressed that implementing
an mHealth app such as Masivukeni, with features that allow
for an electronic database, is necessary. A facility manager
mentioned that standardization of counseling sessions is
paramount to ensure quality service and that if Masivukeni
could provide this, it would be important to begin
implementation.

Learning Climate to Learn a New Method

Despite concerns about time constraints and the apparent rigidity
of the app, LCs, supervisors, and facility managers showed a
desire to learn to use technology in their field. The participants
strongly felt that proper training programs and an ongoing
technology support team were necessary for effective
implementation:

I think innovation is good. We use technology here
now these days. To do something we have got apps,
different apps...It will also help the health side if
things like this can be developed so that it could be
easier...Not only for the user but also for the client.
[Counselor]

Neutral: Readiness for Implementation
There was not enough data for these constructs to be
significantly positive or negative. However, 2
subconstructs—leadership engagement and available
resources—were manifested among the participants.
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Leadership Engagement for Future Implementation
Endeavors

The supervisors and facility managers expressed that for
effective implementation to occur, staff engagement would be
necessary, particularly related to training and motivation.
Supervisors and facility managers expressed a desire to involve
the LCs during the implementation process, collaborate with
researchers on further adaptations to the app, and develop
implementation strategies that will best fit the organization:

I think if myself, as being the supervisor, is positive
about the thing that we try out, then it will be a step
in the right direction. [Supervisor]

Available Resources That Can Include Physical Space and
Allotted Time

LCs and supervisors mentioned that there were issues with
adequate space management. Specific issues are that LCs share
consultation rooms, which they feel compromises confidentiality
and privacy during their sessions. Use, safekeeping, and
maintenance of the equipment (ie, the Masivukeni laptop) were
of some concern for future implementation.

Domain 4: Individuals Characteristics

Facilitator: Knowledge and Beliefs About the
Intervention
General sentiments regarding Masivukeni were positive.
Participants felt that it may assist LCs by providing counseling
and facilitating psychosocial education for clients. However,
again, the participants were unsure and concerned about how
the structured and step-by-step nature of the app would fit their
daily duties. Although not indicated by the researchers or
demonstrated in the video, participants projected 2 capabilities
onto Masivukeni. The first was electronic database recording
for clients that included a sharing feature and internet access to
a web-based system.

Facilitator: Personally Identified Challenges
LCs mentioned that some difficulties include dealing with an
array of complex psychosocial issues, such as HIV-positive
pregnant teenagers. The LCs, supervisors, and facility managers
indicated that disclosure and clients who default are also
significant stressors to LC work. In turn, supervisors and facility
managers expressed concerns that LCs are not always prepared
with sufficient skills to deal with the variety of difficulties each
client presents. Masivukeni may be able to support LCs when
dealing with complex psychosocial issues.

Discussion

Principal Findings
This study explored the perceived preimplementation barriers
and facilitators of an mHealth HIV/ART counseling
intervention, Masivukeni, in a South African setting. As
technology is used more widely in the public health sphere,
particularly in low-resource settings, there is a need to assess
effective ways to ensure reliable and sustainable scale-up
strategies for mHealth interventions [28-30]. The study revealed
general, shared receptivity for the inclusion of technological

apps such as Masivukeni in clinics and health care facilities.
This shared receptivity is critical for effective implementation
[31]. Potential end users of Masivukeni felt that there were
several advantages; these entailed (1) the ability to include key
counseling techniques and materials to overcome health
challenges experienced by patients (such as problem-solving
activities), (2) accessibility to subpopulations (such as
adolescents) because of the interactive e-environment, (3) the
potential for a rapid, real-time update of materials, and (4) the
possibility of enhancing the record keeping and monitoring
functions required by providers.

LCs, supervisors, and facility managers were also excited about
the prospect of using Masivukeni to enhance staff skills.
Previous research has shown that LCs trained to use Masivukeni
expressed feelings of empowerment [32], which is useful as
LCs deal with a variety of complex cases that can cause
significant emotional stress [33]. An app that facilitates basic
counseling skills and knowledge through interactive and
engaging learning can be impactful [11]. Participants felt that
Masivukeni would be able to accomplish knowledge transfer
and may also help to engage with adolescent subpopulations,
who they thought required more attention-grabbing material.
There is some evidence suggesting that adolescents and young
adults may benefit from tailored, interactive interventions [34];
thus, using mHealth interventions tailored for adolescents may
be particularly useful.

Masivukeni can record certain counseling session parameters,
such as session length and which psycho-educational topics
were covered. It also contains a simple referral system.
Adaptations to include a basic electronic record (eRecord)
database are possible and should be considered. Initial research
on eRecord use in low-resource settings has shown that it may
help relieve vast amounts of paperwork [35,36]. eRecord was
appealing because it would ease (1) logging client information
to help with migration issues and (2) monitoring counseling
sessions.

Three key suggestions were noted. First, participants suggested
smartphones and tablets would be preferred over computers or
laptops as the mode of intervention delivery because LCs are
more familiar with that technology, requiring less training.
Recent evidence suggests that mobile technology access is on
the rise in low-resource settings [28] and may be a better option.
In addition, smartphones and tablets, which were perceived as
smaller and less costly devices, were also thought to be less of
a security threat. The second suggestion entailed the inclusion
of several language options, as different languages and various
computer literacy levels exist in South Africa [37]. Different
literacy levels have been found in other resource-limited settings
[37,38]. Training workshops to address computer literacy are
needed for successful implementation. Finally, many LCs and
supervisors were concerned that Masivukeni’s structured
platform might become a significant barrier because of the
limited time each LC has with their clients. LCs and supervisors
suggested that this app could be used in group therapy wherein
time is a significant constraint factor, as opposed to one-on-one
sessions. However, if the mHealth app was adapted to fit within
each session’s time constraints, this barrier may be less
significant. Meeting these adaptations will be important because
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interventions that pose a perceived threat may evoke resistance
to intervention adoption [30].

There are 3 major barriers. The first barrier concerns which
entity would be responsible for purchasing costs and maintaining
mHealth interventions such as Masivukeni. This is important
because a key advantage of using mHealth apps in low-resource
settings is their potential to be cost-effective [1,7]. Potential
technical support may also become a necessity if staff are not
technology-oriented. The second barrier deals with the sentiment
that LCs may, at times, feel undermined by other staff members
[39]. This study pertained to communication difficulties between
doctors and LCs concerning LC roles and responsibilities; this
has been reported in previous studies [3,9]. Successful
intervention implementation depends on effective
communication between staff members [18] and can be
negatively affected in low-resource environments because of
unclear health system responsibilities [14]. In this case, unclear
career paths for LCs and poor communication may play a role
in the future success of any intervention implementation, not
just mHealth apps. Finally, the LCs revealed that their
counseling space was sometimes inadequate and not always
private, compromising on confidentiality. Although this barrier
may not be specific to Masivukeni, lack of available resources,
such as physical space, may hinder the potential implementation
of interventions in general [6,7,13]. However, as an example
of a tailored mHealth intervention, Masivukeni may be able to
fill the need for standardized ART adherence practices [2,3].
Despite these barriers, the implementation climate was open
and optimistic.

Limitations
The demonstration of Masivukeni did not show its latest features
and modifications. For example, alternative language options
were a concern among the participants. However, later versions
of Masivukeni include activities in isiXhosa (the predominant
local Bantu language in the Western Cape region). In addition,
because the participants were not familiar with the entirety of
the intervention and were only exposed to a demonstrational
video, the perceptions represented in the study were only an
initial indication of the implementation context. However, an
investigation into the perceptions of mHealth solutions and
existing knowledge around such interventions are informative
steps in the direction of intervention adoption and dissemination

[21]. Another limitation of this study is the lack of external
validity because of the limited number of participants in the
sample. However, the in-depth nature of the information
collected in this study aimed to address this limitation.

Conclusions and Future Implications
This study qualitatively explored staff perceptions of
preimplementation barriers and facilitators of Masivukeni, an
mHealth app. Participants were excited about the potential use
of Masivukeni in their workplace and felt that it had several
advantages. Opportunities to implement the tool include first
including it in the adherence counseling curriculum offered at
the local training center. This affords the future counselor the
benefit of building the theory and practice of counseling into
the platform provided, familiarity with the tool, and mastery
over its use, which may lead to less time taken to administer
the modules and also ease concerns about lack of skills to use
the app. A second implementation recommendation would be
to allow the use of the tool in selected clinics in a piecemeal
fashion. Hopefully, this would reduce anxieties around the time
taken to administer the full intervention and seed out its use
without insisting on it in its entirety. These strategies may not
only facilitate implementation but also reduce perceived barriers.
Participants made various suggestions about the ways in which
the app could be adapted, which may show some degree of staff
motivation and engagement. However, there were concerns
about the compatibility with the LC workflow and load, which
may contribute to the app’s poor longevity [40].

Questions regarding the full-scale implementation of apps such
as Masivukeni remain. First, where would the app be best
suited? LCs and some supervisors felt it would be best suited
for group therapy, whereas other supervisors and facility
managers felt it would be of best use in individual sessions.
Second, how do older LCs and clients, who are not
technology-oriented, react to technology use? Can interventions
such as Masivukeni be adapted to reach those clients who have
transportation challenges? To this end, counseling sessions may
be delivered via smartphones or tablets as a possible future
adaptation. Future studies should also look at the suitability of
mHealth apps such as Masivukeni for adolescents; our study
participants felt this app would be particularly useful and
engaging for this subpopulation.
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Abstract

Background: Health and well-being smartphone apps can provide a cost-effective solution to addressing unhealthy behaviors.
The selection of these apps tends to occur in commercial app stores, where thousands of health apps are available. Their uptake
is often influenced by popularity indicators. However, these indicators are not necessarily associated with app effectiveness or
evidence-based content. Alternative routes to app selection are increasingly available, such as via curated app portals, but little
is known about people’s experiences of them.

Objective: The aim of this study is to explore how people select health apps on the internet and their views on curated app
portals.

Methods: A total of 18 UK-based adults were recruited through social media and asked during an in-person meeting to verbalize
their thoughts while searching for a health or well-being app on the internet on a platform of their choice. The search was then
repeated on 2 curated health app portals: the National Health Service Apps Library and the Public Health England One You App
portal. This was followed by semistructured interviews. Data were analyzed using framework analysis, informed by the Capability,
Opportunity, Motivation-Behavior model and the Theoretical Domains Framework.

Results: Searching for health and well-being apps on the internet was described as a minefield. App uptake appeared to be
influenced by participants’ capabilities such as app literacy skills and health and app awareness, and opportunities including the
availability of apps, app esthetics, the price of an app, and social influences. Motivation factors that seemed to affect the uptake
were perceived competence, time efficiency, perceived utility and accuracy of an app, transparency about data protection,
commitment and social identity, and a wide range of emotions. Social influences and the perceived utility of an app were highlighted
as particularly important. Participants were not previously aware of curated portals but found the concept appealing. Curated
health app portals appeared to engender trust and alleviate data protection concerns. Although apps listed on these were perceived
as more trustworthy, their presentation was considered disappointing. This disappointment seemed to stem from the functionality
of the portals, lack of user guidance, and lack of tailored content to an individual’s needs.

Conclusions: The uptake of health and well-being apps appears to be primarily affected by social influences and the perceived
utility of an app. App uptake via curated health app portals perceived as credible may mitigate concerns related to data protection
and accuracy, but their implementation must better meet user needs and expectations.

(JMIR Mhealth Uhealth 2021;9(4):e27173)   doi:10.2196/27173
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behavior change; health apps; mHealth; smartphone app; framework analysis; Capability, Opportunity, Motivation-Behavior
model; Theoretical Domains Framework; think aloud; mobile phone
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Introduction

Background
Noncommunicable diseases (eg, diabetes, heart disease and
cancer as well as poor mental health) are considered key threats
to global health [1] and are driven by factors such as physical
inactivity, poor diet, tobacco smoking, and excessive alcohol
consumption. A key global public health policy priority is to
enact policies to ensure that the best possible health care is
available for all [2]. In the United Kingdom, aims of the National
Health Service (NHS) long-term plan [3] and priorities of UK
government executive agencies such as Public Health England
(PHE) are to provide a smoke-free society, to encourage
healthier diets, and to improve mental health [4]. Encouraging
the use of digital health interventions, such as smartphone apps,
may be a cost-effective way of contributing.

Health and well-being smartphone apps can be cost-effective
solutions for changing health behaviors [5,6]. Such tools can
act as ideal platforms to deliver behavior change interventions
[7] because of their availability, portability, and easy access [8].
Research has demonstrated early evidence of effectiveness of
smartphone apps for smoking cessation [9], healthy dietary and
physical activity promotion [5,10-12], weight loss [5,13,14],
alcohol reduction among nondependent drinkers [15], and
mental health promotion [16]. In addition, health apps can reach
those resistant to seeking help in person (because of stigma) by
improving access to behavior change interventions [17].
However, low uptake and poor engagement over time
compromise the potential of health and well-being apps.

Uptake refers to the decision to select and install a health app
[18]. The search for and selection of health apps tend to take
place in commercial app stores such as Google Play for Android
operating systems and the Apple App Store for iOS [10,19].
Thousands of health and well-being smartphone apps are
available in the major app stores, a number that continues to
grow [7], and the uptake of apps from commercial app stores
tends to be influenced by indicators of popularity such as the
app’s rank order, ratings and reviews, and the total number of
downloads [19]. However, such popularity indicators are not
necessarily positively associated with the effectiveness of an
app [20] and may even be negatively related [21]. An associated
problem with app uptake is that the vast majority of apps listed
in commercial stores lack evidence about their efficacy [22] or
effectiveness [23]. The need for quality marks in commercial
app stores [24] and regulation of health apps and evidence for
their effectiveness has been raised [16]. Better transparency in
an app’s description to help people make an informed choice,

including how the user’s data are handled, how the app was
developed, benefits explained in lay terms, and descriptions of
the app content, has been recommended [25-27].

A barrier to the uptake of evidence-informed apps is that not
all apps are available to the public, or prominently displayed,
via commercial app stores [22,24]. Therefore, fewer people may
benefit from the high-quality tools available. Evidence-informed
apps tend to be promoted within community or health care
settings (often targeting a specific geographic region or country)
or on curated health app portals. These portals are websites that
present a list of selected health apps [28]. Health app portals
can be government funded, such as the UK NHS’s Apps Library
or PHE’s One You Apps portal, or curated by private
organizations, such as App Script by IQVIA in the United States,
the United Kingdom, and the United Arab Emirates; the
MyHealthApps by PatientView’s in Europe and the United
Kingdom; or ORCHA Health in the United Kingdom. These
organizations can lend credibility to and have the potential to
promote the uptake of selected health apps [29] by providing a
list of safe; evidence-informed; tested; and, where possible,
clinically effective health apps for the general public to choose
from.

Research has focused on the identification of factors that
influence the uptake of health apps in commercial app stores.
There is an urgent need to explore whether the general public
would be willing to use curated health app portals, which could
improve the uptake of evidence-informed health and well-being
apps [18]. Despite this need, little is known about the views on
curated health app portals. This study aims to explore potential
users’ views on factors influencing the uptake of health apps in
general and on curated health app portals in particular using
think-aloud and interview methodology.

Theoretical Framework
The Capability, Opportunity, Motivation-Behavior (COM-B)
model [30] offers a comprehensive framework for understanding
behaviors. In the context of this study, the behavior of interest
is the uptake of health and well-being apps. The model proposes
that behavior arises because of the interaction of three
components: capability (physical and psychological),
opportunity (physical and social), and motivation (automatic
and reflective). The Theoretical Domains Framework (TDF)
[31], which contains 14 domains that can be mapped onto the
components of the COM-B model, was also used. Together, the
COM-B model and the TDF allow for a detailed analysis of
data and identification of key factors influencing uptake in
general and on curated health app portals in particular (Figure
1) [18].
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Figure 1. A visual representation of mapping the TDF onto the COM-B model. COM-B model: Capability, Opportunity, Motivation-Behavior model;
TDF: Theoretical Domains Framework.

Aims
This qualitative study applied a theoretical framework informed
by the COM-B model and TDF to explore (1) factors influencing
potential users’ uptake of health and well-being smartphone
apps through searching on the internet and (2) their views on
available curated health app portals.

Methods

Study Design
This study elicited views and preferences of a sample of
members of the public. The Consolidated Criteria for Reporting
Qualitative Research checklist guided the design of the study
[32] (checklist given in Multimedia Appendix 1). The
think-aloud methodology [33] was applied to collect real-time
data about health app selection on the internet and involved
asking participants to verbalize their thoughts and impressions
throughout the selection process. The researcher intervened
only when a prompt was considered necessary (eg, during silent

moments, asking questions such as “What are you thinking
now?”). Following the think-aloud tasks, follow-up questions
were asked to better understand the statements or utterances
made during the tasks. Finally, semistructured interviews were
conducted. The think-aloud tasks and the topic guide were
informed by stakeholder consultation, which included views
and opinions of lay persons (patient and public involvement
representatives) and expert opinions of policy makers of this
study. The study protocol was preregistered on the Open Science
Framework [34]. The Faculty of Medicine and Health Sciences
Ethics Committee at the University of East Anglia approved
this study (reference number: 201819-089). The collected data
are stored following the European Union General Data
Protection Regulation and the University of East Anglia
Research Data Management Policy. The data were anonymized,
and all personal identifiers were removed. All participants read
the participant information sheet and provided consent before
participating in the study.
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Participants and Recruitment
Participants were recruited through paid advertisements on
Facebook. Adults in the general population were eligible if they
were 18 years or older; were able to provide consent; owned a
smartphone; would consider using a smartphone app to change
their behavior in the future; and were able to attend an interview
in Norwich, England, where the work took place. As a standard
practice in qualitative research, the aim of this study is to gain
a better understanding of the phenomenon of interest and to
increase the coverage of perspectives rather than to recruit a
population-representative sample [35]. Therefore, purposive
sampling was used to promote the diversity of the sample (ie,
age, gender, ethnicity, educational level, and employment) [36].
This included targeted advertisements on Facebook and the
selection of participants to ensure the diversity of the sample.
A total of 114 individuals responded to the Facebook
advertisements and read a brief participant information sheet
and completed the screening questionnaire. Of the 38
participants invited to an interview, 14 did not respond and 24
agreed to participate. Of these 24 participants, 6 were canceled
for various reasons.

Procedure
Before completing the online screening survey, participants
were asked to read a brief participant information sheet
describing the study. After reading and agreeing to participate,
participants were asked to complete an online questionnaire to
assess their eligibility and to collect descriptive data (Multimedia
Appendix 2). Data were collected on age; gender; ethnicity,
measured using the Office for National Statistics’ index; level
of education; employment status; whether they had ever used
health or well-being apps; whether they currently use a health

or well-being app; last time they had downloaded an app; and
frequency of app use. Participants who met the inclusion criteria
were sent an email with a comprehensive participant information
sheet and invited to participate in the interview. On the day of
the interview, the interviewees received a printed copy of the
participant information sheet, and written consent was obtained.

Face-to-face interviews were conducted between July and
August 2019 and took place at the University of East Anglia
(n=17) or participants’homes in Norwich (n=1). The interviews
were conducted by a single female researcher (DS), and no one
else was present during the sessions. Each session started with
a think-aloud exercise, with participants being instructed on
how to verbalize their thoughts. First, they were asked to
perform a search for an app they would potentially use to change
the health behavior of their choice. They had a choice of using
either a study laptop or their smartphone. Second, the researcher
asked them if they were familiar with curated app portals. If
they were not, DS briefly explained the principle and asked
them to repeat the search using the NHS Apps Library and the
PHE’s One You Apps curated health app portals (Figure 2).
During the think-aloud sessions, positive reinforcement using
verbal (eg, “You are doing great” and “Right”) and nonverbal
(eg, nodding) communication was used to encourage participants
to continue to express their views. In quiet moments, prompts
were used (eg, “What are you thinking now?” and “Tell me
what is on your mind”). Following the think-aloud task,
questions regarding their experience with the uptake of and
engagement with apps were asked (the topic guide is given in
Multimedia Appendix 3). The sessions lasted between 26 and
63 minutes. Participants received a US $27.50 (UK £20) gift
voucher as compensation for their time.

Figure 2. Screenshot of the Public Health England’s ‘One You Apps’ portal and the ‘NHS Apps Library’.
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Data Analysis
The sessions were audio recorded and transcribed verbatim by
an external company. The transcriptions were checked for
accuracy by the researcher undertaking the interviews. The data
were analyzed using framework analysis following the stages
of familiarization, identification of thematic framework,
indexing, charting, mapping, and interpretation [37]. To ensure
rigor, trustworthiness, and consistency, a percentage of randomly
selected transcripts (2/18,15%) were independently coded by
the second author (OP). The deductive thematic framework
based on TDF was refined iteratively through repeated
discussions with the second author (OP), and any discrepancies
were resolved through discussion with the senior author (FN).
Indexing was completed by the first author (DS) using QSR
NVivo 12. The data were charted, and the responses were
grouped according to the finalized thematic framework. During
mapping and interpretation, the grouped data were examined
by DS to identify patterns. During mapping, identified factors
were classified according to their organic position rather than
what they affect (eg, an opportunity factor may indirectly
influence the behavior by increasing the motivation for uptake
of a health app and influencing it directly). To aid
comprehension of the findings for uptake in general and on
health app portals in particular, data were analyzed and
presented separately for these 2 topics.

External Validity
To enhance the credibility and trustworthiness of the results
[38], 30% (6/18) of participants were randomly selected and
requested via email to provide feedback on a document with a
summary of the findings and conclusions (member checking).
They were asked whether they recognized their opinions and
whether they agreed with the interpretation of the findings. A
total of 2 participants responded to our request and confirmed
that their opinions had been captured. In one case, our email
was not delivered.

Reflexivity
The researchers involved in this study are mixed methods
researchers with experience applying the COM-B model and
TDF to qualitative data. She disclosed her research interest to

participants on the day of the interview, and no previous
relationship was established between her and participants. The
interviews were conducted by the lead author, a PhD candidate
who has undertaken extensive training in the collection and
analysis of qualitative data. Participants were encouraged to
share their thoughts (both positive and negative) and to be
honest. The interviewer felt that good rapport was built with
the interviewees, and most participants (n=16) expressed their
interest in learning more about the findings of the research.
Field notes and a research journal were kept during data
collection.

Results

Participant Characteristics
A total of 18 participants completed the interview. The average
age of participants was 43 (SD 14) years, 50% (n=9) were
female, 78% (n=14) were of White British ethnicity, 72% (n=13)
were employed full time, 11% (n=2) had postgraduate
qualifications, 94% (n=17) had used health apps before, and
61% (n=11) were using health apps at the time of the interviews,
out of which 73% (n=8) reported daily health app use. Most
participants were interested in changing more than one behavior
(eg, losing weight, getting more active, and managing mood),
and only 16% (n=2) of participants expressed a desire to change
only one behavior. Participants’ characteristics are presented
in Multimedia Appendix 4.

A total of 2 participants were satisfied with the app they were
already using and did not wish to take part in the think-aloud
exercise to look for a different app. The remaining 16
participants searched for apps targeting physical activity (n=6),
weight management (n=4), mood and mental well-being (n=3),
smoking cessation (n=1), alcohol reduction (n=1), and sleep
(n=1).

The findings pertaining to factors relevant for both the uptake
of health apps and views on curated health app portals are
presented under the components of the COM-B model. Higher
order themes and subthemes informed by the COM-B model
and TDF are reported in Table 1.
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Table 1. Factors influencing uptake of health apps in general and on health app portals mapped onto the components of the Capability, Opportunity,
Motivation-Behavior model and Theoretical Domains Framework constructs.

Uptake on health app portalsUptake in generalCOM-Ba component and TDFb

construct and identified factor

Physical capability

Skills

—cApp literacy • Technological competency

Psychological capability

Knowledge

—Health awareness • General health consciousness or having family
members diagnosed with a condition or disease or
concerns regarding a behavior or health outcome

App awareness • Knowledge of the existence of health and well-being
apps listed on health app portals

• Knowledge of the existence of health and well-being
apps

—User guidance • Instructions on how to effectively use a health app
portal

—Health information • Educational information related to health and well-
being

Memory, attention, and decision processes

—Cognitive load • The manner in which apps are presented on the portal
• The complexity of the search or to access a relevant

health app

Physical opportunity

Environmental resources

—Availability • The ability to use a smartphone anytime, anywhere

• Availability of an app on all major commercial app
stores

—Portal tailored to indi-
viduals’ needs

• Personalized listing of apps targeting age, gender,
and health condition

Cost of an app • Low cost and apps that are free for users• Low cost and apps that are free for users

Esthetics • User-friendly and design-related characteristics of
the portal

• The look and design of an app

Social opportunity

Social influences

Social influences • Health app portals perceived as credible sources• The importance of reviews and ratings in the com-
mercial app stores and apps promoted as ”editor’s • Recommendations of health app portals needed

mainly in primary carechoice”
• Identified credible sources: apps developed or en-

dorsed by trusted app developers, organizations, or
• Clarity about the recommended apps on health app

portals
universities or promoted by respected celebrities (eg, • Explanations about any required GPd referral
athletes)

• Recommendations received from health practitioners
or from friends and family

Reflective motivation

Beliefs about capabilities

—Perceived competence • Apps preferred over face-to-face intervention when
the user feels that they can engage with the app on
their own
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Uptake on health app portalsUptake in generalCOM-Ba component and TDFb

construct and identified factor

Beliefs about consequences

—• The ability of a health app to be interacted with a
minimum amount of time

Time efficiency

• Discrepancies between what users are looking for
and what the app listed on health app portal offers,
characterized by a relevant title, description, and
pictures

• Discrepancies between what users are looking for
and what the app offers, characterized by a relevant
title, description, pictures, adaptation to individual
characteristics, and users’ previous experience with
health apps

The perceived utility
of the app

• Potential app users’ perceived effectiveness of apps
listed on health app portals

• The perceived effectiveness of apps before the selec-
tion of an app

Perceived accuracy

• Concerns over the handling of personal data• Concerns regarding the handling of personal dataData protection

Intentions

—• The level of commitment when deciding to download
a health app

Commitment

Social identity

• Identity related to app use (eg, feeling like a “pa-
tient”)

• Identity related to app use (eg, trends and gender
specificity)

Social identity

Automatic motivation

Emotions

• Triggered by curiosity in choosing a behavior change
tool from a curated health app portal and from a
credible source

• Triggered by curiosity in trying a health app, and by
the time efficiency characteristic of an app as op-
posed to face-to-face interventions, and being pro-
vided by a credible source

Positive

• Triggered by lack of search features on the portal or
when the search yields irrelevant results; when an
app requires GP referral without further explanation
or when an app is only available in one major app
store

• Triggered by lack of availability on all major app
stores

• Preferred over a face-to-face intervention if feeling
anxiety (eg, caused by an unhealthy behavior or un-
healthy state) and pressurized (to succeed or show
progress)

Negative

• Triggered by the esthetics and features of the portal
and the perceived utility of the apps

• Triggered by the esthetics (design) of the apps and
by adaptation to individual characteristics (judged
by the title, description, pictures, and gender speci-
ficity)

Mixed

aCOM-B: Capability, Opportunity, Motivation-Behavior.
bTDF: Theoretical Domains Framework.
cNot available.
dGP: general practitioner.

Factors Influencing the Uptake of Health and
Well-being Apps
Half of the participants who agreed to search for a health app
(n=8) used Google Search as their first choice to find a suitable
app, whereas the other half opened a commercial app store. The
latter search among hundreds of available apps was described
by most participants as difficult or a “minefield” (P2, P4, and
P6). One participant described this task as being “far more
complicated than I thought it would be” (P2). By the end of
this exercise, only 3 participants found an app that they were

willing to download and engage with further to change their
behavior.

Capability Factors Related to the Uptake of Health and
Well-being Apps in General
Participants who presented a higher level of technological
competency were able to better navigate on their phones, thus
highlighting that app literacy skills are necessary when selecting
a health app. One participant, who had never used a health app
before, showed signs of technical difficulties (ie, lack of skills)
during the think-aloud exercise while searching for an alcohol
reduction app in a commercial app store:
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I wouldn’t know how to do that [refining the search
to find a suitable app]. [P12]

In addition, 2 participants expressed their concern toward the
older generation and stated that training should be provided for
those with insufficient technological and app literacy skills:

My nanny is diabetic and if there was an app to help
her with her diabetes, then I’m sure she would be
happy to use it but it’s just someone would need to
explain it to her. [P18]

All participants expressed their decision to look for an app for
health reasons, such as getting healthier or preventing illness.
This included reasons of being diagnosed, or having a family
member diagnosed, with a medical condition (eg, diabetes and
high blood pressure) or concerns of the negative effect a current
behavior may have (eg, smoking and alcohol consumption) to
better manage or improve their mental health (eg, anxiety and
self-confidence) and general well-being (eg, sleep quality):

I’m trying to avoid having type 2 diabetes, or getting
it, so there’s a background, my mother, in my family,
there’s a heart conditions background, which is why
I’m really wanting to do something about my health.
[P3]

Although most participants were aware of the existence of some
apps, 3 participants were surprised by the existence of health
apps for smoking cessation and mental health issues:

It didn’t cross my mind that I could use an app for
stopping smoking, so it is new. [P16]

Opportunity Factors Related to the Uptake of Health
and Well-being Apps in General
Some participants expressed their preference to look for a health
app as a digital behavior change intervention instead of a
face-to-face intervention because of the availability and low
cost of an app. However, concerns around widening inequalities
were raised by one participant who showed signs of worry about
the limited access to digital aids for individuals living in
deprived areas:

So if they [people living in deprived areas] do not
have the smart phone, they won’t be able to use it, so
it’s not going to work, is it? It’s what happened with
the Universal Credit, so it’s not going to work. I mean
issue everyone a smart phone. [P16]

A few participants highlighted the importance of the availability
of health apps in both major commercial app stores (Apple App
Store and Google Play), not just one or the other.

Most participants stated that apps should be available at no cost.
Only 6 participants expressed their willingness to pay a small
fee for an app if, for example, it would be “almost life-changing”
(P4) or if it would include online professional support.

The specific design and color scheme preferred by participants
appeared to be unique and dependent on the individual’s taste.
However, the majority were looking for a simple looking app.

Social influences appeared to be one of the core factors that
shaped the selection of apps for all participants during the
think-aloud exercise. This includes ratings and reviews of the

app, the credibility of the source of the app, and
recommendations of apps received from others. Within app
stores, most participants described looking at the star ratings
and the number of downloads of each app and whether the apps
were listed as an editor’s choice. A total of 3 participants
acknowledged that reviews were subjective, and they still
reported feeling influenced by the ratings of the app. In addition,
2 participants reported that they were skeptical of the reviews,
which they believed may have been paid for, and that reviews
are not enough, as more information is necessary to make an
informed choice:

You know, so you're having to make all these
judgements about people’s reviews and then you know
deep down that the reviews might be paid for and,
you know, it’s a bit of a minefield which is why I
would only take a free sample and then see if it works
for me. [P6]

A credible source was also important. Apps developed or
recommended by trusted organizations or respected celebrities
seemed more appealing to all participants. Participants who
used Google Search to find an app aimed to look for websites
they were familiar with or had used before or for websites that
would post “Top 10 apps for...” type of articles. In addition,
word of mouth was another source of social influence:

I see two different specialists, I have a lung problem
as well and I see a lung specialist at a hospital near
me and she said to me, the best thing that I could do,
which was downloading the Couch to 5k app. [P14]

Motivational Factors Related to the Uptake of Health
and Well-being Apps in General
Health or well-being apps were preferred over face-to-face
options because participants reported feeling competent by
changing their behavior through the use of an app, requiring
less time commitment and avoiding the anxiety and pressure of
interacting with others. Time appeared to be a particularly
valuable resource for all participants, and they believed apps to
have this advantage.

Another core factor in the selection of an app was the way users
perceived its utility. This was based on 2 aspects. First, they
appeared to judge how the app is adapted to the individual by
reading the title and description of the app and by looking at
pictures (ie, screenshots). A total of 12 participants reported the
need for sufficient information about an app to make an
informed choice:

I would definitely judge more from the pictures more
than anything and I think that just nowadays everyone
does, is you get an idea of the app from the pictures.
(...) I mean I think when you see an older person on
a picture and you’re a lot younger, it makes you think,
I mean it’s the wrong think to think but it makes you
think maybe it’s not for me. [P7]

Second, it seemed that 12 participants relied on their past
experiences with health apps. Whether those experiences were
positive or negative may have shaped their beliefs about health
apps in general:
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So that’s why My Fitness Pal is the first app that I’ve
ever had that’s actually worked. [P9]

In addition, 7 participants expressed skepticism about the
accuracy and effectiveness of some apps (eg, mental health
apps), and concerns about data protection were mixed:

These mindful ones, I’ve never downloaded one and
I’m sceptical. [P17]

Participants mentioned that commitment to the behavior change
would influence uptake and future engagement:

So I think the committed ones seek out the ones that
are the right ones for them, the best ones, rather than
necessarily the trendy ones. [P4]

Participants’ social identities also shaped their selections. Many
reported that they did not wish to select apps that promoted
groups they did not seem to fit in with (eg, athletic body image
or individuals of the hipster subculture):

They’ve got a kind of hipster bloke and now they’ve
got a kind of sexy female image with tattoos down her
arm, sexy, trendy, female image. Okay, so they are
obviously aiming at younger, sort of people in their
twenties and thirties, yeah, another sexy female image.
It’s quite interesting isn’t it, I’m looking at the images
and not the words and getting a sense, is this for me,
middle aged, well older woman?! [P6]

Curiosity, defined here as a desire to learn something, was the
only stand-alone positive emotion and appeared to positively
influence the uptake of health apps for many participants:

I thought out of curiosity I’d have a look, so I just
typed in quit smoking in Google play store and there’s
hundreds of apps from various people with varying
degrees of credibility, and they all were pretty similar
to be honest. [P13]

Apps linked to a credible source were important, with people
unimpressed when an app was not available on all major app
stores.

Views on Curated Health App Portals
None of the participants spontaneously used a curated portal.
Curated portals were then introduced to the participants, but
none were previously aware of them. Curated health app portals
were appealing to all participants, and they believed the portals
would be likely to engender trust. However, searching for a
health app on the NHS Apps Library and the One You App
portal was a generally disappointing experience. Only 2
participants chose a health app from a health app portal (One
You Apps), whereas the rest of the participants decided to
continue the search in commercial app stores.

Capability Factors Related to the Uptake of Health and
Well-being Apps on Health Portals
All participants had heard of widely advertised apps (eg, Couch
to 5k), but none were aware of the existence of curated health
app portals before participating in this study:

I think they’re brilliant [apps on health app portals];
I didn’t know they existed. [P11]

Navigating on the NHS Apps Library seemed easy for some.
However, a few participants mentioned that a user guide or help
section would be a useful added feature of the portal. Two
participants reported that they did not find it easy to use the
filter features, and in many cases, they felt the search yielded
irrelevant results (eg, while searching for a physical activity
app, the results also listed apps for mental health). A few
participants reported that navigating on curated app portals was
difficult, characterized as “cumbersome” (P4, P12):

It’s not clear, it’s suggests that they are independent
apps but maybe they should have some guidelines
about design, you know, of their sort of landing pages.
[P6]

Opportunity Factors Related to Uptake of Health and
Well-being Apps on Health Portals
All participants indicated that they would want a portal tailored
to their needs, with categories related to their gender, age group,
and medical conditions they may have:

So something like that, this is suitable if you’re over
65, this would be more suitable for you if you’re under
40 or with these ones that you don’t have to go and
see your GP, that you can pay for, if you have any
concerns, visit your GP or speak to a health
professional because some people don’t have that
common sense. [P14]

Participants had different opinions about the layout of these
portals. Some liked the NHS Apps Library design better, with
simple colors, whereas others enjoyed the more colorful One
You App portal. Most participants felt that a fusion between
these 2 designs (the searchability and filters of the NHS Apps
Library and the look and presentation of the One You App
portal) and a better functionality would create the ideal curated
health app portal:

Why they are not combined? [P8]

Although many participants expressed their wish to access apps
for free, a few participants were more open to pay for an app
that was listed on a curated health app portal:

This is fabulous, and I’d be much more inclined to
pay money. This is really, really good. [P6]

Participants found the NHS and PHE trustworthy and believed
that these portals would provide safe and effective digital aids.
Some indicated a desire to receive further recommendations for
using these portals from their primary care physicians:

If GPs knew that they could say “well this could help
you” I’m sure that they would recommend it to people.
[P11]

However, they also wanted to avoid putting unnecessary
pressure on general practitioner (GP) practices:

You’ve got “free but requires GP referral” and when
you’re thinking the NHS is under so much financial
strain and pressure at the moment, why do I need a
GP referral to obtain an app? [P2]

In addition, the One You App portal lists a few apps that are
recommended, but participants expressed their confusion and
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lack of clarity regarding why some apps are recommended and
by whom.

Motivation Factors Related to Uptake of Health and
Well-being Apps on Health Portals
While searching on curated health app portals, none of the
participants expressed signs of concern about data protection
and accuracy of apps, although 2 participants reported that they
would want to read more about how these apps were developed
and tested:

How long it takes, how many sessions and the fact
that it’s been tested in clinical trials and evaluated
by NICE which, to me, is probably quite an important
thing. [P1]

Social identity was also important. Some participants had
identified themselves as individuals living with a medical
condition. These participants were keen to look for an app that
targets the behavioral change of individuals with preexisting
medical conditions. Others stated that they do not wish to feel
“like a patient” (P7) and seemed reluctant to continue the search
on a curated health app portal:

So it would be nice to have one specific for maybe
people with medical problems or age-related
problems, etc. [P15]

Discussion

Principal Findings
Online searches for health and well-being apps were found to
be difficult. Factors influencing the uptake of health apps were
mapped using the COM-B model and TDF. We found that social
influences and participants’ beliefs about consequences (the
perceived utility of the app) are key factors influencing the
uptake of health apps. This conclusion was based on the
frequency and salience of the themes that occurred during the
interview. Curated health portals were found to be appealing
despite the lack of awareness of their existence. However, the
way apps are currently presented on these portals did not meet
users’ needs because of a lack of certain features, such as lack
of tailoring to the user’s requirements.

In line with previous research, the findings revealed the
importance of the capability and opportunity factors, such as
app literacy skills; health awareness and app awareness; esthetics
of an app; low cost of an app; reading reviews and checking
ratings; credible sources; and recommendations of apps from
others, including health professionals [18,22,39,40].
Interestingly, the perception of the cost of an app appeared to
be related to the perceived utility and credibility of the source.
Although at the start, some participants were against paying for
apps, the more useful an app was perceived, the more inclined
participants felt to pay a fee. This phenomenon was observed
for apps listed on health app portals, which were considered a
credible source. More importantly, unlike apps listed on
commercial app stores, there was implied trust in apps listed
on curated health app portals by participants. In addition, some
health apps are not available for downloading in both
commercial app stores. Participants found it disappointing that

some apps were only available for iPhone users. This is in line
with previous research that found that out of 18 investigated
health apps, only one-third were available to download on both
major commercial app stores [28].

In terms of motivational factors, we found that perceived utility
included aspects related to individuals’ perceptions about the
presentation of an app and their previous experiences with health
apps. Together, these shaped the way participants judged the
usefulness of an app. This characterization underlines the need
expressed by others previously for a better way to present health
apps through a description that would lead to an informed choice
(eg, the content of the app) [25-27] and potentially positively
affect other motivational factors, such as the accuracy of an app
and data protection [41]. Notably, concern about data protection
and the accuracy of a health app was minimal when participants
navigated on health app portals as opposed to commercial app
stores.

There is a need to understand what design aspects generate
positive or negative emotions and for whom. Emotions are
powerful drivers of a behavior, which affects decision making
(eg, app uptake) [42]. A key emotion identified in this study
directly influencing the uptake was curiosity. However, this
study emphasized the importance of positive emotions triggered
by, for example, the credible source of an app and negative
emotions triggered by restriction of information (eg, lack of
understanding of the necessity of GP referral to download an
app). Taking these factors into consideration may lead to better
uptake with such tools.

Uptake and engagement are connected. Engagement without
uptake is not possible, and uptake without taking into
consideration the factors that are important for engagement is
impractical. Some factors might influence both uptake and
engagement; for example, our research suggests that the
perceived utility of an app is one of the main factors for uptake.
However, a previous study found that perceived utility was a
predictor of engagement with an alcohol reduction app [43].
Therefore, where possible, uptake and engagement should be
considered together as 2 linked constructs.

Strengths and Limitations
The main strength of this study lies in its methodology. Given
that the aim of this study is to explore uptake with health apps
and by applying a user-centered approach, the think-aloud
methodology was the appropriate technique to use [33,44] as it
will minimize recall bias. Involving stakeholders—patient and
public engagement representatives and policy makers—in the
design of the research enhances scientific rigor. The purposive
sampling technique adopted enabled the recruitment of a wide
range of participants that included the same number of females
and males and having different levels of education and
employment status, and the sample overrepresented ethnicity
relative to local rates. The use of the COM-B and TDF to guide
the data analysis is another strength of this study.

This study had several limitations. First, asking participants to
perform the think-aloud task under observation may not be fully
analogous to how they would perform a search when on their
own. Second, some identified factors were difficult to define
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and describe because of the lack of specificity of the description
provided by participants. These include esthetics of apps, often
described vaguely (nice and elegant) and the cognitive load
associated with engagement with these (easy to use). Third, for
a qualitative research study exploring such a broad topic, we
felt that information saturation was reached; however, it is
possible that additional participants with more varied
characteristics would have allowed us to identify additional
concepts. Finally, during external validation, a randomly
selected subsample of participants was asked via email to
provide feedback on the summary of the findings. A total of
50% (3/6) of participants did not reply, and it is unclear whether
these participants ignored our request or did not agree with the
interpretation of the results.

Implications for Research, Policy, and Practice
This study has important implications for stakeholders in public
health and policy makers who target prevention and health
promotion using digital technologies and governmental bodies
and trusted health organizations that provide curated health app
portals. Low awareness, low app literacy skills, lack of
availability on all major app stores, and lack of recommendation
in primary care were identified as factors limiting the uptake of
health apps in general and on curated app portals. These factors
are important for improving the uptake of health apps. Selection
was described as difficult. Therefore, there is a need for public
guidance on how to identify evidence-based tools [18,22] and

for health practitioners to promote and advise their patients on
how to select appropriate health and well-being apps [40].
Raising awareness of such tools through both online and offline
promotion channels might provide better access to effective
apps.

Our findings could also help developers to reconsider the ways
in which apps are currently presented on commercial app stores
and app portals, which might, in turn, increase the uptake of
evidence-informed health apps. The idea of selecting an app
from a health app portal was appealing to all participants,
although individuals’ needs were not met. These findings
describe essential barriers and facilitators related to participants’
capability, opportunity, and motivation to take up health and
well-being apps. For example, app descriptions and presentations
that better align with individuals’needs may increase the uptake
of health apps on health app portals. These findings can also be
used to inform the development of interventions that specifically
aim to promote the uptake of and engagement with
evidence-informed health and well-being apps, a priority within
the NHS long-term plan (ie, digital first). By targeting the
identified psychological influences on app uptake through
further interventional work, organizations that provide app
portals (eg, the NHS and PHE) should be able to increase their
impact by helping people to better select appropriate apps. A
summary of the recommendations for policy makers, providers,
and developers is presented in Textbox 1.
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Textbox 1. Recommendations for policy makers, industry, health care providers, and app developers based on the Capability, Opportunity,
Motivation-Behavior model for a better uptake of health and well-being apps.

Capability

• Improve app literacy skills, with a focus on older and marginalized populations, and continue working toward reducing the digital divide (eg,
through the use of an outreach approach to target older, migrant, and homeless populations).

• Increase awareness of effective health apps and curated health app portals through promotion online and offline in primary care, mass media,
and public spaces.

• Provide guidance on how to use a health app portal (eg, through incorporating an extensive help section) and additional physical and mental
health–related evidence-based papers.

• Promote reduced cognitive load on curated health app portals (eg, through the use of images and short app descriptions).

Opportunity

• Ensure evidence-informed apps are available for free or at a low cost to everyone.

• Make apps available on all major app stores simultaneously.

• Offer the possibility to tailor the health app portal to target certain demographics (eg, apps for physical activity for women aged 60 years or
more).

• Offer apps at low cost and provide explanation for those that require referrals and justifications for the cost of paid apps on curated health app
portals.

• Collaborate with interaction design experts and end users to enhance the esthetics of health app portals.

• Promote evidence-informed apps via trusted organizations and provide information on how the apps were developed and tested.

• Encourage health professionals and practitioners of promotion of evidence-informed health apps and health app portals.

Motivation

• Provide relevant and realistic titles and avoid general app descriptions. Descriptions should be short but must contain details of what the app
offers and how it is able to help the user.

• Provide pictures of the app (eg, screenshots) and avoid pictures that promote an unrealistic body image.

• Provide information about the accuracy and effectiveness of the app (eg, details about development and developers) and how users’ data are
handled.

• Take into account users’ emotions about certain features by constantly involving the users in the development of health apps.

Future Research
Future research is needed to minimize factors limiting uptake,
such as low awareness, low app literacy skills, and a lack of
recommendations in primary care. Our results suggest that there
is a need to better tailor the design and content of health app
portals to better meet individuals’ needs. However, the mixed
views on specific app designs indicate that more research is
needed to investigate whether there are general design principles
that are missed and could be followed to accommodate the
majority of people or whether better tailoring and/or adaptive
interventions should be considered instead. Future research may
also want to consider comparing curated health app portals
developed by private organizations with those developed by
governmental bodies to investigate whether portal design–related
features are considered less or more important than credibility
and trust in apps listed on them. Experimental research is needed
to assess whether there is a trade-off between credibility, social
influences, and perceived utility of the apps presented on curated
health app portals. Furthermore, with a growing concern around

widening inequalities [45], solutions should be focused on
reducing the digital divide and health inequalities that may
appear as a result of the financial constraint of owning a
smartphone and lack of sufficient app literacy skills.

Conclusions
Among the factors mapped under capability, opportunity, and
motivation components of the COM-B model, social influences
and the perceived utility of an app appear to be the core factors
influencing uptake in general and on curated health app portals.
Curated app portals are considered trustworthy and serve as a
credible source for apps; however, there is disappointment with
their current implementation of these portals. Uptake of health
and well-being apps on health app portals, as opposed to uptake
in general, appears to help address people’s concerns regarding
data protection and the accuracy of apps. Health organizations
that develop app portals may consider targeting the factors
identified across the COM-B and TDF as part of additional
experimental work, as this could help to increase impact through
better selection of appropriate health apps.
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Abstract

Background: According to the World Health Organization, achieving targets for control of leprosy by 2030 will require disease
elimination and interruption of transmission at the national or regional level. India and Brazil have reported the highest leprosy
burden in the last few decades, revealing the need for strategies and tools to help health professionals correctly manage and control
the disease.

Objective: The main objective of this study was to develop a cross-platform app for leprosy screening based on artificial
intelligence (AI) with the goal of increasing accessibility of an accurate method of classifying leprosy treatment for health
professionals, especially for communities further away from major diagnostic centers. Toward this end, we analyzed the quality
of leprosy data in Brazil on the National Notifiable Diseases Information System (SINAN).

Methods: Leprosy data were extracted from the SINAN database, carefully cleaned, and used to build AI decision models based
on the random forest algorithm to predict operational classification in paucibacillary or multibacillary leprosy. We used Python
programming language to extract and clean the data, and R programming language to train and test the AI model via cross-validation.
To allow broad access, we deployed the final random forest classification model in a web app via shinyApp using data available
from the Brazilian Institute of Geography and Statistics and the Department of Informatics of the Unified Health System.

Results: We mapped the dispersion of leprosy incidence in Brazil from 2014 to 2018, and found a particularly high number of
cases in central Brazil in 2014 that further increased in 2018 in the state of Mato Grosso. For some municipalities, up to 80% of
cases showed some data discrepancy. Of a total of 21,047 discrepancies detected, the most common was “operational classification
does not match the clinical form.” After data processing, we identified a total of 77,628 cases with missing data. The sensitivity
and specificity of the AI model applied for the operational classification of leprosy was 93.97% and 87.09%, respectively.

Conclusions: The proposed app was able to recognize patterns in leprosy cases registered in the SINAN database and to classify
new patients with paucibacillary or multibacillary leprosy, thereby reducing the probability of incorrect assignment by health
centers. The collection and notification of data on leprosy in Brazil seem to lack specific validation to increase the quality of the
data for implementations via AI. The AI models implemented in this work had satisfactory accuracy across Brazilian states and
could be a complementary diagnosis tool, especially in remote areas with few specialist physicians.

(JMIR Mhealth Uhealth 2021;9(4):e23718)   doi:10.2196/23718
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Introduction

Leprosy Background
Leprosy is an infectious disease caused by Mycobacterium
leprae and Mycobacterium lepromatosis, which affects the skin
and peripheral nerves, causing stigma and disabilities that limit
community involvement and social engagement [1]. According
to the World Health Organization (WHO) report in 2020, there
were 208,619 new leprosy cases registered globally in 2018,
with a prevalence rate corresponding to 0.2 in 10,000
individuals. Brazil reported 27,893 new cases in 2019 and is
considered the country with the second highest number of new
leprosy cases registered in the world. Moreover, Brazil reported
the highest number of retreated cases (6887), followed by India
(5332). In-depth analysis of retreatment to determine the reasons
for treatment interruption would improve compliance, effective
use of drugs, and, to some extent, prevent the emergence of
drug resistance. A review of new cases detected in the three
most highly endemic countries (India, Brazil, and Indonesia)
indicated that the number of new cases, the proportion of child
cases, and those associated with disability have barely changed
in Brazil and Indonesia for the past 5 years. Therefore, there is
a long way to go to achieve the following criteria for leprosy
elimination: (1) confirmed absence of children with leprosy for
5 consecutive years and (2) confirmed absence of new leprosy
cases for 10 years [2].

Currently, the conventional diagnosis of leprosy is typically
based on clinical evaluation alone, especially when
histopathological analysis is not available. The clinical diagnosis
is based on cardinal signs such as the presence of skin lesions
(often with loss of sensitivity), thickening of the nerves, and
presence of the pathogen in a skin smear or histological tissue
samples. Based on this information, classifications are applied
to aid in the understanding and treatment of the disease [1,3].

The Madrid classification divides leprosy patients into the
following four categories: indeterminate, tuberculoid, borderline,
and lepromatous [3]. However, the WHO has also proposed an
operational classification to facilitate fieldwork. Patients with
up to five skin lesions are classified as having paucibacillary
leprosy and those with more than five skin lesions are classified
as having multibacillary leprosy [4].

Currently, multidrug therapy is the main treatment for leprosy,
which is based on schemes supported by the operational
classification. The Guidelines Development Group, established
by the WHO in 2018, recommends the same regimen of three
drugs (rifampicin, dapsone, and clofazimine) for all leprosy
patients, with a 6-month duration for paucibacillary cases and
a 12-month duration for multibacillary cases. Some evidence
suggests a potential increase in the risk of relapse for patients
with paucibacillary leprosy using the previous two-drug regimen
[4]. Therefore, this three-drug regimen has the potential to
reduce the consequences of misclassifying multibacillary cases
as paucibacillary cases (based on lesion count) and the
implementation advantages of using the same combination of
three drugs for both types [4-6].

Laboratory diagnosis can help differentiate leprosy from other
dermatological/neurological diseases, especially in cases of
suspected recurrence, and determine an appropriate treatment
duration. In these cases, microscopic examination of the dermal
smear is the method most commonly used because it is easy to
perform and is of low cost. The bacilloscopy index (BI) is
negative (0) in the tuberculoid and indeterminate forms, is
strongly positive in the lepromatous type, and reveals a variable
result in borderline cases [3].

In 2020, the WHO outlined the goal to interrupt leprosy
transmission at the national or regional level by 2030. However,
to achieve this goal, it is necessary to routinely implement active
case detection and contact tracing. Therefore, it is urgent to
improve the tools used for an early and precise diagnosis of
new cases [2].

App Characteristics
Brazil uses the Sistema de Informação Nacional de Agravos de
Notificação/National Notifiable Diseases Information System
(SINAN) to deal with epidemiological aspects of diseases with
compulsory notification. A leprosy-specific form has to be filled
out for each confirmed case, which involves information about
the patient, including the number of lesions and affected nerves,
grade of physical disability, and demographic variables, among
others. All of these data are stored in SINAN’s online database
and are available for epidemiological studies [7-10].

The app proposed in this study was based on an in-depth analysis
of the SINAN database using machine learning, a research area
that focuses on how computers acquire knowledge from data.
Machine learning can be subclassified into two general types:
unsupervised learning and supervised learning. Unsupervised
learning does not have a focus on a predictable output, as its
main objective is to identify data patterns. By contrast,
supervised learning focuses on an outcome such as determining
if an animal in a picture is a cat or a dog [11]. For app
development in this study, we used random forest (RF), as one
of the most effective algorithms of supervised learning that was
developed by Leo Breiman [12], to predict the operational
classification (paucibacillary or multibacillary) of a given
leprosy case. Our research team previously successfully used
this algorithm to predict new cases of leprosy among household
contacts using molecular and serological inputs [13].

There are some existing apps that were also designed to help
diagnose neglected tropical diseases (NTDs). According to the
WHO in 2018, an app was developed to facilitate the diagnosis
of NTDs of the skin, including leprosy. This app allows health
care workers and the public to obtain information about a
specific disease, such as its clinical features, management, and
geographical distribution, and provides a list of potential
diagnoses. The training guide is now updated with recent
information and has been translated into an easy-to-use
interactive mobile app available free of charge on both Android
and iOS platforms [14]. Recently, a new app that helps health
care professionals diagnose leprosy was launched by the Federal
University of São Paulo [15]. However, among the cited
references, none describes the creation process of apps designed
to control leprosy using artificial intelligence (AI) to predict
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the diagnosis, leaving an important gap in the field that this
study aimed to address.

Study Objective
Given the above background, the main objective of our study
was to develop a cross-platform app for leprosy screening based
on AI. This app was designed to recognize patterns in leprosy
cases registered in the SINAN database and to classify new
cases as paucibacillary or multibacillary, thereby reducing the
probability of misclassification by the health center.

Methods

Overview
We divided the stages of app construction into two steps: (1)
processing raw data and obtaining a decision matrix, and (2)
using the decision matrix to build the app for classifying a case
given an input. An overview of the entire process is shown in
Figure 1.

Figure 1. Flow diagram summarizing the data-processing and app-building steps. SINAN: Sistema de Informação Nacional de Agravos de Notificação
(National Notifiable Diseases Information System); DATASUS: DATASUS: Sistema Único de Saúde (Unified Health System) data portal; RF: random
forest; csv: Comma Separated Value.
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Processing Raw Data
Initially, we downloaded all SINAN records related to leprosy
cases from 2014 to 2019, which were converted to a single
Comma Separated Values file. This procedure resulted in a
54-column file containing data on 174,871 cases, with each

column corresponding to a specific variable reported by
Brazilian health professionals about the leprosy cases notified.

Many of these columns (variables) were not relevant to our
study. Therefore, we removed those that did not fulfill the
criteria as shown in Table 1.

Table 1. Exclusion criteria and justifications.

JustificationsExclusion criteria

The objective was to remove variables that many professionals have not
declared the value of, as a large amount of missing data may impair pro-
cessing. The number 25,000 was arbitrarily defined, focusing on not
drastically reducing the total amount of data

Columns with more than 25,000 “NA” (not available)

R shows an alert when a categorical variable with more than 53 input
possibilities is being used, given that the greater the number of input pos-
sibilities, the smaller the meaning of each input to the model

Categorical variable with more than 53 input possibilities

Some variables imply an operational classification (eg, “g-MB” therapeutic
scheme implies that the patient has a case of multibacillary leprosy),
causing bias to the model

Variables that may induce a result

Boruta [16], an algorithm to find the most relevant variables to predict
outcomes in a given dataset, was used; variables with little relevance were
excluded

Variables with no apparent correlation with the prediction.

Redundant variables do not provide additional information to the model,
and therefore there is no reason to keep both. An analysis using Python
showed that some variables had almost 100% correspondence with another
(eg, the state where the case was notified and the state where the patient
lives). The Boruta algorithm is also useful to remove redundant variables.

Redundant variables

The remaining dataset was composed of the variables age,
gender, race, education, grade of disability, operational
classification, BI, number of affected nerves, clinical form,
municipality ID, number of household contacts, and the number
of skin lesions. After this processing, we removed all lines with
any entry of “NA” (not applicable), leaving a total of 123,054
cases.

The Brazilian Practical Guide on Leprosy was reviewed to
define the following criteria to remove cases with any
inconsistency: (i) samples with a positive BI are always cases
of multibacillary leprosy; (ii) patients with paucibacillary leprosy
should have five or fewer skin lesions; (iii) indeterminate and
tuberculoid are always paucibacillary forms; (iv) borderline and
lepromatous cases are always multibacillary forms; (v)
indeterminate cases have no disability; and (vi) a maximum of
approximately 18 nerve trunks are evaluated in clinical
examinations [17]. After removing cases that were not consistent

with these criteria, 113,354 cases remained. All lines with
missing items (gender, race, schooling, grade of disability,
operational classification, bacilloscopy, or clinical form) were
removed to improve the accuracy of prediction, leaving 89,427
cases.

The Instituto Brasileiro de Geografia e Estatística (Brazilian
Institute of Geography and Statistics), responsible for conducting
the census, provides tables containing the estimated population
by year and by municipality [18]. These tables were merged
with all SINAN data (174,871 cases) to calculate the leprosy
incidence by year and by city. However, it was necessary to
delete the data for 2019 because of the lack of year-round
records in SINAN, leaving 88,783 cases. Finally, comparing
the number of cases after removing inconsistencies, we created
an index that represents the percentage of patients with
discrepancies in diagnosis (error) per year for each municipality,
according to the workflow shown in Figure 2.

Figure 2. Method to calculate the error rate.
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Confidence intervals of these municipality inconsistencies were
calculated for each state of Brazil. We calculated the median
of household contacts by city and year. All data processing up
to this point was performed using Python 3.8 and WPS
spreadsheets.

Applying RF and Building the App
After initial processing with Python, the RF algorithm was
applied to the resulting data using the R software package
Random Forest. In addition to RF, there are several other
machine-learning classification algorithms that could be
appropriate for this task, such as naive Bayes [19], logistic
regression [20], k-nearest neighbor [21], decision tree [22], and
gradient boosting [23]. This list is not exhaustive, but includes
the most common algorithms that were applied to our dataset
for model comparison. The RF algorithm was ultimately chosen
owing to its better performance, ease of use and interpretation,
and wide dissemination in the literature. RF is an ensemble
learning method for classification, regression, and other tasks,
which operates by constructing a multitude of decision trees
during training and then outputting the class that represents the
mode of the categories (classification) or mean prediction
(regression) of the individual trees [24].

After several tests to improve model accuracy, the following
subset of variables was used to predict the operational
classification of each case: region, state, city, age, number of
skin lesions, affected nerves, household contacts, and

bacilloscopy. Prediction of operational classification was chosen
as the metric for evaluation instead of prediction of the clinical
form for two main reasons: (1) Brazilian treatment is based on
the operational classification [17], and (2) dichotomous models
(in this case paucibacillary or multibacillary) have better results
in RF-based analyses [25].

This multiplatform app was designed to meet the scientific
demand for technological innovation concurrently with the lack
of safe and accurate diagnoses in remote regions of Brazil, where
training in clinical practice does not always match the
international standards recommended by the WHO. In this sense,
we incorporated only clinical variables reported by SINAN so
that the app would be useful in the Sistema Único de Saúde
(SUS; Unified Health System) throughout Brazil.

The decision forest obtained by the RF algorithm from the R
package was deployed in a ShinyApp environment, which is a
web service for constructing a friendly user interface. Figure 3
shows the structure and flow of the app. The receiver operating
characteristic (ROC) curve [26] represents the true positive rate
(TPR or sensitivity) as a function of the false positive rate (FPR
or 1 – specificity). The colored scale on the right of the curve
denotes the cutoffs distribution used to obtain a classification
of multibacillary leprosy by the model. Each cutoff is related
to one TPR and FPR point in the plot [27]. Given the number
of true positives (TP), true negatives (TN), false positives (FP),
and false negatives (FN), the TPR and FPR are defined as
TP/TP+FN and FP/FP+TN, respectively.

Figure 3. Screenshot representing the R ShinyApp input and output flows. The layout of the app may eventually change to improve user experience.
ROC: receiver operating characteristic; AUC: area under the curve; FPR: false positive rate.

A good model must enhance the TPR and decrease the FPR.
Thus, the quality of the model may be represented by the area
under the ROC curve (AUC) value [28]. The best models have
an AUC close to 1 and the worst models have an AUC close to
0.

The value of each variable in the database has a different weight
for the model. Some values approximate a paucibacillary
classification, whereas other values approximate toward a

multibacillary classification. Representing the distance between
paucibacillary and multibacillary as a scale from 0 to 1, we can
choose different values on this scale as the limit between the
two classifications. These possible values are represented by
the colored scale to the right of the ROC curve in Figure 3.
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Results

Database Processing

Inconsistencies
Table 2 shows the 21,053 inconsistencies obtained in the dataset
from a total of 174,871 individuals in the SINAN database in

the period of 2014-2018. It is important to note that an individual
might have more than one discrepancy. The main inconsistency
identified was “operational classification does not match the
clinical form.” This means that a lepromatous or borderline
patient was misclassified as a paucibacillary patient, or that an
indeterminate or tuberculoid patient was misclassified as a
multibacillary patient.

Table 2. Number of occurrences per inconsistency.

Number of occurrencesInconsistency

8545Operational classification does not match the clinical form

4867Indeterminate with disability

3785Indeterminate with affected nerves

2825Paucibacillary with positive bacilloscopy

938Paucibacillary with more than 5 skin lesions

93Patients with more than 18 affected nerves

Missing Data
Before data processing, the SINAN database had 35,616 lines
with at least one NA, 26,539 lines with at least one unknown
item (gender, race, schooling, grade of disability, operational
classification, bacilloscopy, or clinical form), and 15,473 lines
with both NA and an unknown item. There were a total of
77,628 cases with missing data, accounting for 44.39% of the
total 174,871 cases.

Leprosy in Brazil
Based on available data in SUS, after cleaning the dataset, it
was possible to geographically visualize the dispersion of
leprosy incidence in Brazil over the period from 2014 to 2018
(Figure 4). A high number of cases were notably located in
central Brazil. This number became even higher in 2018,
highlighting the State of Mato Grosso with the highest number
of leprosy case reports in the country. Some municipalities had
an incidence of up to 285 cases per 10,000 inhabitants.

Figure 4. Geographic distribution of new annual cases of leprosy in Brazilian municipalities. inhab: inhabitants; NA: not available.

In addition to showing the geographical extent of the disease,
the cleaned database included individuals from 4 to 106 years
old (mean of 44 years), with an average of seven lesions, two
affected nerves, and three household contacts per case. The BI
was not calculated in 37.00% (32,853/88,783) of cases, and for

the remaining cases, 41.18% (23,034/55,930) of the BI results
were positive. In total, the database reported multibacillary
leprosy in 76.66% (68,061/88,783) of patients, who were
scattered throughout the Brazilian territory (Figure 5).
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Figure 5. Distribution of leprosy cases in the Brazilian states from 2014 to 2018.

Figure 5 shows the distribution of paucibacillary and
multibacillary cases among Brazilian states (per 10,000
inhabitants) with the highest numbers found in Mato Grosso
(31.5), Tocantins (28.8), Maranhão (15.9), Pará (13.3), and
Rondônia (12.8), which are all states with a predominance of
multibacillary cases.

Figure 6 shows that leprosy misclassification exhibited a certain
degree of homogeneity throughout Brazil from 2014 to 2018,

which does not raise a suspicion of its correlation with leprosy’s
incidence. Notably, some municipalities had discrepancy rates
reaching up to 80%, although in general this error rate appears
to have decreased over time. Unlike other Brazilian states,
Amazonas (in 2018) presented an unreasonable increase in the
error rate, especially considering that these municipalities had
virtually no notification of the disease in 2014.
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Figure 6. Geographic leprosy misclassification distribution in Brazilian municipalities. NA: not available.

AI Model to Support Clinical Diagnosis
Starting from the assumption that the error of clinical diagnosis
is properly characterized, it was possible to develop a support
model based on AI. The RF algorithm presented the smallest

mean of misclassification error compared with the other
algorithms using 10-fold cross-validation with default
hyperparameters considered in the mlr R package [29] (Figure
7).

Figure 7. Comparison of algorithms according to the mean of misclassification error (MMCE).

We next sought to determine if AI can assist in choosing the
correct treatment for leprosy. Since the Brazilian Ministry of
Health and the WHO suggest patterns (an algorithm) to classify
the disease, our group was able to develop this new strategy to
help control leprosy. A different model for each Brazilian state
was used to improve the prediction in the remaining states; that
is, a cross-validation strategy was applied to avoid overfitting
by training in one state but testing in others. The number of
lesions, incidence, and affected nerves were among the most

important variables in the three best models (Mato Grosso, Rio
Grande do Sul, and Paraná).

Figure 8 shows a heatmap of the quality of all models for each
state of Brazil. The blue scale represents the accuracy of the
models in each testing situation. The Y axis denotes the states
used to build the models (training dataset) and the X axis
indicates the states where the models were applied (testing
dataset).

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e23718 | p.112https://mhealth.jmir.org/2021/4/e23718
(page number not for citation purposes)

De Souza et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Figure 8. Quality in the classification of leprosy cases by artificial intelligence models in Brazilian states.

Table 3 shows the importance of the three best models (Mato
Grosso, Rio Grande do Sul, and Paraná) used in development
of the app. These models showed some variability in the
importance of each variable. In the Mato Grosso model, the
most important variables were the number of affected nerves,
number of skin lesions, and incidence. In the Rio Grande do

Sul model, the main variables were number of skin lesions and
number of affected nerves. Finally, in the Paraná model, the
most important variables were the number of skin lesions and
bacilloscopy. “Gender” represented less than 2% of importance
in all three models, whereas “number of skin lesions”
represented more than 23% importance in all models.

Table 3. Importance (in percent) of each variable utilized in the models that represent the highest accuracy.

Paraná modelRio Grande do Sul modelMato Grosso modelMeaningVariable

6.19.515.0IncidenceINCIDÊNCIA

5.58.19.3AgeNU_IDADE_N

1.91.71.6GenderCS_SEXO

1.26.92.7RaceCS_RACA

3.46.44.7Educational levelCS_ESCOL_N

41.937.023.6Number of skin lesionsNU_LESOES

5.04.24.4Grade of disabilityAVALIA_N

23.74.56.1BacilloscopyBACILOSCOP

2.85.95.1Number of household contactsCONTREG

8.515.827.5Number of affected nervesNERVOSAFET

Table 4 shows the quality of the AI model applied to the
differential diagnoses of paucibacillary and multibacillary
leprosy in 26,546 cases. We considered multibacillary as the

reference. Some measures such as accuracy (proportion of
multibacillary and paucibacillary cases correctly classified),
sensitivity (proportion of correctly classified cases given that
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they were truly multibacillary), specificity (proportion of
correctly classified cases given that were truly paucibacillary),
positive predictive value (proportion of multibacillary cases
given a positive classification by the model), and negative

predictive value (proportion of paucibacillary cases given a
negative classification by the model) are presented for each
model.

Table 4. Quality of the artificial intelligence model applied to the differential diagnosis of paucibacillary and multibacillary leprosy.

Paraná modelRio Grande do Sul modelMato Grosso modelQuality parameter

0.9290.8120.970Accuracy

0.8770.9770.926Sensitivity

0.9190.2180.812Specificity

0.9720.8030.936PPVa

0.6980.7400.786NPVb

aPPV: positive predictive value.
bNPV: negative predictive value.

Discussion

Relevance of Correct Operational Classification
This study analyzed the SINAN database from 2014 to 2018
considering the epidemiological, clinical, and sociodemographic
context of patients diagnosed with leprosy in Brazil. In analyzing
the frequency of inconsistencies in the SINAN database (Table
2), we observed that the main disagreement was operational
classification (ie, multibacillary vs paucibacillary) that did not
match the clinical form. These results highlight the importance
of training health professionals to correctly identify the
operational class and improving data collection. Information
on the operational classification for a given case is essential to
select the appropriate treatment scheme. Misclassification may
harm both the patient and the health care system. A patient with
paucibacillary leprosy receives treatment for 6 months, whereas
a patient with multibacillary leprosy receives treatment for 12
months [17,30]. Therefore, a patient with paucibacillary leprosy
misclassified as multibacillary leprosy would undergo 6 months
of unnecessary treatment, burdening the health care system and
increasing the risk of suffering from side effects during this
time. By contrast, a patient with multibacillary leprosy
misclassified as paucibacillary leprosy could be undertreated,
requiring restarting the treatment that leads to spending more
resources with potential subsequent disability rehabilitation.

According to Grossi et al [31], there is a strong tendency for
health professionals to classify patients as having multibacillary
leprosy, at least in Brazil. This trend, confirmed in our analysis
of the SINAN database, seemed to be related to the absence of
laboratory tests such as skin biopsy and slit-skin smear that
provide security to professionals in decision making.
Furthermore, Nobre et al [32] showed that the proportion of
newly diagnosed leprosy cases that were cases of multibacillary
leprosy increased by 11.6% during a study of cases reported in
Brazil from 2001 to 2013. It is important to keep in mind that
leprosy classification methodology may vary according to the
diagnostic capacity of the center. In primary care settings,
diagnosis and operational classification are mainly based on
clinical findings, whereas in reference centers, confirmatory
biopsies can be performed. Moreover, it is important to note

that improper treatment can also lead to bacterial resistance
[30-33].

Relevance of the App
According to WHO goals for 2030, it is necessary to employ
strategic methodologies to assist leprosy control. The use of AI
is a novel method with potential to expand the capacities to
diagnose diseases, especially those that are neglected. The use
of AI therefore allows for obtaining higher coverage in the initial
diagnosis process and facilitates the sharing of secure
information, with the aim to expand and reach a larger number
of health professionals [7].

We recognize the importance of a tool to improve the accuracy
of insufficiently trained health professionals, especially in the
most remote areas of Brazil. The app presented in this work
proved to be a promising option to improve the coverage and
scalability to the Brazilian health service regarding the choice
of an appropriate treatment for leprosy [33]. The training of a
physician requires considerable time when compared to
computational diagnostic resources. In addition, the accessibility
of this app in the hands of any professional via mobile or
desktop devices offers scalability that traditional teaching
methods cannot achieve [34]. Machine learning in standardized
functions or decisions is expected to be much faster than the
acquisition of general human knowledge. Therefore, our app
would provide speed, scalability, and broadcasting to fight
leprosy without compromising accuracy [35].

Appropriate Data Collection for Leprosy Classification
Another relevant issue to mention involves problems in
incorrectly filling out the reporting form. To fill out a SINAN
form correctly, it is necessary to list the Madrid Classification
and the treatment according to the operational classification.
Therefore, a patient given a classification of indeterminate or
tuberculoid has to receive treatment for paucibacillary leprosy,
whereas a classification of borderline or lepromatous requires
treatment for multibacillary leprosy.

According to the Brazilian Ministry of Health in 2017, a case
with a positive BI result should be considered as multibacillary
leprosy. However, doubts arise for cases that are considered to
be borderline and close to the tuberculoid pole. Despite the
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difficulty of correct classification, these cases are generally
considered to be multibacillary leprosy [17]. Another important
point is related to the high rate of patients with missing or
unknown data in the SINAN database. There were 77,628
patients with at least one data item missing, which represents
44% of the total. These data could be essential to improve the
accuracy of machine-learning models in which performance is
related to the amount of available clean data. This issue
reinforces the necessity for developing a better approach for
inputting data to the SINAN database as well as adopting good
practices for validating these data. Lastly, the part of the form
related to clinical aspects is filled out by the doctor, whereas
the first part related to patient identification, in a general way,
is filled out by the auxiliary staff. The state of Minas Gerais
adopted this criterion; however, in other areas, other health
professionals might complete the entire SINAN form, even the
parts that are supposed to be completed by the physician. The
Ministry of Health recommends that the physicians fill out the
SINAN, make the notification and the diagnosis, as well as the
documentation of successful treatment [17].

Relevance of Using AI
In addition to the implementation of an algorithm that helps
choose the correct therapy, the use of intelligent data collection
devices would allow for higher quality and validation [36]. Such
devices could be used to guarantee higher-quality data for future
research and innovations regarding the improvement of health
services as a whole, since poor-quality data is not limited to
leprosy [37]. An algorithm is nothing more than a finite
sequence of well-defined instructions that can be automated,
usually to solve problems. The actions advocated by the WHO
for the classification of leprosy to ensure appropriate treatment
and cure of this disease represent an example of the algorithm
itself. Considering this evident algorithm, our mission is to
provide a statistically reliable emulation to aid in the diagnosis
of leprosy. We have implemented a classification method based

on RF, which is accessible using any and all devices with
internet access.

Notably, the high accuracy (92.38%), sensitivity (93.97%), and
specificity (87.09%) of this app provide a multiplatform method
to support scalable characterization/classification for numerous
other neglected diseases in remote communities in Brazil and
worldwide.

Limitations
As previously mentioned, SINAN is a platform launched to
manage notifications from each Brazilian state. The records of
this platform are obtained from assessments made by many
health professionals with different levels of qualification. Thus,
the quality of data depends on many factors, including (i) quality
of the items requested by the forms and their correct
interpretation, (ii) correct clinical assessment of the patient, and
(iii) proper filling out of the forms. In addition, it is important
to note that the possibility to add more items of information
about serological and molecular integrated tests for leprosy
diagnoses could undoubtedly improve the accuracy of the
method, as we have done in our research group [13]. Lastly, the
app is not currently available without an internet connection
since the AI model is deposited in the RStudio cloud.

Conclusions
The proposed app showed good accuracy to classify a case as
paucibacillary or multibacillary leprosy by recognizing patterns
in leprosy cases registered in the SINAN database. After
validation, this app could be an essential tool to help health
professionals make an accurate leprosy operational classification
and decide which treatment to use for patients with
paucibacillary or multibacillary leprosy considering reducing
the likelihood of mistreatment. This study also highlights the
importance of improving data collection methods given that
prediction accuracy markedly increases with improved data
quality.
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Abstract

Background: The COVID-19 pandemic poses new challenges to health care providers and the delivery of continuous care.
Although many diabetes technologies, such as insulin pumps and continuous glucose monitors, have been established, the data
from these devices are rarely assessed. Furthermore, telemedicine has not been sufficiently integrated into clinical workflows.

Objective: We sought to remotely support children with type 1 diabetes and their caregivers, enhance the clinical outcomes
and quality of life of children with diabetes, increase multiple stakeholders’ engagement with digital care via a participatory
approach, evaluate the feasibility of using an interoperable open-source platform in a university hospital setting, and analyze the
success factors and barriers of transitioning from conventional care to digital care.

Methods: Service design methods were used to adapt clinical workflows. Remote consultations were performed on a monthly
and on-demand basis. Diabetes device data were uploaded from patients’ homes to an open-source platform. Clinical and
patient-reported outcomes were assessed before, during, and after the COVID-19 lockdown period in Germany.

Results: A total of 28 children with type 1 diabetes and their caregivers enrolled in this study and completed 6 months of remote
visits. Of these 28 participants, 16 (57%) also opted to attend at least one of their regular visits remotely. After 3 months of remote
visits, participants’ time in range (P=.001) and time in hyperglycemia (P=.004) significantly improved, and their time in
hypoglycemia did not increase. These improvements were maintained during the COVID-19 lockdown period (ie, between months
3 and 6 of this study). Participants’ psychosocial health improved after 6 months.

Conclusions: Remote consultations and commonly shared data access can improve the clinical outcomes and quality of life of
children with type 1 diabetes, even during challenging circumstances. A service design approach helped with the delivery of
comprehensive and holistic solutions that accounted for the needs of multiple stakeholders. Our findings can inform the future
integration of digital tools into clinical care during and beyond the pandemic.

Trial Registration: German Clinical Trials Register DRKS00016170; https://tinyurl.com/skz4wdk5

(JMIR Mhealth Uhealth 2021;9(4):e24374)   doi:10.2196/24374
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Introduction

People’s interest in digital and remote care has been increasing
worldwide. Although previous studies have demonstrated the
effectiveness and increasing acceptability of telemedicine [1],
knowledge on the implementation of digital care in health care
settings and workflows remains limited.

The COVID-19 pandemic has forced many health care teams
to find alternative approaches for delivering care to patients
with chronic conditions. The demand for acute and emergency
care has dramatically increased, and other areas of health care
have been considerably compromised [2]. This is particularly
concerning, as people with chronic conditions may have a higher
risk for hospitalization and morbidity when they contract
COVID-19. As such, health care professionals (HCPs) and
public health institutions recommend that people who are at
risk of SARS-CoV-2 infection should be protected from
potential exposure to the virus. New legal frameworks that
encourage health care teams to conduct remote, web-based
consultations and prescribe medical software or apps have been
introduced [3].

Diabetes is highly relevant to the field of telemedicine [4,5].
Intensive diabetes management has proven to be beneficial in
delaying the onset of diabetes-related complications and
reducing the severity of long-term complications [6].
Therapeutic guidelines have recommended a target hemoglobin
A1c (HbA1c) level of <7.0% (ie, <53 mmol/mol) for people with
type 1 diabetes [7,8]. However, many people with type 1
diabetes cannot meet these target HbA1c levels with standard
care alone [9]. Modern treatment devices, such as insulin pumps
and continuous glucose monitoring (CGM) sensors, are available
to and widely used by people with diabetes in most
industrialized countries. The uptake of insulin pumps and CGM
sensors is highest in Western European countries [10-12] and
the United States [9]. However, although less than a half of the
population of people with type 1 diabetes in these regions use
insulin pumps, the uptake of insulin pumps is much higher
among children and adolescents. Germany, Switzerland,
Luxembourg, and Austria have some of the highest technology
uptake rates worldwide. For example, 92% of preschoolers in
these countries used insulin pumps in 2017 [11]. The uptake of
technology however decreases with age. Furthermore, although
CGM sensors have been used by less than half of the population
with diabetes (ie, typically young people with diabetes), CGM
sensor uptake has increased considerably within the last 5 years
in Germany and the United States [11,12]. However, to fully

benefit from these relatively modern treatment options, people
with diabetes require a high level of self-management, diabetes
care teams require expertise and training, and appropriate digital
infrastructures must be available in health care settings.

Value-based and integrated care are promising strategies for
managing chronic conditions, as they emphasize the importance
of shared decision making and the organization of care. These
strategies are largely information-driven processes.
Technological tools for collecting and exchanging information
are essential to all stakeholders involved in integrated care
[13,14]. From a patient’s perspective, integrated care aims to
meet their health and social needs by using patient data as a
starting point for redesigning their health care experiences.

Due to people’s interest in the transition from traditional care
to digital care, which has considerably increased as a result of
the COVID-19 pandemic, evidence related to HCPs’, patients’,
and caregivers’ experiences with this transition has been
emerging in various fields of medicine [15-28]. A variety of
health care providers have shown increasing interest in the
possibilities of digital health. However, there is little research
on methods for integrating digital health tools into existing
structures and workflows.

The Digital Diabetes Clinic (DDC) project sought to (1)
remotely support children with type 1 diabetes and their
caregivers during diabetes management; (2) increase the time
that these children spend in the optimum glucose range (ie, time
in range); (3) improve these children’s quality of life; (4)
increase multiple stakeholders’ engagement with digital care
via a participatory project that involves patients, caregivers, and
care teams alike; (5) evaluate the feasibility of using an
interoperable open-source platform to upload, store, and review
diabetes device data in a university hospital setting; and (6)
analyze the success factors and barriers of transitioning from
conventional care to digital care.

Methods

Setting
This study was conducted in a tertiary, multidisciplinary
pediatric diabetes care center of a university hospital. All
participating HCPs were actively attending to children and
adolescents with diabetes, and all participating families were
receiving diabetes care from the care center. An overview of
the methods that were used in this study and the clinical trial
design is shown in Figure 1.
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Figure 1. An overview of the methods that were used in this study; the interventions that involved the HCP team, patients, and caregivers; and the
service design thinking approach. This is presented on a project timeline. HCP: health care professional; IT: information technology.

Service Design: A New Approach in Health Care
Service design is a strategic approach that is typically used in
business environments and public sectors. This approach is used
to create or improve processes for delivering desirable,
consistent, and seamless experiences to users [29-31], such as
staff, patients, and caregivers in health care settings. Service
design thinking methods are used to assess the interrelations
among different people, groups, organizations, resources,
technologies, processes, and communication paths. This
systemic and process-driven view is useful to design and deliver
valuable services to users, including patients, their caregivers
and health care professionals. Physical and digital touchpoints
and resources are identified and evaluated, including data
capture, usage and storage, as well as benefits and disadvantages
of various communication channels (eg, apps, emails, phone
calls, and written documentation).

Workflow Analysis and Patients’ Journeys
We followed the service design thinking process, starting with
qualitative interviews. These interviews were conducted to
assess users’ experiences (ie, journeys) with receiving pediatric
diabetes care from a university hospital and identify problem
areas (ie, pain points), such as moments of frustration and
challenges/gaps in the care process. The design team conducted
semistructured interviews with the health care team (ie,
physicians, diabetes educators, nurses, social workers, and
psychologists) via an exploratory approach to learn about
existing workflows, group-specific wishes, and stakeholders’

needs. The interviews were conducted on site (ie, at the hospital)
and in person. Each interview involved a small group, which
included 2 researchers and 2-4 interviewees. Voice recordings,
notes, and photographs of the hospital workspace allowed us
to better understand and portray technology use in the university
hospital. Interviewees and interviewers used post-its and
sketches to depict the process/steps that patients and caregivers
undergo during hospital visits, such as scheduling appointments,
waiting for consultations, waiting for laboratory test results,
and receiving prescriptions. This information was used to map
a comprehensive patient journey. The as-is journey is used to
identify areas for improvements, by taking into account
workflows and perspectives of various stakeholders (Figures
2-4).

Using findings from the as-is journey, a future journey was
created that offers a better patient experience. Afterward, we
developed a strategic concept with a clear value proposition,
which showed how different stakeholders can better coordinate
their activities so that users can access new or improved services
[32,33].

Once the concept was defined, we progressed to the
implementation phase, during which the care team transitioned
to their new responsibilities, adopted new technologies, and
changed their routines and communication methods. This phase
involved upskilling certain actors and transparently
communicating these changes to patients, caregivers, care team
members, organization members, or the general public.
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Figure 2. The "as-is" patient journey, the workflow of a conventional clinic visit, and current problem areas that require improvements. HbA1c:
hemoglobin A1c; HCP: health care professional; BG: blood glucose.

Figure 3. The "future" patient journey and the workflow of remote monthly check-ins. REDCap: Research Electronic Data Capture.
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Figure 4. The patient experience and the workflow of remote, on-demand consultations (ie, those conducted between monthly check-ins). REDCap:
Research Electronic Data Capture.

Stakeholder Workshops
A series of interactive workshops were held in preparation for
and throughout the project. Initially, these workshops involved
in-person meetings. Later, we transitioned to web-based
meetings due to the COVID-19 pandemic. A participatory
approach was used to facilitate a process for creating team trust;
enabling clear communication; and promoting alignment,
commitment, and shared goals. Relevant information about the
project proposal was shared and discussed in order to identify
concerns and expectations. Attendees were able to provide
feedback and contribute to the design and organization of this
study. The following questions were discussed: (1) “what do
the terms ‘telemedicine’ and ‘digital care’ mean to us”; (2)
“what are the pros and cons of a health care service that is
carried out remotely”; (3) “how can health care settings, like a
university hospital, adopt digital tools, new processes, and
communication patterns into their current workflows”; (4)
“which processes have to be adapted or redesigned”; (5) “what
roles and responsibilities exist among the stakeholders”; and
(6) “what technical and organizational support is needed”?

After the successful completion of 6 months of remote visits,
a group of caregivers participated in a web-based workshop to
share what they learned, discuss their reflections, and provide
feedback. Similar to the previous workshops, our intention was
to facilitate a participatory, cocreative session, during which
caregivers could safely and comfortably voice opinions on how
to improve users’experiences with remote care. The study team
created the following research questions: (1) “what was the
study’s greatest benefit for you and your child”; (2) “if you
could, what would be the one thing you would change”; (3)
“what are the advantages or disadvantages of the DDC”; (4)
“what elements should be adopted by existing health care
services”; (5) “what challenges or benefits did you experience”;

(6) “how did the experience impact the children”; and (7) “did
they give any feedback on the new process”?

Clinical Trial Design
A prospective, longitudinal, open-label feasibility trial was
conducted at a single clinical center from December 2019 to
June 2020. Children with type 1 diabetes who were aged 3-12
years were enrolled. To be included in this trial, the child had
to live with a caregiver who could upload data and attend remote
visits. Moreover, the treatment at the time of the initiation visit
had to include the use of an insulin pump for at least 6 months
and the use of CGM sensor for at least 1 month. Children were
asked for their consent to continue CGM during this study.
Caregivers’ability to use an insulin pump and CGM sensor was
verified. This included their ability to insert the infusion set,
change the reservoir or patch pump (ie, where applicable),
calibrate CGM sensors, and read and interpret related data.

Families could not participate in the trial if the caregivers who
operated the study tools were diagnosed with a physical or
mental health condition that severely interfered with their ability
to complete the study protocol. Families were also excluded if
they had no access to a computer or if they were experiencing
problems with their at-home cellular/Wi-Fi connection (ie,
problems that interfered with their ability to upload data and
attend video consultations).

Recruitment
We made families aware of this study by placing posters in the
hospital’s waiting area, mailing informational materials to all
families with children that fulfilled the inclusion criteria, and
directly contacting families’ pediatric endocrinologists.
Additionally, a website was launched to disseminate information
on this study’s overall goals, activities, technicalities, and
recruitment process. Eligible participants were invited to
workshops in small groups. During these workshops, families
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learned about the study design and tools, provided their informed
consent, and enrolled in this study.

Hardware
Webcams with integrated microphones and speakers were
provided to all participants. Caregivers could also use their own
computers, tablets, or smartphone cameras. Access to a
Windows personal computer or Macintosh computer with an
internet connection was required to upload data.

Data Platform
A personalized version of the open-source Tidepool platform
(Tidepool Project) was used [34]. Caregivers could upload CGM
sensor and insulin pump data to a secure and encrypted server
that was hosted by Charité – Universitätsmedizin Berlin. They
could also access their data via a web-based platform. As
Tidepool is an open-source platform that is managed by a
nonprofit group of parents of children with diabetes, its license
permits third parties to use, reproduce, and alter the platform.
Therefore, we were able to create a version of Tidepool that
was adapted to the hospital’s information technology
infrastructure and local data protection requirements [35-38].
This decision was based on the platform’s compatibility with
multiple devices and manufacturers; our need to visualize CGM
sensor and insulin pump data on a single platform in an
integrated, device-agnostic fashion; the platform’s easy upload
process; the care team’s and caregivers’ need for equal data
access at all times; the need for a user interface that was simple
to understand; and the availability of ambulatory glucose profiles
with information on all important clinical outcome parameters.

Caregivers signed up for an account, installed the Tidepool
uploader on their computer, and provided data access to the care
team. All participants received training on how to upload and
review data. Several participants also used other software, such
as Dexcom Clarity (Dexcom Inc) and Abbott FreeStyle
LibreView (Abbott Diabetes Care Inc).

Remote Visits
A secure, web-based video chat app (ie, Patientus [Jameda
Gesellschaft mit beschränkter Haftung]) was used to conduct
remote visits. As previously agreed upon in the stakeholder
workshops, remote visits with a certified diabetes educator were
scheduled on a monthly basis. This ensured that a frequent
number of follow-ups were conducted and limited the additional
burden on participating families at the same time. In addition,
participants were offered optional, daily, on-demand
consultation hours. Participants could also opt to remotely attend
their routine appointments (ie, those that occurred every 2-3
months) with their pediatric endocrinologists. These
appointments typically involved in-person visits, which were a
part of participants’ standard care.

Outcome Measures
The primary outcome parameter was time in range, which refers
to the percentage of time that participants spend with a sensor
glucose level of 70-180 mg/dL (ie, 3.9-10.0 mmol/L).

Our secondary endpoints included the following: (1) time in
hypoglycemia, which refers to the percentage of time that
participants spend with a sensor glucose level of <54 mg/dL

(ie, 3.0 mmol/L) and 54-70 mg/dL (ie, 3.0-3.9 mmol/L); (2)
time in hyperglycemia, which refers to the percentage of time
that participants spend with a sensor glucose level of >250
mg/dL (ie, 13.9 mmol/L) and 180-250 mg/dL (ie, 10.0-13.9
mmol/L); (3) the incidence of severe hypoglycemia presenting
with the need for assistance from others or unconsciousness;
(4) the incidence and suspected cause of diabetic ketoacidosis;
(5) diabetes-related hospitalizations; (6) HbA1c (ie, if available)
and estimated HbA1c levels; (7) participants’ quality of life,
which parents reported via a web-based survey (ie, the Pediatric
Quality of Life Inventory questionnaire); and (8) the feasibility
of the care model, which was based on the proportion of
participants who successfully complete 6 months of remote
visits, as well as caregiver feedback from web-based surveys
and interactive workshops (ie, optional feedback).

Caregiver Feedback
At the end of the study, caregivers were invited to provide
feedback via an optional web-based survey, which asked them
to share the pros and cons of their experiences with remote care
and their expectations and needs for future diabetes care.

Data Collection and Analysis
A deidentified data set that included demographic data, outcome
measures, and consultation information was documented and
analyzed with the REDCap (Research Electronic Data Capture;
Vanderbilt University) platform. REDCap is a secure electronic
data capture tool that is hosted locally at Charité –
Universitätsmedizin Berlin [39]. Furthermore, remote and
in-person consultations were documented in the hospital’s
information system. Quantitative analyses were conducted with
the R version 4.0.2 programming framework (The R
Foundation), and the ggplot2 package was used to generate
figures. Changes in primary and secondary outcome parameters
were assessed with the Wilcoxon signed-rank test, which
included a P value threshold of .05 for paired data and a 1-tailed
test with an alternative hypothesis (ie, “less”). With regard to
HbA1c descriptive statistics and associated statistical tests,
missing HbA1c values were substituted with estimated HbA1c

values (ie, when available).

Ethical Conduct and Informed Consent
This study was conducted in accordance with the Declaration
of Helsinki, Good Clinical Practice guidelines, and Data Privacy
Law of Berlin (ie, the Berliner Datenschutzgesetz or Berlin Data
Protection Act). This study was approved by the Charité ethics
committee (approval number: EA2/125/18) and registered under
the clinical trial registration number DRKS00016170. Informed
consent was obtained from each child’s caregiver prior to a
family’s inclusion in this study. A child-friendly version of the
information sheet was provided to children aged 8-12 years,
and they were asked for their assent to participate.

Results

We present the results of a 6-month feasibility trial, information
on the conceptual development of the trial, and details on the
lessons that we learned throughout the process.
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Patient Journey and Workflow Analysis
The service design activities involved 5 pediatric
endocrinologists, 3 diabetes educators, 3 nurses, 3
psychologists/social workers, 1 resident physician, and 4
families that previously participated in telemedicine
interventions.

Figure 2 illustrates the patient journey and the current workflow
of a conventional visit to the hospital. Multiple pain points were
identified, such as long waiting hours; the lack of digitally
available data from devices; patients’/caregivers’ limited insight
into their own data; and time-consuming tasks for the care team,
such as documentation processes and the provision of paper file
logistics. In the proposed workflow for scheduled remote
consultations (Figure 3) and on-demand remote consultations
(Figure 4), the identified problem areas were addressed; HCPs
and patients/caregivers were provided with equal access to data,
and they collaboratively agreed upon individual therapy goals
and methods for achieving them. The documentation process
was simplified.

Stakeholder Workshops
The stakeholders agreed that the project’s value proposition
was to improve patients’ well-being by using existing
ambulatory services to complement remote consultations instead

of completely replacing ambulatory services, and by improving
data access and analysis. Much time was spent on structuring
a remote service that promotes better interactions, higher
flexibility, and lower stress among all stakeholders. The clear
advantages of telemedicine were identified, such as the ability
to save time and effort and the possibility of delivering health
care to families in rural areas. Furthermore, people believed
that digital care was less bureaucratic than nondigital care.
Hence, digital care was less time-consuming than nondigital
care, as per the documentation. Therefore, health care providers
could save money by using digital care services. The care team
was also generally open to the adoption of new technology, as
they saw clear benefits for patients. Limited staff availability
due to the increasing economization of the health care sector,
organizational challenges, and structural challenges were
perceived to be the main barriers to the adoption of new tools
and care pathways. Furthermore, safety concerns were addressed
and a triage system for emergency scenarios was created (Figure
5).

The perceived challenges that were identified in this study were
mainly technical in nature. Such challenges included the
compatibility between several sensors/pumps and the Tidepool
uploader and hospital server errors that required time-consuming
and complex solutions.

Figure 5. The triage system for on-demand consultations; risk assessments; and the emergency management of severe hypoglycemia, DKA, or other
emergencies that are subjectively perceived as serious. DKA: diabetic ketoacidosis; ISF: insulin sensitivity factor.
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Study Cohort
A total of 28 patients (age: median 8 years, SD 2.6 years) with
diabetes (duration: median 4 years, SD 2.2 years) were enrolled
in this study. It should be noted that 3 more families were
interested in participating in this study, but they could not be
included due to the incompatibility of their diabetes hardware
(n=1), their lack of access to a computer (n=1), and technical
issues with their at-home personal computers (n=1). Of the 27
participating families, 1 (4%) had 2 children with diabetes, 2
(7%) came from single-parent households, 2 (7%) had parents
who lived separately, and 7 (26%) had a migration background
(ie, at least 1 parent was born in a country other than their

country of residence). All 28 children used insulin pumps and
CGM sensors as a sensor-augmented pump therapy system
(n=27) or hybrid closed-loop system (n=1). Families had a
median annual household net income of €60,000 (US
$72,824.10; SD €34,078 [US $41,361.70]), and 45% (28/62)
of caregivers had a university degree. The income and education
levels of the cohort were above the national average. Children’s
CGM sensor and pump supplies were fully covered by their
health insurance; 85% (23/27) of the families had a public health
care plan and 15% (4/27) had a private health care plan. A
summary of the cohort’s demographic characteristics are
reported in Table 1.
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Table 1. Sociodemographic characteristics of the study cohort.

ValueCharacteristics

Gender, n (%)

18 (64.2)Female

10 (35.7)Male

0 (0)Other

Comorbidities, n (%)

3 (10.7)Celiac disease

1 (3.6)Hashimoto thyroiditis

2 (7.1)Other

Type of insulin pump, n (%)

1 (3.6)Medtronic 670G

23 (82.1)Medtronic 640G

4 (14.3)Medtronic Veo

Type of continuous glucose monitoring sensor, n (%)

13 (46.4)Medtronic Guardian

5 (17.9)Dexcom G6

1 (3.6)Dexcom G5

9 (32.1)FreeStyle Libre 2

Caregiver’s/mother’s employment status, n (%)

10 (35.7)Full-time employment

13 (46.4)Part-time employment

4 (14.3)Unemployed

1 (3.6)Student

0 (0)Not available

Caregiver’s/mother’s highest educational level, n (%)

1 (3.6)No/some high school

4 (14.3)High school

12 (42.9)University degree or diploma

2 (7.1)Doctorate

9 (32.1)Other

0 (0)Not available

Caregiver’s/mother’s professional background, n (%)

8 (28.6)Health care/science

3 (10.7)Education and childcare

1 (3.6)Information technology

3 (10.7)Service

9 (32.1)Other

1 (3.6)None

0 (0)Not available

Caregiver’s/father’s employment status, n (%)

22 (78.6)Full-time employment

2 (7.1)Part-time employment

2 (7.1)Unemployed
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ValueCharacteristics

1 (3.6)Student

1 (3.6)Not available

Caregiver’s/father’s highest education level, n (%)

4 (14.3)No/some high school

3 (10.7)High school

13 (46.4)University degree or diploma

1 (3.6)Doctorate

6 (21.4)Other

1 (3.6)Not available

Caregiver’s/father’s professional background, n (%)

2 (7.1)Health care/science

1 (3.6)Education and childcare

4 (14.3)Information technology

2 (7.1)Service

14 (50)Other

2 (7.1)None

1 (3.6)Not available

Feasibility
All enrolled participants completed 6 months of monthly remote
visits. In addition, 57% (16/28) of the participants opted to
remotely attend at least one of their regular clinic visits (ie,
those that occurred every 2-3 months) with their pediatric
endocrinologist. The on-demand clinic service was used by 29%
(8/27) of the families. Of these 8 families, 7 (88%) made use
of this service once, and 1 (12%) used this service multiple
times throughout the study. The subject matters that were
discussed during remote visits are summarized in Table 2. In
96.4% (118/122) of the consultations, participants felt confident

with remotely uploading, accessing, and reviewing their data.
Although the technical aspects of the data and video chat
platforms were mostly discussed during the first web-based
visit, follow-up visits largely focused on diabetes- and
health-related topics. During the monthly check-ups, 90.4%
(110/122) of children fully achieved their individual therapy
goals, and 6.1% (7/122) partially achieved their individual
therapy goals. There were no study dropouts. Severe
hypoglycemia, diabetic ketoacidosis, or other issues that required
study personnel to consult the on-call endocrinologist did not
occur. Patient handovers to psychologists and social workers
occurred 6 times.

Table 2. Activities and subject matters that were discussed during remote care visits.

On-demand clinic, n (%)Monthly check-in, n (%)Activities and subject matters

6 (60)96 (85.7)Reviewed data together

4 (40)59 (52.7)Basal rate adjustments

3 (3052 (46.4)Carbohydrate exchange factor adjustments

1 (10)34 (30.4)Technical aspects of the data platform

1 (10)32 (28.6)General organizational matters

2 (20)25 (22.3)Refreshed diabetes education and training

2 (20)18 (16.1)Technical aspects of the video chat platform

1 (10)13 (11.6)Mental health concerns

1 (10)9 (8)Technical aspects of continuous glucose monitoring

1 (10)8 (7.1)Technical aspects of insulin pumps

0 (0)7 (6.3)Therapy adjustments for physical activity

1 (10)5 (4.5)Insulin sensitivity factor adjustment

1 (10)2 (1.8)Acute illness

3 (30)30 (26.8)Other topics
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Clinical and Patient-Reported Outcomes
After completing 3 months of remote consultations, participants’
time in range (P=.001) and time in hyperglycemia (P=.004)
significantly improved (Figure 6). This improvement was
maintained over the lockdown period (ie, between months 3
and 6 of this study); daycares, playgrounds, schools, universities,
nonessential businesses, and international borders were closed

during the first wave of the COVID-19 pandemic in Germany
(ie, from March to May 2020). After 3 and 6 months of remote
visits, patients’ time in hypoglycemia did not significantly
increase (3 months: P=.21; 6 months: P=.08), no significant
changes in HbA1c levels were observed (3 months: P=.43; 6
months: P=.42), and patients’ psychosocial health significantly
improved. All details on outcome parameters are shown in Table
3.

Figure 6. The individual changes and overall distribution of participants’ percent TIR of sensor glucose targets before remote consultations (ie, visit
1), after 3 months of remote consultations (ie, visit 2), and after 6 months of remote consultations (ie, visit 3). Green lines indicate that the individual
change in TIR was >5% (ie, high amount of change). Red lines indicate that the individual change in TIR was <5% (ie, low amount of change). Grey
lines indicate that the individual change in TIR was within 5% of the acceptable range (ie, a stable TIR). TIR: time in range.
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Table 3. Clinical and patient-reported outcomes before, during, and after 6 months of remote consultations. All significance levels for the visit 2 and
visit 3 results were compared to those for visit 1.

Visit 3 (ie, 6 months of com-
pleted remote consultations)

Visit 2 (ie, 3 months of com-
pleted remote consultations)

Visit 1 (ie, enrollment)Outcome measures

P valueValue, mean
(SD)

P valueValue, mean
(SD)

P valueValue, mean
(SD)

.0256.3 (16.5).00157.5 (16.3)Referent46.9 (22.9)Time in range, %

.083.7 (4.3).214.7 (6.9)Referent5.1 (12.1)Time in hypoglycemia (mg/dL [mmol/L]), %

.112.7 (3.0).173.5 (5.0)Referent3.1 (5.4)54-70 (3.0-3.9)

.121.1 (1.4).391.2 (2.1)Referent2.0 (6.9)<54 (3.0)

.0240.0 (18.7).00437.9 (18.8)Referent48.0 (26.2)Time in hyperglycemia (mg/dL [mmol/L]), %

.4726.1 (10.0).3525.9 (13.2)Referent26.7 (14.4)180-250 (10.0-13.9)

.0113.9 (14.7).00412.0 (12.8)Referent21.3 (20.2)>250 (13.9)

.427.6 (1.1).437.7 (0.9)aReferent7.5 (0.9)Hemoglobin A1c level, %

.4259.1 (13.0).4358.1 (9.3)aReferent58.2 (9.0)Hemoglobin A1c level, mmol/mol

Quality of life scoreb

.0478.0 (14.4)——cReferent72.5 (14.0)Psychosocial health summary score

.1482.7 (16.0)——Referent81.0 (17.9)Physical health summary score

.0673.6 (9.0)——Referent70.3 (10.7)Diabetes-related score

aNot available for patients who opted to perform their month-3 visit remotely. Instead, estimated hemoglobin A1c values were calculated based on
sensor data.
bBased on Pediatric Quality of Life Inventory scores.
cNot available.

Caregiver Feedback
Caregivers expressed that remote care was beneficial to them
and their child. They also believed that remote care had
advantages over in-person meetings. Reductions in the amount
of time and stress (ie, those associated with hospital visits);
flexibility during different times of the day; and the opportunity
to be in a safe, comfortable, and familiar setting allowed for
more engagement and dedicated interactions between families
and health service providers. Families also believed that health
service providers were less stressed, more dedicated, and
focused. The ability to review data together resulted in new and
valuable insights for most stakeholders and enabled caregivers
to take initiative and make adjustments to therapy. The families
were satisfied with the care that they received. They also
expressed their desire to continue digital care after their
participation in this study and suggested that digital care should
be fully integrated into routine care. Furthermore, families
desired remote consultations with psychologists and social
workers. The intervals between visits were shorter, and
caregivers perceived this as beneficial for discussing any arising
questions. The late afternoon and evening hours were caregivers’
preferred times for attending consultations. Technical problems
with internet connections, video chats, and data platforms
occasionally occurred.

Finally, remote care was perceived to be “more modern, timely
and suited to their needs,” with a perceived general improvement
of the children’s well-being, improved glycemic outcomes, and

newly gained insights. Details on caregiver feedback are shown
in Table S1 in Multimedia Appendix 1.

Discussion

Principal Results
This study describes the feasibility of remote care, the transition
from traditional care to digital care, and the use of an
interoperable health data platform in an ambulatory pediatric
diabetes care setting. Digital care was delivered successfully,
and participants were satisfied with the care that they received.
Remote and continuous data access considerably improved for
patients, caregivers, and the health care team. Data access was
perceived as helpful for therapeutic decision making. Despite
the COVID-19 pandemic and its numerous potential implications
for physical and mental health [40,41] and people’s social and
family lives, better clinical outcomes were achieved before the
intervention period, and these outcomes were maintained during
the intervention period. Furthermore, patients’ psychosocial
health significantly improved.

Our findings are in line with those of studies that were conducted
before [4,5,42-44] and during [45-51] the COVID-19 pandemic
(ie, studies that reported on the benefits of remote care in various
regions and settings). Our study is the first to report on the
following: (1) the impact that remote care during the COVID-19
pandemic has on clinical outcomes; and (2) the integration of
remote care into pediatric diabetes care during the COVID-19
pandemic. Our study is also the first to describe how service
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design methods were used to increase stakeholder engagement
and improve workflows in clinical care.

Conventional hospital visits and admissions provide patients
with artificial time windows that rarely address their actual daily
challenges and individual needs. Young people with diabetes
and caregivers have often perceived a lack of communication
with their health care providers when it comes to discussing
their treatments [52]. They have also felt that their care teams
do not sufficiently understand their daily problems and do not
have a lot of involvement in the therapeutic decision-making
process [52]. Studies have shown that few people with diabetes
and caregivers regularly download and review their own data
[53,54]. It has also been reported that self-assessments and
specialists’ referrals (ie, those for obtaining data) can improve
diabetes management [55].

The findings from this study allowed us to validate the technical
instruments and organizational processes that are necessary for
the transition to digital care and new workflows. Both the “as-is”
journeys and “future” journeys were key tools for promoting
shared understanding and alignment among stakeholders. As
recent modalities have led to overall changes in work culture
and social interactions (eg, the majority of professional
meetings, social gatherings, university coursework, and school
classes have been conducted via web-based platforms), there is
a strong need for the health care sector to adopt new methods
for communication. The implementation of remote data
assessments and web-based communications can therefore
improve people’s access to specialty care during and beyond
the pandemic. However, a paradigm shift in the delivery,
management, and funding of health care services is required.

The use of an open-source data platform was considered positive
for the following reasons: (1) it was interoperable with devices
from different manufacturers; (2) it allowed both parties to
immediately access data; and (3) it provided a positive user
experience. However, technical issues occasionally occurred
throughout the intervention period. These issues were sometimes
challenging to solve, as the data platform was not a
plug-and-play service that was provided by a third party.
Therefore, follow-up projects should include structured
management plans that clarify the roles and responsibilities of
technical support personnel.

During the transition to technological innovations, the digital
divide might leave several user groups behind. Therefore, while
people with diabetes have generally reported positive
experiences with diabetes technology, the complexity of
accessing and maintaining such technology remains a challenge.
It should be noted that younger adults, who are generally
perceived as “tech savvy,” are in fact less likely to embrace the
use of diabetes technology. Additionally, physical barriers (eg,
the need to carry devices) and general diabetes distress are more
severe among younger adults than older adults [56].

In this study, the team primarily interacted with caregivers.
Further research is needed on actively increasing children’s and
adolescents’ involvement in telemedicine consultations and
adapting digital care interventions to cater to the needs of other
age groups, people with diabetes (ie, other than type 1 diabetes),
and people who use self-monitoring blood glucose devices and

metered dose inhalers (eg, uploading data from glucometers
and electronic pens or integrating diabetes diary apps into
routine care). Based on the stakeholder feedback, we conclude
that it is crucial to integrate new digital tools into routine care
instead of creating separate care pathways. Therefore, further
service design research should address how health care teams
in other health care settings (eg, high-volume clinics for adult
diabetes care) and staff with limited technical skills can be
trained to confidently provide digital care.

The ability to effectively provide telemedicine increases if a
clinic has experience with diabetes technology provision (eg,
insulin pumps, CGM sensors, electronic health records, diabetes
management software, etc) and the required infrastructure (eg,
software, computers, and internet connections). However, it is
worth acknowledging that although the use of diabetes
technology is clearly associated with countries’ local
reimbursement strategies or health insurance plans [57], diabetes
technology uptake is heterogeneous in countries that offer full
reimbursements. Individual aspects such as personal attitudes
or interests (ie, those of people with diabetes and, more
importantly, HCPs), awareness, structure, and capacity are
insurance-related determinants to improving the accessibility
of diabetes technology [58]. Thus, we are aware that our
proposed model may not be suitable for all pediatric diabetes
clinics.

The beliefs and attitudes of HCPs may be barriers to increasing
the universal accessibility of advanced diabetes technologies
[56,59,60]. New care models may initially result in feelings of
uncertainty, and they might seem overwhelming to people who
have usually delivered in-person care for the past few decades
[61]. Organizational and structural changes can lead to
frustration and negatively impact people’s motivations for
adopting new care pathways. To ensure that health care teams
do not shy away from new technology and additional work
requirements, all relevant stakeholders must be engaged with
the transition process as early as possible. The business
environment has learned that the service design approach can
be used to innovate methods for addressing people's needs.
Therefore, the health care ecosystem can greatly benefit from
using the same approach [31]. As an applied research and
innovation framework, service design prioritizes empathy for
the users of a service or product; embraces interdisciplinarity
and collaboration within project teams; and encourages the
action-oriented, rapid prototyping of user-derived insights
instead of top-down hypotheses. Service design has proven to
be beneficial for encouraging all stakeholders to contribute their
ideas during the design process, acknowledge their concerns,
and build supportive practices [61].

Our study adds to the ongoing discussion on the importance of
time in range (ie, as a measure that is comparable to or more
important than HbA1c levels). Our choice to use time in range
as the primary outcome parameter and HbA1c level as a
secondary outcome parameter may be a strength of our study
(ie, compared to most other studies that have reported on the
clinical outcomes of people with diabetes). Although our study
cohort’s time in range and quality of life significantly improved,
there were no significant changes in patients’ HbA1c levels.
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Although HbA1c is widely used as a primary outcome parameter
in many CGM studies [62-66], time in range has been
acknowledged as an outcome measure for representing glycemic
control [67,68]. Studies have only shown moderate correlations
between time in range and associated HbA1c levels (ie, changes
in HbA1c levels for a given change in time in range widely
varies) [69]. Our findings support the fact that there is a need
to use CGM-derived outcome measures in clinical care and
clinical research and a need to identify new surrogate markers
for the development of diabetes-related long-term complications
[67-69]. These needs can be addressed, as CGM data can be
remotely assessed without having to resort to additional invasive
procedures for people with diabetes. Furthermore, clinical
outcome improvements may remain unobserved if researchers
only focus on analyzing HbA1c levels.

We acknowledge that our study has several strengths and
limitations. First, this study provides other diabetes care teams
with a practical example of how to take advantage of the
opportunities that have arisen from the necessity of remote care.
Second, our study supports the use of technology in the delivery
of diabetes care and the promotion of patient involvement in
the cocreation of services. Third, our study is based on
real-world data; it presents the different perspectives of health
service providers and users. The limitations of this study should
also be acknowledged. This study was a single-arm,
nonrandomized feasibility trial that analyzed data from a small
cohort of patients. Due to the trial’s observational nature and
our lack of a control group, our ability to assess the effectiveness
of remote and routine care for all people with diabetes was
limited. Although our participants had widely varying
characteristics (ie, various education levels, income levels, and
professional backgrounds), the majority of the participants were

from middle- to high-income and educated families, and all
participants used insulin pumps and CGM sensors. This may
mean that socioeconomic status–related biases are present in
our study. Furthermore, people who experience language barriers
and people with low levels of technological literacy might not
have felt confident with participating in this study. This might
indicate that selection bias was present in our study.
Additionally, access to the internet and a computer was required.
Although these technologies are available to most families, they
were not available to all eligible families. Furthermore, as CGM
sensors, insulin pumps, and supplies are fully covered by the
public and private health insurance plans in Germany (ie, for
children with diabetes), this project may not be applicable to
all diabetes care settings. Limited access to diabetes
technologies, which is evident in many regions outside of
Western Europe, could limit the applicability of our service
design approach. Although advances in technologically mediated
treatments are promising, there are still concerns about social
inequality and the challenge of ensuring that such treatments
are widely disseminated across the population. More research
is needed to understand these potential obstacles and provide
appropriate education and support.

Conclusions
This study sought to identify and solve the following problems
in diabetes care: the limited accessibility of diabetes device
data; the poor interoperability of data from different devices;
and restricted access to specialists, especially during a global
pandemic. Our study design allowed the care team, patients,
and caregivers to actively contribute to the DDC project and
promoted shared decision making. The results generated by this
study will help to inform and improve methods for implementing
remote and digital diabetes care into the wider health care sector
during and beyond the pandemic.
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Abstract

Background: Heart failure (HF) remains a major public health challenge, while HF self-care is particularly challenging. Mobile
health (mHealth)–based interventions taking advantage of smartphone technology have shown particular promise in increasing
the quality of self-care among these patients, and in turn improving the outcomes of their disease.

Objective: The objective of this study was to co-develop with physicians, patients with HF, and their caregivers a patient-oriented
mHealth app, perform usability assessment, and investigate its effect on the quality of life of patients with HF and rate of
hospitalizations in a pilot study.

Methods: The development of an mHealth app (The Hellenic Educational Self-care and Support Heart Failure app [ThessHF
app]) was evidence based, including features based on previous clinically tested mHealth interventions and selected by a panel
of HF expert physicians and discussed with patients with HF. At the end of alpha development, the app was rated by mHealth
experts with the Mobile Application Rating Scale (MARS). The beta version was tested by patients with HF, who rated its design
and content by means of the Post-Study System Usability Questionnaire (PSSUQ). Subsequently, a prospective pilot study
(THESS-HF [THe Effect of a Specialized Smartphone app on Heart Failure patients’ quality of self-care, quality of life and
hospitalization rate]) was performed to investigate the effect of app use on patients with HF over a 3-month follow-up period.
The primary endpoint was patients’ quality of life, which was measured with the Kansas City Cardiomyopathy Questionnaire
(KCCQ) and the 5-level EQ-5D version (EQ-5D-5L). The secondary endpoints were the European Heart Failure Self-care Behavior
Scale (EHFScBS) score and the hospitalization rate.

Results: A systematic review of mHealth-based HF interventions and expert panel suggestions yielded 18 separate app features,
most of which were incorporated into the ThessHF app. A total of 14 patients and 5 mHealth experts evaluated the app. The
results demonstrated a very good user experience (overall PSSUQ score 2.37 [SD 0.63], where 1 is the best, and a median MARS
score of 4.55/5). Finally, 30 patients (male: n=26, 87%) participated in the THESS-HF pilot study (mean age 68.7 [SD 12.4]
years). A significant increase in the quality of self-care was noted according to the EHFScBS, which increased by 4.4% (SD
7.2%) (P=.002). The mean quality of life increased nonsignificantly after 3 months according to both KCCQ (mean increase 5.8
[SD 15] points, P=.054) and EQ-5D-5L (mean increase 5.6% [SD 15.6%], P=.06) scores. The hospitalization rate for the follow-up
duration was 3%.
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Conclusions: The need for telehealth services and remote self-care management in HF is of vital importance, especially in
periods such as the COVID-19 pandemic. We developed a user-friendly mHealth app to promote remote self-care support in HF.
In this pilot study, the use of the ThessHF app was associated with an increase in the quality of self-care. A future multicenter
study will investigate the effect of the app use on long-term outcomes in patients with HF.

(JMIR Mhealth Uhealth 2021;9(4):e24271)   doi:10.2196/24271

KEYWORDS

mHealth; heart failure; smartphone app; self-care; COVID-19; patients; caregivers

Introduction

Heart failure (HF) is a major burden on patients, negatively
affecting their functional status and quality of life. The incidence
of HF in the United States is estimated between 2 and 5/1000
person-years [1]. There are about 26 million patients with HF
globally [2]. HF decompensations occur frequently and
necessitate lengthy hospital stays [3-5], while the disease causes
mortality comparable with many types of cancer [6].

Managing HF is a difficult task for clinicians, and even more
so for patients, as complicated and lengthy self-care is needed.
Pharmacological therapy for HF consists of several different
medications with different dosing strategies, especially in
patients with HF with reduced ejection fraction (HFrEF) [7].
Diuretics for avoiding fluid congestion work optimally when
the dosage varies depending on clinical or imaging indicators
of fluid accumulation. Experienced patients often make such
adjustments themselves successfully [8,9]. When medications
for frequently occurring comorbidities, such as atrial fibrillation,
hypertension, and diabetes, are also taken into account, the result
is a labyrinthine, ever-changing medication regimen that requires
time, presence of mind, and dedication to successfully adhere
to [10,11].

Lifestyle changes are also a necessary but difficult part of HF
self-care. Tracking fluid intake [9], daily weighing [8],
increasing physical activity [12-14], and getting vaccinations
[15,16] have all been shown to improve outcomes in HF, but
sustained long-term adherence to the “HF lifestyle” is almost
impossible without repeated interventions by a multidisciplinary
team. This usually consists of physicians, nurses, dietitians,
psychologists, and exercise physiologists [17].

Mobile health (mHealth) pertains to the use of mobile
communications and network technologies for health care [18].
mHealth-based implementations can be designed for use by
clinicians [19], nurses, allied health professionals, caregivers,
or even the patients themselves [17,20]. The medium by which
mHealth is delivered to the end user used to be mobile phone
technologies such as automated phone calls and SMS text
messages [21], but now has mostly migrated to newer
technologies, such as smartphones and tablets [22-25]. The data
from different types of devices including wireless scales, blood

pressure monitor, or wearables (eg, sensors, bands) can be easily
incorporated into such systems [26].

Patient-centered interventions utilizing mHealth technology
already show promising results in improving the quality of
self-care in several chronic diseases where patient participation
is important, such as diabetes [27], hypertension [28], and
depression [29]. The central pillar of such interventions is
usually an app that provides patient education, encourages
behavior that is appropriate for each disease (eg, salt restriction
in HF), reminds the patient for actions that need to be taken (eg,
medication/vaccination reminders), and potentially enables
synchronous or asynchronous communication with health care
personnel, caregivers, or even other patients with the same
disease [17,22,23,25,30-32]. Remote monitoring is also a very
appealing prospect [33].

In the setting of the COVID-19 pandemic, patients with severe
comorbidities have a significantly higher risk of severe or even
deadly disease progression [34]. It is thus of paramount
importance that these patients are shielded from exposure to
the virus [35]. In this situation, mHealth solutions for the remote
monitoring and care of these patients may indeed become a
crucial step in safeguarding this fragile group of patients.
Coronavirus or not, HF, with all its intricate self-care, appears
to be a prime target for mHealth-based interventions.
Nonetheless, designing an app for use by patients with HF may
prove challenging, as their particular needs and hindrances (eg,
the mild cognitive decline HF is associated with) need to be
considered.

Our aim was the development of an evidence-based,
patient-oriented mHealth app (The Hellenic Educational
Self-care and Support Heart Failure app [ThessHF app]) in
cooperation with patients and their caregivers from our
department’s Heart Failure Outpatient clinic. Furthermore, we
aimed to assess ThessHF app functionality with experts as well
as patients with HF in real-world settings. Finally, we conducted
THESS-HF, THe Effect of a Specialized Smartphone app on
Heart Failure patients’ quality of self-care, quality of life and
hospitalization rate, a prospective study that investigated the
clinical effect of app use on patients’ quality of life and
hospitalization rate. A visual representation of this process is
presented in Figure 1.
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Figure 1. A timeline of the various parts of the evidence-based app development process, along with concurrent app versions. Note that the timeframes
are not represented to scale in this figure.

Methods

Development of a Patient-Oriented mHealth App: The
ThessHF App
A systematic review of available literature was the first step in
developing the app, as it was expected to reveal app features
and design considerations that would increase the app’s usability
and benefit to patients with HF. Our search focused on mHealth
interventions that utilized smartphone technology; the results
were codified as discrete app features that could be incorporated
into the ThessHF app. These features were disseminated to a
panel of 8 cardiologists and 2 physicians with mHealth
familiarity. Furthermore, these features were discussed with
patients with HF and their opinion was sought.

A 3-step Delphi process was used to reach a consensus on which
app features were critical, optional, or indeed unsuitable for a
patient-oriented HF app. After a consensus was achieved,
physicians with programming experience then developed a beta
version of the app. Throughout the app’s development process,
patients with HF and caregivers were frequently called upon to
give unstructured feedback. Prior to the app’s rollout in the
usability study, 5 independent mHealth experts were given
access to the ThessHF app for a month and invited to rate it
using the Mobile Application Rating Scale (MARS) [36].

Usability Study of the App
Patients that visited the HF clinic were invited to install the beta
version of the app to their own Android smartphones for
usability testing. Patients were serially recruited from the HF
clinic, with exclusion criteria being not owning a smartphone,
not understanding written Greek, and denying participation. No
incentive was given to participate in the usability study. After
a short 30-minute hands-on session in which the researchers
trained patients in the app’s use, they were free to use it in any
way they saw fit. A telephone number was given to them, which
they could call for technical assistance or to report bugs. After
a month of in-the-wild use of ThessHF, they evaluated the app
by filling out the Post-Study System Usability Questionnaire
(PSSUQ). The PSSUQ is a 16-item questionnaire that measures
users’ perceived satisfaction of a system. PSSUQ scores can
range from 1 to 7, with lower scores being better [37]. Its
questions can be divided in 3 subdomains: system usefulness,
information quality, and interface quality.

The Effect of a Specialized Smartphone App on Heart
Failure Patients’ Quality of Self-Care, Quality of Life,
and Hospitalization Rate of Patients with Heart Failure
(THESS-HF)
To examine the clinical effectiveness of the ThessHF app, we
designed the “THe Effect of a Specialized Smartphone app on
Heart Failure patients’ quality of self-care, quality of life and
hospitalization rate” (THESS-HF) study. The THESS-HF study
is a single-center, prospective study that recruits patients with
HFrEF who own smartphones. Because the study took place
largely during the COVID-19 pandemic, it was designed to
obviate the need for physical visits, with all questionnaires and
patient contact in general happening via telephone, instant
messaging, or video conference calls. Patients were serially
recruited from our department’s HF clinic. Patients should have
HFrEF to qualify for inclusion in the study. Exclusion criteria
were cognitive or visual impairment (defined as Montreal
Cognitive Assessment score <20 and visual acuity worse than
20/50, respectively), a history of stroke in the preceding 12
months, and experiencing uncontrolled psychiatric diseases. No
incentive was given to participate in the study.

At baseline, HF-specific quality of life was quantified using the
Kansas City Cardiomyopathy Questionnaire (KCCQ) [38],
whereas health-related quality of life was quantified with the
5-level EQ-5D version (EQ-5D-5L) [39]. Quality of self-care
was measured with the European Heart Failure Self-care
Behavior Scale (EHFScBs) [40]. Patients then received remote
instruction regarding the installation and use of the ThessHF
app. Patients were then followed up on for 3 months in total.
After 3 months of app use, the KCCQ, EQ-5D-5L, and EHFScBs
questionnaires were once again administered. The study’s
primary endpoints were patients’HF-specific and health-related
quality of life, as quantified via the KCCQ’s total test score
(KCCQ-TTS, ranging from 23 to 100, where 100 represents
best HF-related quality of life) and the EQ-5D-5L visual analog
scale score (EQ-5D-5L VAS, ranging from 0 to 100, where 100
represents the best health-related quality of life), respectively.
Secondary endpoints were the quality of self-care score
(EHFScBs, ranging from 0 to 100, where 100 represents the
best quality of self-care) as well as the rate of hospitalizations
or ER visits for HF decompensation during the follow-up period.

The study was approved by the local Institutional Research
Board. The procedures followed were in accordance with the
Helsinki Declaration of 1975, as revised in 2000.
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Statistical Analysis
Normally distributed continuous variables are reported as mean
(SD) in text. Non-normally distributed continuous variables are
reported as median (interquartile range). Normality was
examined with the Kolmogorov–Smirnov test. The paired t test
was used when comparing means between samples for normally
distributed values, while the Mann–Whitney U test was used
for comparing means between non-normally distributed values.
The paired t test was used when evaluating changes in
parameters for significance. Statistical significance was defined
at a level P<.05. Spearman rho was used when looking for
correlation between continuous or discrete variables.

Results

Feature Selection and App Development
Our search yielded 4 studies [22-25] that measured the effect
of app-based interventions in patients with HF. The app features
extracted from the literature review as presented in Table 1 were
compiled and presented to the panel of experts participating in
the Delphi process (a detailed review description of the
systematic review is presented in Multimedia Appendix 1). The
result of the process, as described in the “Methods” section,
was the creation of a list of 18 critical, optional, and
unsuitable/unnecessary app features (Table 2). The authors
decided to declare active physician involvement a priori
unsuitable, as such a feature would measurably compromise
the scalability and cost-effectiveness of any mHealth
intervention that used the ThessHF smartphone app.
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Table 1. An overview of the 4 randomized controlled trials included in the systematic review.

CommentsNotable outcomesQuality of lifeHospitaliza-
tions

App featuresPatients randomized
to control or inter-
vention group, study
duration

Studies

More patients were
prescribed with al-

No differ-
ence ob-

50/50, 6 monthsSeto et al [22]a • Relatively outdat-
ed smartphone

•• MLHFQd uti-
lized

Blood pressure
and weight daily

(Fb) technology was
utilized

dosterone antago-
nists in the inter-

served be-
tween

• Improved in
the intervention• Once a week 1-

lead electrocardio- groups
(P=.1)

vention group
(P=.02)

• Visits to the HFe

clinic and nurse
group versus
control (P=.05)graphy (F)

workload were• -On-call doctor
can be contacted increased dispro-

portionately tothrough the app
outcomes(F)

• -Active doctor in-
volvement in set-
ting weight targets

(Nc)

No difference be-
tween groups regard-

N/AfNo differ-
ence ob-

47/47, 6 monthsVuorinen et al

[23]a
•• More uptitra-

tion events of
angiotensin-

Only buttons are
used in user inter-
face (N) served be- ing N-terminal pro-

brain natriuretic pep-convertingtween• Blood pressure,
heart rate, and tide (NT-proBNP),enzyme in-groups

(P=.35) left ventricular ejec-
tion fraction, and oth-
er clinical variables

hibitor/beta
blocker medi-
cation
(P=.04) and

weight daily (F)
• Assessment of

dizziness, dysp-
nea, palpitations,

downtitrationweakness, edema
of diuretics(F)
(P=.02) in the• Measurement his-

tory as graphs (F) intervention
group versus• Active nurse in-

volvement in control
monitoring patient • Medical

staff’s (nurs-data, encouraging
app use (N) es) time spent

for the inter-
vention group
was signifi-
cantly greater
versus control
(P<.001)

N/A2.2 less hos-
pital days

40/32, 3 monthsHägglund et al

[24]g
• Data were stored

in the tablet
•• KCCQh and

SF-36i utilized

Body weight via
wirelessly connect-
ed scale daily (F) per patient • The intervention

included patient• KCCQ showed
significant im-

due to HF
for the inter-

• App-directed di-
uretics titration (F) education and

provement invention advices regard-• Visual analog
scale assessment the intervention

group versus
group versus
control (rela-

ing self-care in
adherence to the(N)

control (P<.05)tive risk
0.38; P<.05)

guidelines for
HF (eg, consult
for increase in

• App-directed alert
to contact HF cen-
ter via phone (F)

diuretics if body• Patient education
module (F) weight gain de-

tected)
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CommentsNotable outcomesQuality of lifeHospitaliza-
tions

App featuresPatients randomized
to control or inter-
vention group, study
duration

Studies

• Small sample
size

• Only 72% of the
patients conclud-
ed the 30-day
follow-up

• Patients stated
their preference
for the use a
smartphone app
alone or com-
bined with a
wrist wearable
tracker over the
chest strap

Significant im-
provement regard-
ing self-care man-
agement (P=.01)
and self-care confi-
dence (P=.03) of
the intervention
group versus the
control group, as
appraised by the
Self-Care of Heart
Failure Index

• KCCQ utilized
• No statistical

difference

N/A• Body weight daily
(F)

• Symptom assess-
ment daily (F)

• Heart rate and ac-
tivity monitoring
via chest strap (F)

• Medication tracker
and reminder (F)

• Patient education
module (F)

• Deep breathing
and walking exer-
cises (F)

9/9, 1 monthAthilingam et al

[25]a

aThe study intervention was smartphone based.
bDenotes functional features (ie, those directly specific to patient self-management).
cDenotes nonfunctional features (ie, those not directly specific to patient self-management features).
dMLHFQ: Minnesota Living with Heart Failure Questionnaire.
eHF: heart failure.
fN/A: not applicable.
gThe study intervention was tablet based.
hKCCQ: Kansas City Cardiomyopathy Questionnaire.
iSF-36: 36-Item Short Form Survey.

Table 2. App features evaluated by a panel of 8 cardiologists and 2 physicians with mHealth expertise.

Unnecessary/unsuitableOptionalCritical

••• Active doctor involvement in monitoring
parameters/reacting to emergency calls

Activity trackingApp-directed alert to contact
heart failure center/medical
personnel

• Active nurse involvement in monitoring patient data
• App-directed diuretics titration• Gamification featuresab

• Blood pressure measurement • Chest strap• Measurement history as graphsb
• Body weight measurement • One-lead electrocardiography

• Pulses measurementb• Buttons-only user interface • Visual analog scale assessment
• Symptom assessmentb (eg, dizziness, edema)• Medication reminder • Wireless weighing scale

• Patient education module • Blood glucose measurements in diabeticsa,b

aFeatures not extracted during the systematic review.
bOptional features introduced in the ThessHF app.

The ThessHF App
Physicians developed the ThessHF app, incorporating all
“critical” and most “optional” features (Table 2) in the beta
version. The app encourages patients to invest 3 minutes daily
to perform necessary self-care steps (weigh themselves, measure
their blood pressure, and quantify potential dyspnea) and log
the results in the app. Values that lie outside the ranges
predetermined by clinicians alert the patient to seek medical
help, while a timeline of the aforementioned parameters is
always available. Patients are also reminded to take their
medication in the morning, afternoon, and evening. Patient
education is included in the form of a weekly quiz that contains

questions about the disease. In an effort to achieve long-term
adherence to the app, gamification features have been
implemented, rewarding patients with medals as they interact
with them. The app features weight and symptoms tracking,
medication reminders, gamification features, and a weekly HF
quiz for educational purposes (Figure 2, Multimedia Appendix
2). A translated version of the text found in the app is presented
in Multimedia Appendix 3. With regard to the app evaluation
by the mHealth experts with the MARS, the app received a
median score of 3.80 regarding user engagement, 4.0 for
functionality, 4.7 for aesthetics, 4.68 for information, and 4.1
for subjective quality. The median overall score was 4.55.
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Figure 2. Screenshots of the ThessHF app translated in English, displaying (A) the main screen and gamification features, (B) the activity where patients
input their blood pressure, (C) history of blood pressure available as a graph, (D) the main menu screen, where inputted parameters turn green, (E) a
question out of the weekly quiz, and (F) the push notification reminding patients to take their pills.

ThessHF Usability Study
Overall, 25 patients were assessed for participating in the
usability study. Among these, 11 were excluded for not owning
an Android smartphone. No patient was excluded for not
understanding written Greek or denying participation. In the
end, 14 patients with HFrEF (mean age 64.9 [SD 9.7] years, 11

male) participated in the usability study (Table 3). The ThessHF
app received an overall PSSUQ score of 2.37 (SD 0.63). In the
system usefulness subdomain, the app was rated at 2.12 (SD
0.56), information quality was rated at 2.54 (SD 0.87), and the
interface quality received an average score of 2.61 (SD 0.92)
(Figure 3).
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Table 3. Characteristics of patients included in the ThessHF usability.

Patients with heart failure with reduced ejection frac-
tion: usability study (n=14)

Characteristics

64.9 (9.7)Age (years), mean (SD)

11 (79)Sex (male), n (%)

New York Heart Association classification, n (%)

1 (7)I

9 (64)II

4 (29)III

8 (57)Cardiac implantable electronic devices, n (%)

27.6 (8.8)Left ventricular ejection fraction (%), mean (SD)

465.1 (98.3)6-Minute walking distance (m), mean (SD)

Questionnaire answers

14 (100)Smartphone ownership, n (%)

2.89 (1.81)Confidence in smartphone use (0-5, where 5 is the best), mean (SD)

3 (21)Social media use, n (%)

12 (86)Primary caregiver a competent smartphone user?, n (%)

Figure 3. Bar chart of PSSUQ subdomain and total score. PSSUQ - Post-Study System Usability Questionnaire.

The Results of the THESS-HF Prospective Study
A total of 30 patients were recruited in this study. The patient
recruitment flowchart is presented in Figure 4. The baseline
patient characteristics are tabulated in Table 4. Regarding the
quality of life as measured by questionnaires KCCQ and
EQ-5D-5L, a nonsignificant trend toward improvement during
the study duration was observed. The mean baseline KCCQ-TTS
score was 73.4 (SD 13.6), whereas the mean increase after 3

months of app usage was 5.8 (SD 15) (95% CI –0.1 to 11.6,
P=.054). The mean baseline EQ-5D-5L VAS was 59.5% (SD
14.9%), whereas the mean increase after 3 months of app usage
was 5.6% (SD 15.6%) (95% CI –0.4 to 11.5, P=.06). The mean
quality of self-care significantly increased during the study
duration, as the baseline EHFScBs score of 64.2% (SD 10.2%)
increased by an average of 4.4% (SD 7.2%) (95% CI 1.7-7.1,
P=.002). Overall, only 1 patient was hospitalized for HF
decompensation during the follow-up period.
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Figure 4. THESS-HF study patient recruitment flowchart. MoCA – Montreal Cognitive Assessment test.

Table 4. Baseline characteristics of patients recruited in the THESS-HFa study (n=30).

ValuePatient parameter

68.7 (12.4)Age, mean (SD)

26 (87)Male sex, n (%)

Heart failure etiology, n (%)

15 (50)Dilatated cardiomyopathy

15 (50)Ischemic cardiomyopathy

10 (33)Hypertension

12 (40)Diabetes mellitus type II

17 (57)Coronary artery disease

16 (53)Atrial fibrillation

Heart failure therapy at baseline, n (%)

25 (83)Angiotensin-converting enzyme inhibitor/angiotensin II receptor blocker

15 (50)Angiotensin receptor neprilysin inhibitor

28 (93)Beta blocker

24 (80)Aldosterone inhibitor

21 (70)Loop diuretics

14 (47)Implanted cardiac implantable electronic device

aTHESS-HF: THe Effect of a Specialized Smartphone app on Heart Failure patients’ quality of life, quality of self-care and hospitalization rate.

Discussion

Principal Findings
In this paper we describe the entire process of designing a
smartphone-based HF intervention in an evidence-based manner.
Based on our team’s thorough literature research, 4 trials [22-25]
assessing apps’effects on patient outcomes were found. Indeed,

it seems that only a limited number of HF-specific apps have
been tested through scientific studies [41]. All studies employed
a similar type of intervention, asking patients to weigh
themselves, measure their blood pressure, and assess their
symptoms regularly, logging the results in an app. Patients found
most features subjectively helpful, but it is unknown whether
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some modules are more important than others in the effort to
improve patient education and self-care.

Seto et al [22] were the first to develop a smartphone app for
patients with HF. Monitoring patient symptom severity, blood
pressure, and body weight were basic app features. These
features became a staple of patient-centered HF apps, because
of their significance in the disease. A substantial increase in
physician and nurse workload was a recurrent motif found in
many of the examined studies [23-25]. To preserve scalability
of ThessHF-based interventions, we opted against any sort of
in-app communication between patients and medical personnel.
As an evidence-based method of intervention, the
“information–motivation–behavioral skills” model,
conceptualized by Fisher et al [42] and employed by Athilingam
et al [25] in their HeartMapp app, served as a robust framework
that allowed us to combine the features that were included in
ThessHF. Our app’s advantage over previous implementations
mostly lied in its evidence-based development, as well as the
innovative gamification features such as the HF knowledge quiz
and participation trophies, which are expected to motivate
patients maintain frequent interaction with the app.

We believe that ThessHF greatly benefited from this systematic
search for app features in the literature, as well as the
systematized expert input in deciding which app features should
be included. Patients and mHealth experts alike rated the app
positively during usability testing. Some features classified as
“inclusion optional” by experts were not included. Activity
tracking was decided against because of the low market
penetration of wearables among the population of patients with
HF. The active involvement of nursing personnel in the app
was not implemented to maintain scalability in resource-scarce
settings. According to the PSSUQ scores, patients found the
app actually useful for their everyday self-care, while experts
filling out the MARS score lauded the app’s stability and quality
of information. In fact, almost all PSSUQ scores, except for the
interface quality subdomain, were better than the mean ratings
collected by Lewis et al [43] in a psychometric study of the
questionnaire. That said, both groups found that the interface
could benefit from some improvements. Thanks to input from
our patients, we made several design changes to suit the app to
their needs. In particular, buttons were made significantly larger
and spaced out, and patients were no longer required to use the
onscreen keyboard for daily use. Indeed, it is likely that
designing elegant yet easy-to-use apps for patients with HF will
prove a major challenge for similar mHealth interventions
worldwide. As mentioned above, unstructured comments made
by patients and physicians trying out ThessHF were crucial to
the improvement of the graphical interface. The fact that the
very physicians treating these patients with HF were tasked
with actually coding the desired design changes reinforced the
feeling of patients that they were an active part of the
development process, increasing their motivation and bonding
with the HF clinic.

The effect of app use on quality of self-care and quality of life
of patients with HF was investigated in the THESS-HF pilot
study. Although neither HF-specific nor health-related quality
of life increased significantly during the follow-up period, the
quality of self-care significantly improved. Self-care quality

has been repeatedly [44-46] found to correlate with outcomes
in HF. Thus, it is not unreasonable to assume that improving
self-care can improve HF quality of life and morbidity in the
long run. This will be tested in a multicenter prospective study
aiming to recruit more patients with a longer follow-up, so as
to test whether sustained use of a patient-centered HF app can
yield better outcomes.

mHealth interventions are expected to become highly valuable
tools in the remote care of patients with HF during the
COVID-19 pandemic that started in 2019 [47]. It is thus
fortuitous that innovative and noninvasive means of monitoring
patients with HF have been proposed [48]. The ThessHF app
proved to be a competent tool for patient support in times of
this crisis. The lack of systematized patient–physician interaction
or transmission of locally saved patient data through the app
constituted a conscious choice to enable low physician workload
and thus affordable scalability. This design decision was also
advantageous insofar that patient data were never uploaded to
remote databases, which would pose a significant medicolegal
challenge. By contrast, physicians having direct access to patient
telemetry could have further increased the app’s efficacy in
improving the standard of care of patients with HF. Furthermore,
usage statistics that could help highlight which features saw
most use by patients as well as overall interaction time were
unavailable. Our research team is actively looking into including
this functionality in the future versions of the app.

As stated above, the inherent inability of data transmission
through the app precluded telemetry, which could have been
used to better understand different users’ engagement pattern,
as well as potential technical issues that prevented patients from
making full use of the app. Nonetheless, subsequent physical
visits allowed us to peruse participants’ app history. This
unstructured “final visit” allowed the research team to access
usage statistics for some patients. Anecdotally, the research
team observed that most patients replaced their handwritten
arterial pressure and body weight journals with the app, a fact
that kept patient interaction with the app high throughout and
beyond the study duration. It should also be noted that no patient
dropped out of the study, with all of them continuing some use
of the app.

In many parts of the world where social distancing is sternly
encouraged [35], primary care physicians and outpatient HF
clinics are predicted to cease or reduce noncritical visits, whether
willingly or at the behest of the local health authorities. The
time originally allocated to physical visits could instead be
invested in managing patients remotely, via tailor-made
platforms. Indeed, now may be the time to embrace platforms
with increased physician involvement, even though such
attempts yielded mixed results in the past [23-25]. In this spirit,
the ThessHF app is planned to incorporate remote, secure data
transfer, ideally paired with wireless sensors.

In parallel with the THESS-HF study and during the lockdown
imposed in Greece between March and May 2020, the Hellenic
Society of Cardiology made the app available for download for
all Greek patients with HF via its website, to assist them with
self-care during the COVID-19 pandemic, and beyond. As of
the writing of this article, 405 patients with HF downloaded the
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app. Because of our longstanding commitment to respect
patients’ sensitive data, no analytics were available regarding
app usage. Thus, the user was not asked for any data prior to
downloading the app through the internet, as this would be an
entirely different study.

Conclusion
HF is a chronic disease, in which consistent and complex
self-care is required to achieve good outcomes. mHealth-based
interventions to improve patient education and the quality of
self-care appear promising, at least in part due to the ease and

low cost of their implementation [1,3,4,49]. The first step in the
evidence-based development of ThessHF was a systematic
review and appraisal of similar interventions. Beneficial app
features were selected by a panel of physicians and implemented
by physician-programmers in the beta version of the ThessHF
app, which received positive reviews by patients and mHealth
experts alike. In the THESS-HF study, app use correlated with
improved self-care on the part of patients. A future multicenter
study with longer follow-up duration will investigate whether
improvements in self-care achieved through app use can lead
to better outcomes for patients with HF.
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Multimedia Appendix 1
Detailed description of the methods, PRISMA flow diagram and Cochrane's Risk of Bias table for the systematic review that was
performed to find HF-oriented mHealth apps.
[DOCX File , 68 KB - mhealth_v9i4e24271_app1.docx ]

Multimedia Appendix 2
Screenshots of the original ThessHF app in Greek.The figure displays (a) the main screen and gamification features, (b) the actvity
where patients input their blood pressure, (c) history of blood pressure available as a graph, (d) the main menu screen, where
inputted parameters turn green, (e) a question out of the weekly quiz, and (f) the push notification reminding patients to take their
pills.
[DOCX File , 340 KB - mhealth_v9i4e24271_app2.docx ]

Multimedia Appendix 3
The ThessHF app in action. The user inputs their arterial pressure, body weight and dyspnea, looks at past measurements, takes
a quick quiz on HF and finally cashes in their trophies to get golden hearts.
[MP4 File (MP4 Video), 15559 KB - mhealth_v9i4e24271_app3.mp4 ]
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Abstract

Background: Although fatigue is one of the most debilitating symptoms in patients with multiple sclerosis (MS), its pathogenesis
is not well understood. Neurogenic, inflammatory, endocrine, and metabolic mechanisms have been proposed. Taking into account
the temporal dynamics and comorbid mood symptoms of fatigue may help differentiate fatigue phenotypes. These phenotypes
may reflect different pathogeneses and may respond to different mechanism-specific treatments. Although several tools have
been developed to assess various symptoms (including fatigue), monitor clinical status, or improve the perceived level of fatigue
in patients with MS, options for a detailed, real-time assessment of MS-related fatigue and relevant comorbidities are still limited.

Objective: This study aims to present a novel mobile app specifically designed to differentiate fatigue phenotypes using circadian
symptom monitoring and state-of-the-art characterization of MS-related fatigue and its related symptoms. We also aim to report
the first findings regarding patient compliance and the relationship between compliance and patient characteristics, including MS
disease severity.

Methods: After developing the app, we used it in a prospective study designed to investigate the brain magnetic resonance
imaging correlates of MS-related fatigue. In total, 64 patients with MS were recruited into this study and asked to use the app
over a 2-week period. The app features the following modules: Visual Analogue Scales (VASs) to assess circadian changes in
fatigue, depression, anxiety, and pain; daily sleep diaries (SLDs) to assess sleep habits and quality; and 10 one-time questionnaires
to assess fatigue, depression, anxiety, sleepiness, physical activity, and motivation, as well as several other one-time questionnaires
that were created to assess those relevant aspects of fatigue that were not captured by existing fatigue questionnaires. The app
prompts subjects to assess their symptoms multiple times a day and enables real-time symptom monitoring through a web-accessible
portal.

Results: Of 64 patients, 56 (88%) used the app, of which 51 (91%) completed all one-time questionnaires and 47 (84%) completed
all one-time questionnaires, VASs, and SLDs. Patients reported no issues with the usage of the app, and there were no technical
issues with our web-based data collection system. The relapsing-remitting MS to secondary-progressive MS ratio was significantly
higher in patients who completed all one-time questionnaires, VASs, and SLDs than in those who completed all one-time
questionnaires but not all VASs and SLDs (P=.01). No other significant differences in demographics, fatigue, or disease severity
were observed between the degrees of compliance.

Conclusions: The app can be used with reasonable compliance across patients with relapsing-remitting and secondary-progressive
MS irrespective of demographics, fatigue, or disease severity.

(JMIR Mhealth Uhealth 2021;9(4):e19564)   doi:10.2196/19564
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Introduction

Background
Multiple sclerosis (MS) is an inflammatory, demyelinating
disorder of the central nervous system that currently affects
nearly 750,000 people in the United States [1]. Fatigue is one
of the most disabling symptoms, affecting more than 65% of
patients [2]. Fatigue has been associated with disease
progression [3], and its pharmacological management remains
challenging [4,5].

The pathogenesis of MS-related fatigue is not well understood.
Neurogenic, inflammatory, endocrine, and metabolic
mechanisms have been proposed [6]. In addition, several other
factors, such as comorbid depression, anxiety, and sleep
abnormalities, as well as physical activity and medications, may
interfere with the perceived level of fatigue [2,6]. In fact,
different fatigue phenotypes may exist in different patients. The
ability to distinguish patient phenotypes might impact the
understanding of underlying mechanisms and enable
personalized management of this debilitating symptom. As an
example of the need to capture the circadian nature of mood
symptoms, including fatigue, it has been suggested that most
people may experience lower energy levels in the evening than
in the morning [7], whereas in a subset of patients affected by
major depressive disorder, mood symptoms might be worse in
the morning than in the evening [8]. In addition, in a recent
study, we demonstrated the advantages of classifying patients
according to temporal patterns of fatigue when associating
damage to select brain circuitries with fatigue in patients with
MS [9-14]. Although these studies highlighted the relevance of
assessing temporal patterns of fatigue, retrospective data only
included long-interval (every 1-2 years), repeated measures of
fatigue, which might not reflect pathophysiologically relevant
patterns.

Objectives
We developed a mobile app to enable circadian assessment of
fatigue and other mood symptoms, with the longer-term goal
of identifying clinically and pathophysiologically relevant
phenotypes of fatigue. As an example of its potential
significance, this mobile app will enable us to test the hypothesis
that diverse fatigue phenotypes may respond to different
mechanism-specific treatments. Although several drugs have
demonstrated efficacy in improving wakefulness in other
conditions (such as narcolepsy [15]), none have been proven
effective in treating fatigue in MS [4,5].

Several tools have been developed to assess various symptoms
(including fatigue), monitor clinical status [14,16-20], or
improve the perceived level of fatigue in patients with MS
[16,19,21-23]. We believe that the presented mobile app meets
a specific need for a tool to characterize fatigue phenotypes in

MS by assessing the temporal patterns of fatigue and its
comorbid mood symptoms.

In this study, we aim to test and use this mobile app in the
framework of a prospective study that was designed to
investigate the association between MS-related fatigue and
structural brain damage. The overarching goal of this study is
to identify brain magnetic resonance imaging (MRI) predictors
of persistent and treatment-resistant fatigue in MS. The aim of
this study is to describe the design of the mobile app and to
report the first findings regarding patient compliance and the
relationship between compliance and patient characteristics,
including MS disease severity.

Methods

Study Population and Study Design
Patients with MS were recruited from the Comprehensive
Longitudinal Investigation of Multiple Sclerosis at Brigham
and Women’s Hospital (CLIMB) study [24] (n>2400), a
large-scale, long-term study of patients with MS, using the
following selection criteria: (1) availability of at least one
previously recorded Modified Fatigue Impact Scale (MFIS)
[25].

r Quality of Life in Neurological Disorders (Neuro-QoL) [26]
score, (2) brain MRI scan acquired within 1 month of
recruitment into the study, and (3) absence of clinical
exacerbation within 3 months before their MRI. Selected patients
were mailed a recruitment letter at least 2 weeks before their
scheduled clinical visit at Brigham and Women’s Hospital
(BWH). The letter contained a brief description of our study
procedures and invited patients who were interested in
participating in our research study for an in-person study
initiation session (SIS) following their scheduled clinical
appointment or at another scheduled time at BWH. The aim of
the SIS was to (1) provide patients with a detailed description
of our study; (2) obtain a written informed consent form; and
(3) teach patients how to use the following 3 study devices: the
abovementioned mobile app installed on a mobile device, a
wrist-worn actigraphic MotionLogger watch [27], and a Nox
T3 home sleep test (HST) device [28]. The actigraphic watch
assessed physical activity during the daytime and sleep quality
at night throughout the entire study (ie, for 2 weeks), whereas
the HST device was used to assess sleep apnea and periodic
limb movements at one night in the patient’s home. Data
collected using the actigraphic watch and the HST device are
not presented in this paper. Between May 2018 and September
2019, 64 patients with MS were recruited into the study and
provided written informed consent in accordance with our study
protocol approved by the institutional review board of BWH.
Demographic data of these patients are presented in Table 1.
Participants who answered all questions and returned all study
devices to our laboratory received a remuneration of US $100.
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Table 1. Characteristics and compliance of the study participants.

Group 4: did not answer
any one-time question-
naire, VAS, or SLD

Group 3: answered some
one-time questionnaires
but no VAS or SLD

Group 2: completed all
one-time questionnaires
but not all VASs and
SLDs

Group 1: completed all
one-time questionnaires,

VASsa, and SLDsb

All patientsVariable

8 (13)5 (8)4 (6)47 (73)64 (100)Subjects, n (%)

55.1 (8)44.6 (10)54.4 (10)52 (8)52 (9)Age (years), mean (SD)

4 (50)5 (100)4 (100)40 (85)54 (84)Sex (female), n (%)

0 (0)1 (20)0 (0)2 (4)3 (5)Non-White or Hispanic,
n (%)

Disease category, n (%)

7 (12)3 (5)2 (3)46 (79)58 (100)Relapsing-remitting
multiple sclerosis

1 (20)1 (20)2 (40)1 (20)5 (100)Secondary-progres-
sive multiple sclero-
sis

0 (0)1 (100)0 (0)0 (0)1 (100)Clinically isolated
syndrome

19 (7)14 (6)28 (10)21 (8)20 (8)Disease duration (years),
mean (SD)

2.7 (2.3)2.2 (2.5)3.0 (2.4)2.0 (1.1)2.1 (1.5)Expanded Disability Sta-
tus Scale (years), mean
(SD)

N/Ae43 (15)d47 (12)41 (13)42 (13)cFatigue Severity Scale
score, mean (SD)

aVASs: Visual Analogue Scales.
bSLDs: sleep diaries.
cIn total, 55 patients completed the Fatigue Severity Scale. Therefore, the mean (SD) score of the Fatigue Severity Scale was calculated using 55 patients’
data.
dOne patient did not complete the Fatigue Severity Scale in this group. Therefore, the mean (SD) score of the Fatigue Severity Scale in this group was
calculated using 4 patients’ data.
eN/A: not applicable.

Design of the Mobile App
Our research team, comprising physician scientists, designed
and developed a mobile app in collaboration with the software
developer team of Mobilengine [29]. Our teams communicated
through virtual workshops. The app was installed on an Android
smartphone with a 5-inch high-definition display that was
provided to the participants. The participants used the
smartphone for 2 weeks, during which they followed their
normal daily routine. They then returned their smartphones to
our research laboratory. The mobile app features 3 modules,
which we describe in detail below, and in Multimedia Appendix
1: (1) a series of one-time questionnaires, to be answered within

3 days of enrollment (Table 2); (2) Visual Analogue Scales
(VASs) for self-reporting of fatigue, depression, anxiety, and
pain levels, every 4 hours while awake; (3) a sleep diary (SLD)
with separate items to be completed before and after each sleep
or nap, containing a series of questions regarding perceived
duration and quality of sleep, as well as the same VAS described
earlier. VAS and SLD data were consistently collected for 14
days, starting after all one-time questionnaires were answered.
Therefore, the duration of the data collection varied between
14 and 17 days depending on how much time it took for the
participant to answer all one-time questionnaires. Of note,
subjects were allowed to pause their entries and return to
complete the remainder of the questions at a later time.
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Table 2. Summary of existing questionnaires incorporated into our one-time questionnaire module.

StudyDomain assessedQuestionnaire

Krupp et al (1989) [30]FatigueThe Fatigue Severity Scale

Cella et al (2012) [26]FatigueThe Neuro-QoLa fatigue questionnaire

Cella et al (2012) [26]DepressionThe Neuro-QoL depression questionnaire

Cella et al (2012) [26]AnxietyThe Neuro-QoL anxiety questionnaire

Cella et al (2012) [26]Sleep qualityThe Neuro-QoL sleep questionnaire

Amtmann et al (2012) [25]FatigueThe Modified Fatigue Impact Scale

Pedrelli et al (2014) [31]Vegetative symptoms of depressionSymptoms of depression questionnaire (7 questions only)

Johns (1991) [32]SleepinessThe Epworth Sleepiness Scale

Godin (1985) [33]Physical activityThe Godin Leisure-Time Exercise questionnaire

Carver and White (1994) [34]Drive; fun seeking; reward respon-
siveness

The Behavioral Approach System and Behavioral Avoidance System scale

aNeuro-QoL: Quality of Life in Neurological Disorders.

The following measures were taken to prevent slip errors: (1)
user control and freedom: the selected (or entered) answer was
submitted only when the user tapped the forward (or backward)
arrow on the screen; (2) flexibility: users can freely navigate
forward and backward between questions within the same block
(ie, the same questionnaire) and make corrections as needed;
(3) consistent and standard user interface: every scale had the
same size and all questions, answer options, and forward and
backward arrows were located on the same part of the screen.
In addition, the app also has a landscape mode, in which the
distance between the points of the VAS is larger; and (4)
visibility and system status: the number of completed questions
out of the total number of questions was shown at the bottom
of the screen.

One-Time Questionnaire Module
We included 10 questionnaires (Table 2) that were previously
validated. In addition, we created 22 new questions to assess
the relevant aspects of fatigue that were not captured by existing

fatigue questionnaires, such as (1) circadian differences in
fatigue severity and (2) effects of caffeine and nicotine use on
the perceived level of fatigue, and (3) we incorporated
open-ended questions aimed at exploring other potential
aggravators and alleviators of fatigue (questions are presented
on pages 16-20 of Multimedia Appendix 1). The one-time
questionnaire module consisted of 168 questions. We preserved
wording and the type of response (single choice, multiple choice,
free text, analog scale, and selection of date) applied in the
original questionnaires for each question included in our app
(Figure 1). Questions were grouped into separate blocks,
reflecting the original questionnaires. Patients were presented
1 question at a time but were able to freely navigate forward
and backward between questions within the same block.
Participants were notified at the end of each block and cautioned
to be confident with their previous responses before final
submission because they would no longer be able to return to
a previous block of questions.
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Figure 1. Sample screens for simple choice (A), multiple choice (B), number box (C), and text box (D) questions used in the one-time questionnaire
module. Users can freely navigate forward and backward between questions within the same block using the forward (green) and backward (gray)
arrows at the bottom of the screen. Under the arrows, a status bar indicates how far through the one-time questions a user is.

VAS Module
The VAS [35-39] module was used to assess a subject’s current
level of fatigue, anxiety, depression, and pain. Each of these 4
VASs is scored between 0 and 10, with 0 representing absence
(none) of the symptom (eg, no fatigue) and 10 representing
extreme presence of the symptom (Figure 2). Previous studies
have shown a very high correlation between VAS and a series
of line drawings of faces with expressions of increasing distress
[40,41]. We added a faces scale under each VAS under the
assumption that the combination of the 2 scales may yield more
robust results. Reminder functions were implemented in the
mobile app based on the results of previous studies that
associated reminders with positive effects on engagement with
digital behavior change interventions [42]. One of our main
aims was to assess circadian changes in fatigue, anxiety,

depression, and pain by measuring the level of these symptoms
at least once in the morning, once in the afternoon, and once in
the evening or night. Therefore, while awake, patients were
prompted every 4 hours to complete the 4 VASs. Prompting
was achieved through an acoustic and haptic (vibratory) alarm
as well as a visual notification. In the absence of a response,
the alarm and notification would be presented again after 30,
60, 90, and 120 minutes. If a subject did not answer a VAS
within the allotted 2-hour period (between 4 and 6 hours after
the previous VAS was completed), the subject would not be
able to complete the VAS since beyond the allotted 2-hour
period, the pending measurement would be closer in time to the
next scheduled VAS assessment. Rather, they would be
presented with notifications for a new VAS during an additional
2 hours (8 hours after the previous VAS had been completed).

Figure 2. Sample screens for Visual Analogue Scales for fatigue (A), depression (B), anxiety (C), and pain (D). Users can freely navigate forward and
backward between questions using the forward (green) and backward (gray) arrows at the bottom of the screen. Under the arrows, a status bar indicates
the progress of the user in the Visual Analogue Scale.
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SLD Module
The SLD contains items to be completed before sleep and items
required after awakening from night sleep or daytime naps. At
the time of recruitment, patients were instructed to activate the
SLD immediately before any planned sleep period. Before sleep,
the patient was prompted to indicate whether they were taking
a nap or going to sleep for the night and their intended wake-up
time (Figure 3). Then, the 4 VASs were presented to the patient
for completion before the sleep episode. Sound alarms and
notifications were deactivated in the mobile app until 2 hours
following the intended wake-up time provided by the patient.
Patients were at liberty to wake up spontaneously or prompted
by a preprogrammed device, such as an alarm clock. On
awakening, the patient was required to select the “I just woke
up” icon on their phone (Figure 3). If this option was not
activated 2 hours after the intended wake-up time, sound, haptic,

and visual alerts were activated. The “I just woke up” icon gives
access to the wake items of the SLD that were developed by
the Division of Sleep Medicine at BWH [43] and assesses final
wake time, time awake before scheduled rising time, sleep
latency, number of awakenings, sleep duration, subjective sleep
quality, as well as current feeling of refreshed, sleepiness, and
tenseness (wake items of the SLD are presented on page 21 of
Multimedia Appendix 1). These items were followed by the
day’s first VAS. Figure 4 shows the algorithm for the SLD and
VAS assessments. If no sleep or nap option was selected on a
given day, subjects were prompted by the app at 4 AM of the
following calendar day, “We noticed that you did not indicate
when you went to sleep last night. Please select the appropriate
answer below:” with options for “I forgot to indicate when I
went to sleep” and “I did not go to sleep.” If “I forgot to indicate
when I went to sleep” was selected, the participant was prompted
to enter an answer for “Time into bed” and to fill out an SLD.

Figure 3. Sample screens for the sleep diary module. Sleep diary is activated by tapping on the “I’m going to sleep now” icon (A). Then, the user is
prompted to indicate whether they were taking a nap or going to sleep for the night (B), as well as their intended wake-up time (C). Upon awakening,
the user selects the “I just woke up” icon (D).
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Figure 4. Algorithm of Visual Analogue Scale and sleep diary assessments. VAS: Visual Analogue Scale.

The sequence of the questionnaires and questions was the same
every time. All questions had to be answered before the
questionnaire was submitted. At the bottom of the screen, a
status bar indicated progress of the participant in the one-time
questionnaires or VASs (Figures 1 and 2). The opening and
submission dates and times were recorded for each question.
All participants received an anonymized unique subject ID. No
other identifying information was entered into the app.

Monitoring the Database
All functions of the app were available offline (ie, with no
internet connection) without limitations. The app saved and
stored all subject responses locally in the smartphone’s internal
storage space. Each smartphone was provided with Wi-Fi and
3G (Third Generation) internet access to upload the collected
data to Mobilengine’s designated server as soon as each item
was completed. If the network connection was inconsistent, the
data were transferred as soon as the connection was adequate.

This system allowed us to monitor data collection in real time
on demand. In addition, an email was sent daily at 4 PM Eastern
time to designated investigators, listing the currently active
devices with their IDs, as well as either (1) the progress of the
subject in the one-time questionnaires or (2) whether the subject
had filled out at least one VAS or SLD during the previous 24
hours. Subjects who did not complete their daily tasks are
highlighted in red.

Following the completion of 14 days of VASs and SLDs, the
subject’s monitoring period was concluded, and they no longer
had the option to answer further questions. The subject code
was removed from daily emails. The ability to monitor our
subjects’ responses in this way allowed the investigators to
promptly notify subjects who were not completing the study in
the recommended time frame rather than waiting for the mobile
device to be returned at the end of a 14- to 17-day period. We
consider this monitoring feature to be an important part of
mobile apps. All results in the database were easily exportable
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as a table with rows containing subject ID, individual question
ID, individual question response, and time of response. Every
answer or item created a new row in the table (ie, a long data
format).

Assessment of Patient Compliance
Patient compliance was defined as adherence to the study
protocol and was measured by the number of completed
questions. We aimed to assess the association between the
number of completed questions and demographic and clinical
data. To this end, we grouped the recruited patients into the
following 4 compliance groups: group 1: completed all one-time
questionnaires, VASs, and SLDs; group 2: completed all
one-time questionnaires but did not answer all VASs and SLDs;
group 3: answered some, but not all one-time questionnaires
and did not answer any VAS or SLD; group 4: did not answer
any one-time questionnaire, VAS, or SLD. These groups were
defined after the completion of patient recruitment. The
following variables were compared between the 4 groups: age,
sex, ethnicity, disease category (ie, relapsing-remitting multiple
sclerosis [RRMS] and secondary-progressive multiple sclerosis
[SPMS] ratio), disease duration, and physical disability (assessed
using the Expanded Disability Status Scale [44]). These
variables were assessed as part of the patients’ routine clinical
visits. We also compared the Fatigue Severity Scale (FSS) [30]

score between the abovementioned groups 1 to 3 (group 4 was
not included in this analysis because patients in group 4 did not
complete any questions) to assess whether baseline fatigue level
was associated with patient compliance.

Statistical Analysis
Differences in demographic and clinical variables between the
patient compliance groups were assessed using analysis of
variance or Kruskal-Wallis tests for continuous variables
(depending on the distribution of the data) and the chi-square
test or Fisher exact test (when n<5) for categorical variables.
The threshold for statistical significance was set at P<.05. All
statistical analyses were performed using Stata Statistical
Software: Release 13 (StataCorp).

Results

Patient Compliance
Of the 64 patients, 56 (88%) began the study (ie, answered at
least one question), whereas 8 (13%) patients did not complete
any questions (Figure 5). Of the 56 patients who began the
study, 51 (91%) completed the one-time questionnaires and 47
(84%) completed both the one-time questionnaire as well as the
14-day VAS and SLD modules (Figure 5).

Figure 5. Patient compliance in our study cohort. MS: multiple sclerosis.
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Among the 51 out of 64 patients who completed the one-time
questionnaires, 44 (86%) met the target of 72 hours, and the
median time to completion was 6.19 hours, with a range from
21 minutes to 10.9 days (Figure 3). Of the 51 patients, 14 (28%)

completed the one-time questionnaires within an hour, 20
additional patients (39%) completed it on the same day that
they started it, and 5 additional patients (10%) completed the
questionnaire within a 48-hour period (Figure 6).

Figure 6. Time to completion of one-time questionnaires (expressed in hours). Patients (indicated by blue rhombuses) were asked to answer all one-time
questions within 3 days of enrollment (indicated by the dashed vertical red line).

All subjects who completed the one-time questionnaire module
also completed at least 2 days of VAS modules. Of the 51
subjects, 3 (6%) stopped after 8 days or less.

Study subjects submitted close to 4 VASs per day with a mean
of 3.9 (SD 1.3).

Demographic and Clinical Comparison of Compliance
Groups
There were no significant differences in age, sex, ethnicity,
disease duration, and Expanded Disability Status Scale scores
between the 4 patient compliance groups (Table 1). The
RRMS/SPMS ratio was significantly higher in group 1 than in
group 2 (P=.01; Table 1). There was no significant difference
in the RRMS/SPMS ratios between the other groups. There was
no significant difference in FSS scores between groups 1 to 3.

Discussion

Principal Findings
We developed and used a mobile app that is innovative because
of the following aspects: (1) assessment of fatigue and its
associated mood symptoms (ie, depression and anxiety) and
pain using the VAS every 4 hours while patients are awake for
2 weeks; (2) patient prompting to assess their symptoms multiple
times a day; (3) real-time symptom monitoring of patients with
MS by researchers or treating physicians through a
web-accessible portal; and (4) single time point assessments of
fatigue and its significant confounders, such as depression,
anxiety, physical activity, sleep problems, and motivation level
by commonly used questionnaires along with several other
questions that we created to assess the relevant aspects of fatigue
that were not captured by existing fatigue questionnaires. Here,
we report good patient compliance with our mobile app–based
assessments, that is, 91% (51/56) completed all one-time
questionnaires and 84% (47/56) completed all one-time
questionnaires, VASs, and SLDs out of those patients who
started using the app (n=56). Patients reported no issues with
the usage of the app, and there were no technical issues with
our web-based data collection system.

Limitations
The limitations of the study are as follows: (1) we did not
systematically collect feedback about the app itself, its ease of

use, or any patient suggestions about its features. However, our
coinvestigators asked patients regarding their user experience
and satisfaction when they contacted us (eg, because of the
questions on the study protocol or the use of the study devices)
or when our coinvestigators contacted the patients (eg, when
the daily, system-generated email showed that a patient did not
complete all questions on that day). Our high completion rate
(47/56, 84% of those who began the study completed it) shows
that many found it navigable and usable for the 2-week
monitoring period. (2) The data collection and monitoring period
was only 2 weeks. The observed patient compliance may change
if the mobile app is used for a longer period (ie, beyond the
novelty period) [45]. (3) The mobile app was installed on a
smartphone that was provided to each participant. The use of a
new device might have influenced the participants’ behavior.
(4) The current version of our app was not gamified. We may
consider using gamification strategies when developing the next
version of the app to further increase patient compliance and
improve user experience.

Comparison With Previous Work
Recently published studies underlined the relevance of delivery
of health care through mobile devices (ie, mobile health) in MS
[46,47]. Although several tools have been developed to assess
various symptoms (including fatigue) and monitor clinical status
[14,16-20,48] or to improve the perceived level of fatigue in
MS [16,19,21-23], our app is the first that was specifically
designed to conduct a state-of-the-art characterization of
MS-related fatigue, including high-frequency fatigue
assessments and real-time symptom monitoring.

To assess fatigue, 3 different self-assessment questionnaires
(ie, MFIS [25], FSS [30], and Neuro-QoL fatigue [26]) and
repeated daily VAS were implemented in our app. The MFIS
has cognitive, physical, and psychosocial domains and addresses
the effect of fatigue on daily activities [49]. The FSS addresses
mainly physical fatigue with only one question related to
cognitive fatigue [30]. The add-on value of the Neuro-QoL
fatigue questionnaire is that it uses semantics to better
characterize fatigue (eg, “felt exhausted,” “had no energy,” “felt
fatigued,” or “felt tired”). Both FSS and Neuro-QoL assess
fatigue in the past week, whereas MFIS refers to fatigue in the
past 4 weeks. In addition, we formulated several new questions
to assess the relevant aspects of fatigue that were not captured
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by existing fatigue questionnaires (eg, circadian differences in
fatigue severity as well as potential aggravators and alleviators
of fatigue).

Mood symptoms (ie, depression and anxiety) are highly
intercorrelated with fatigue in MS [50,51], and their prevalence
is over 20% in MS [52]. However, the relationship between
MS-related fatigue and depression is not well understood [6,53].
Clinical symptomatology and, accordingly, clinical assessments
or diagnosis of fatigue and depression show considerable
overlap, as exemplified by (1) fatigue or loss of interest and
diminished ability to think or concentrate, or indecisiveness are
part of the Diagnostic and Statistical Manual of Mental
Disorders, Fifth Edition, diagnostic criteria of major depression;
(2) tiredness or fatigue, loss of energy, and concentration
difficulty are items on the Beck Depression Inventory [54]; and
(3) impairment in concentration, thinking, and decision making
are items in the MFIS [25]. Overlap in the clinical
symptomatology of fatigue and depression may raise the
question of whether these symptoms reflect separate entities
with different etiologies and pathophysiologies or share a similar
pathogenesis. To investigate the association between fatigue
and depression and anxiety, we included two one-time
questionnaires (ie, Neuro-QoL depression and anxiety batteries
[26]) in our app along with daily VAS for depression and
anxiety. In addition, we included those questions from the
Symptoms of Depression questionnaire [31], which specifically
assesses vegetative symptoms of depression under the hypothesis
that the presence of vegetative symptoms distinguishes clinically
significant depression from phenotypes of fatigue that are not
associated with depression.

Other relevant confounders of fatigue include sleep
abnormalities [6], physical activity [55], and motivation [56].
Patients with MS have significantly more sleep disturbances
than the general population [6]. The prevalence of sleep
abnormalities is approximately 50% in patients with MS [6].
To assess sleepiness and alterations in sleep quality, a one-time
questionnaire (ie, Epworth sleepiness scale [32]) and daily SLD
were incorporated into our mobile app.

Patients with MS may have a sedentary lifestyle because of
associated disabilities (eg, muscle deconditioning or pain),
diminished physical endurance, and deterioration of symptoms
that could follow physical exertion [55]. However, a growing
body of evidence suggests that nonpharmacological approaches
(eg, exercise or psychobehavioral interventions) might be more

effective in reducing MS-related fatigue than medications [57].
We included a one-time questionnaire (ie, Godin Leisure-Time
Exercise Questionnaire [33]) to assess physical activity and
created targeted questions to assess the effect of physical
activity, occupational, and psychological therapies on the
patients’ perceived level of fatigue.

The central fatigue model of Chaudhuri and Behan [58]
hypothesized that central fatigue is caused by damage to the
nonmotor components of the cortico-striato-thalamic system.
Indeed, a more recent study associated MS-related fatigue with
alterations in reward responsiveness [59]. Furthermore, several
neuroimaging studies have found damage to reward-related
brain regions in fatigued patients with MS [2,56]. Therefore,
our app includes a self-assessment questionnaire (ie, behavioral
approach system or behavioral avoidance system scale [34]) to
measure reward responsiveness, drive, and fun seeking.

Previous studies have shown that fatigue fluctuates over time,
even throughout the day [13,14]. Temporal fluctuations of
fatigue are understudied in MS. Our recently published studies
showed that taking into account temporal fatigue dynamics may
improve the characterization of brain pathological correlates of
MS-related fatigue in MS [9-11,60]. We included 4 VASs in
our mobile app to assess circadian changes in fatigue,
depression, anxiety, and pain levels under the hypothesis that
the circadian evolution of these symptoms may show different
patterns, potentially representing different fatigue phenotypes
with different etiologies and pathogeneses.

To increase patient compliance, most of the abovementioned
apps have built-in reminder functions, similar to our mobile
app. In addition, our system provides real-time monitoring of
data collection for researchers and patient-treating physicians.
None of the abovementioned apps or platforms provided
real-time monitoring of data collection.

Conclusions
We developed a mobile app with reasonable patient compliance
to assess fatigue and its confounders in patients with MS. This
tool contains a battery of commonly used questionnaires and
has the capability to monitor the level of subjective symptoms,
such as fatigue, anxiety, depression, and pain, through VAS.
We hope that it will facilitate remote monitoring of symptoms
and adverse events and may allow more timely intervention
than is possible with scheduled face-to-face visits.
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SIS: study initiation session
SLD: sleep diary
SPMS: secondary-progressive multiple sclerosis
VAS: Visual Analogue Scale
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Abstract

Background: Although calorie tracking is one of the strongest predictors of weight loss in behavioral weight loss interventions,
low rates of adherence are common.

Objective: This study aims to examine the feasibility and acceptability of using the Slip Buddy app during a 12-week web-based
weight loss program.

Methods: We conducted a randomized pilot trial to evaluate the feasibility and acceptability of using the Slip Buddy app
compared with a popular commercial calorie tracking app during a counselor-led, web-based behavioral weight loss intervention.
Adults who were overweight or obese were recruited on the web and randomized into a 12-week web-based weight loss intervention
that included either the Slip Buddy app or a commercial calorie tracking app. Feasibility outcomes included retention, app use,
usability, slips reported, and contextual factors reported at slips. Acceptability outcomes included ratings of how helpful, tedious,
taxing, time consuming, and burdensome using the assigned app was. We described weight change from baseline to 12 weeks in
both groups as an exploratory outcome. Participants using the Slip Buddy app provided feedback on how to improve it during
the postintervention focus groups.

Results: A total of 75% (48/64) of the participants were female and, on average, 39.8 (SD 11.0) years old with a mean BMI of
34.2 (SD 4.9) kg/m2. Retention was high in both conditions, with 97% (31/32) retained in the Slip Buddy condition and 94%
(30/32) retained in the calorie tracking condition. On average, participants used the Slip Buddy app on 53.8% (SD 31.3%) of
days, which was not significantly different from those using the calorie tracking app (mean 57.5%, SD 28.4% of days), and
participants who recorded slips (30/32, 94%) logged on average 17.9 (SD 14.4) slips in 12 weeks. The most common slips occurred
during snack times (220/538, 40.9%). Slips most often occurred at home (297/538, 55.2%), while working (153/538, 28.4%),
while socializing (130/538, 24.2%), or during screen time (123/538, 22.9%). The conditions did not differ in participants’ ratings
of how their assigned app was tedious, taxing, or time consuming (all values of P>.05), but the calorie tracking condition gave
their app higher helpfulness and usability ratings (all values of P<.05). Technical issues were the most common type of negative
feedback, whereas simplicity was the most common type of positive feedback. Weight losses of ≥5% of baseline weight were
achieved by 31% (10/32) of Slip Buddy participants and 34% (11/32) of calorie tracking participants.

Conclusions: Self-monitoring of dietary lapses and the contextual factors associated with them may be an alternative for people
who do not prefer calorie tracking. Future research should examine patient characteristics associated with adherence to different
forms of dietary self-monitoring.

Trial Registration: ClinicalTrials.gov NCT02615171; https://clinicaltrials.gov/ct2/show/NCT02615171

(JMIR Mhealth Uhealth 2021;9(4):e24249)   doi:10.2196/24249
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Introduction

Background
Obesity is a major risk factor for type 2 diabetes [1], but many
people still do not have access to evidence-based lifestyle
interventions [2]. Technology-delivered lifestyle interventions
may have increased reach, and early studies reveal promising
impacts, but they are still fairly burdensome and expensive [3].
A key source of burden is self-monitoring in the form of calorie
tracking, which requires a person to record all of the food and
beverage they consume each day. Although adherence to calorie
tracking predicts weight loss outcomes [4], adherence is
notoriously low [5]. A recent study found that rates of consistent
calorie tracking in a web-based weight loss program fell from
68% in week 1 to 21% by week 12 [6]. Interventions that do
not use calorie tracking have failed to produce weight loss
outcomes [7]. Thus, new forms of self-monitoring that can
produce similar or greater weight loss are needed.

Interestingly, calorie tracking is a relatively complex form of
self-monitoring compared with forms used for other behaviors.
For example, in smoking cessation interventions, the smoker
keeps a tally of the number of cigarettes smoked each day and
notes the triggers associated with each smoking episode [8].
Similarly, a simpler way to perform dietary self-monitoring
could be to have people track only the segment of their diet that
requires intervention, that is, the eating episodes that account
for excess calories or dietary lapses. Dietary lapses are
considered nonhomeostatic eating, which includes any eating
episode that occurs in excess of one’s needs to maintain health,
not just in terms of food quantity but also food quality [9]. To
the extent that we can help people identify and eliminate dietary
lapses, we may be able to affect energy balance without the task
of calorie tracking.

Previous ecological momentary assessment studies have
revealed that people are able to identify and self-monitor dietary
lapses [10-13]. Carels et al [12] had 12 dieters track their dietary
lapses over the course of a week along with contextual factors
surrounding the lapses. The results showed that hunger, location,
negative affect, and certain activities such as watching television
and socializing were common during lapses. Stress, hunger,
and socializing were found to be predictors of dietary lapses in
other studies [13,14]. This research has stimulated at least two
dietary lapse tracking apps designed for use in behavioral weight
loss interventions [15,16]. OnTrack allows users to track their
dietary lapses from the WW (formerly Weight Watchers)
points-based weight loss program and the contextual factors
surrounding those lapses. The app sends 6 prompts per day
asking the users to record 17 contextual factors (eg, mood,
hunger, and temptations), the data from which go into a machine
learning algorithm that drives just-in-time intervention messages
that occur when the user is at high risk for lapses [10,15]. In a
randomized trial, adding OnTrack to WW’s points-based weight
loss program was found superior in weight loss outcomes over
10 weeks compared with the WW program alone, but it did not

appear to enhance weight loss when added to a version of the
WW program that was less intensive in terms of point tracking
[15]. In contrast to OnTrack, which requires users to perform
WW point tracking, the Slip Buddy app was designed as a
replacement for traditional forms of dietary tracking.

Employing a user-centered design, we developed the Slip Buddy
app, which allows users to track dietary lapses as they occur
and the contextual factors that cued each lapse [16]. To best
mimic the way calorie tracking apps are used, users are only
expected to record at the time of recordable eating episodes.
However, unlike traditional calorie tracking apps that require
the user to record all intake every day, the burden of using Slip
Buddy declines as dieters become more skilled at avoiding
lapses simply because the only task of the app is to track lapses.
Slip Buddy works such that users simply hit an Oops! button
each time they experience a dietary lapse, which are referred to
as slips in the app based on feedback regarding preferred
language from the target population during the design process.
When a user logs a slip, the app asks them to rate stress and
degree of hunger to satiety on scales of 0 to 10 and to name the
location (eg, home and work) and activity (eg, watching
television and socializing) they were engaging in at the time of
the slip and the food consumed. The app passively collects day
and time information and maintains a log of all slips. A tab
called Slip History shows the user’s entire history of slips,
including contextual data (eg, stress rating and location) so that
users can learn about the circumstances that trigger their slips.
Each morning, the user receives a notification to complete a
daily check-in that involves recording how long they slept, their
stress and hunger level, and their weight that morning if they
stepped on the scale. Each afternoon, they receive a notification
to complete check-in on their stress and hunger levels. At the
end of the day, users receive a notification asking if they
recorded all of their slips for the day and, if not, to record any
remaining slips. In a usability study, we evaluated the use and
acceptability of Slip Buddy in 16 adults over 4 weeks.
Participants used the app 26.8 out of 28 days, tracked about 14
slips, and lost on average 1.5% (SD 0.7%) of their baseline
weight, even though no other intervention was provided. In that
study, we then used Slip Buddy data to generate predictive
models that informed intervention messages to display to the
user when they were in a situation in which overeating was
triggered in the past. Participants used Slip Buddy for another
month while receiving these messages, but participant feedback
revealed that they did not find the messages more helpful than
slip tracking alone, so we dropped that aspect of the app. As
Slip Buddy was not designed as a standalone weight loss
intervention, but instead as an alternative to calorie tracking
tools used in behavioral weight loss interventions, the next step
is to examine the feasibility and acceptability of Slip Buddy as
a replacement for the traditional calorie tracking app in a
web-based behavioral weight loss intervention (Trials
Registration: Clinicaltrials.gov NCT02615171).
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Objectives
This study is a pilot feasibility randomized controlled trial in
which participants with overweight or obesity were randomized
to receive either the Slip Buddy app or a commercial calorie
tracking app during a 12-week counselor-led web-based weight
loss intervention. Our first aim is to compare groups on retention
and app use to explore whether the commercial app is
significantly superior to Slip Buddy, which would point to the
need for further modification to Slip Buddy before proceeding
to a fully powered efficacy trial. Our second aim is to describe
the total number of slips reported and the contextual factors
reported at slips, including the location of slips, type of eating
episode (eg, lunch and snack), stress, and hunger/satiety. This
aim is descriptive in nature. Our third aim is to assess the
usability, acceptability, and burden of the Slip Buddy app
quantitatively and via qualitative interviews where participants
shared what they liked and disliked about the app and the
features they would like added. Similar to aim 1, we tested
whether the commercial app was significantly superior in terms
of usability, acceptability, and burden, which would signal areas
for further modification to Slip Buddy before proceeding to an
efficacy trial. Our fourth aim is to describe the percentage of
weight loss from baseline to 12 weeks in both groups, including
the proportion of participants who lost clinically significant
weight. This aim is exploratory because only a fully powered
efficacy trial could address this question.

Methods

Study Design, Settings, and Participants
We conducted a pilot feasibility randomized trial in which
participants who were overweight or obese were recruited into
a remotely delivered intervention via web-based advertisements
at the University of Connecticut, ResearchMatch, and Facebook
groups across the United States between July and October 2019.
All work was approved by the University of Connecticut
Institutional Review Board. We recruited people interested in

losing weight with BMI between 27 and 45 kg/m2, aged 18-65
years, who had an Android smartphone, and who had phone
connectivity at home and work. Exclusion criteria were inability
to walk unaided for one-fourth mile without stopping, not being
a daily Facebook user (because the group-based part of the
intervention was delivered via Facebook), taking medications
known to affect appetite and/or weight, having a condition that
precludes dietary changes (eg, ulcerative colitis), type 1 or 2
diabetes, gastric bypass surgery or plans to do so during the
study period, pregnancy or lactation, severe mental illness or
substance use disorder, binge eating disorder, or loss of 5% or
more weight in the past 3 months. Recruitment ads contained
a link to a screening survey that included a study description,
initial informed consent, and screening questions. Participants
eligible after the screening survey were emailed the consent
form and completed a telephone screening call. The screening
call included reviewing the consent form, any remaining
eligibility-related questions, and an emailed link to the baseline
survey.

Before randomization, potential participants were required to
attend an orientation webinar in which study staff used a

methods-motivational interviewing approach to help them
understand the scientific rationale of the trial design, research
questions, and methods. This helps participants understand the
commitment entailed in trial enrollment and helps set clear
expectations (eg, transparency about the length of assessments),
explain the scientific rationale for procedures (eg, randomization
and feasibility versus efficacy testing), diffuse ambivalence
about research participation using motivational interviewing
techniques, and make explicit commitments to self and trial
methods. Upon completion, those interested in proceeding with
the study were mailed a Wi-Fi scale (Fitbit Aria) and asked to
provide staff with log-in information for the scale so that weight
could be recorded for assessments. After randomization,
participants had a 60-minute call with a study staff person to
receive guidance on how to download and use their assigned
app and enter their assigned Facebook group. Participants were
allowed to keep the scale and were compensated for completing
the assessments.

Intervention Conditions
Participants in both conditions were assigned one of the diet
tracking apps and received the Diabetes Prevention Program
(DPP) lifestyle intervention delivered within a counselor-led
private Facebook group that included all participants in their
respective conditions. Participants randomized to the Slip Buddy
condition were provided the Slip Buddy app, and participants
randomized to the calorie tracking condition were instructed to
install the free, commercially available MyFitnessPal app. Each
group had a different counselor who was either a registered
dietitian or a clinical psychologist, and each was trained in the
app assigned to their respective conditions and led the Facebook
group for that condition.

As in our previous work [17,18], the lifestyle intervention was
delivered via twice daily posts, and each week’s content was
based on the corresponding module of the DPP. The DPP assigns
participants the goals of (1) calorie tracking to achieve a calorie
goal based on the amount needed to lose 1-2 lb (0.45-0.90 kg)
per week (modified to weekly slip tracking in the Slip Buddy
condition), (2) developing a healthy diet consistent with the
American Heart Association guidelines, (3) engaging in 150 to
300 minutes per week of moderate-intensity exercise, (4)
developing a strength training regimen consistent with the
National Guidelines for Physical Activity, and (5) losing 1-2 lb
per week. All DPP content related to dietary self-monitoring
was modified in the Slip Buddy condition to focus on slip
tracking (as opposed to calorie tracking). Goal setting occurred
on Monday mornings when the counselor asked participants to
set 2 to 3 diet and exercise goals and gave specific suggestions
based on the topic of the week (eg, self-monitoring, reducing
added sugar, and adding 15 minutes of exercise) to help
participants progress toward their weight loss goal. On Fridays,
the counselor put up a weigh-in post asking participants to reply
with their weight change in pounds (eg, lost 1 pound) for the
week. This ensures participants weigh themselves at least once
a week on the study scale and allows an opportunity for problem
solving for those who do not lose weight. This procedure is in
place of private weigh-ins that typically occur between the
counselor and each participant before group meetings in
clinic-based programs. Conducting the weigh-ins as a discussion
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thread requires less time than having the counselor do individual
weigh-ins for each participant, which is a procedure that does
not scale well in groups that are as large as 32 participants. Goal
accountability occurred every Sunday when the counselor asked
participants to report how they did on their weekly goals. In
between these key posts were posts related to the topic of the
week (eg, nutrition and making time for exercise). On the
remaining days, the counselor posted discussion threads relating
to that week’s module. Each week, staff produced weight and
engagement reports for the counselors so they could identify
participants who had not engaged in the past week and/or who
were not losing weight, and they attempted to engage them in
the group by tagging them in posts. Tagging a participant in a
post results in them receiving a notification on their Facebook
account that, when clicked, leads them to the post in which they
are tagged. In our previous studies, this Facebook-delivered
weight loss intervention produced mean weight losses at 12
weeks ranging from 2.6% to 4.8% [18,19].

Slip Buddy App
As described above, we developed the Slip Buddy app, which
assists users in tracking nonhomeostatic eating and the
contextual factors surrounding it (Figure 1) [16]. As
nonhomeostatic eating is scientific jargon, the app refers to
these episodes as slips. Participants were instructed to hit an
Oops! button each time they had a diet slip, defined as any
eating that resulted in consuming (food or drink) more than
planned at a meal or between meals, eating in the absence of
hunger (eg, ate a donut someone brought to work), emotional
eating, eating past the point of fullness, or an unhealthy food
choice (eg, stopped for fast food instead of cooking). The
definition of a slip appeared near the Oops! button as a reminder
to the user. To increase awareness of when slips are most likely
to occur, the app passively collected the date and time for each
slip reported. For each slip, participants were asked to rate their

stress and degree of hunger to satiety on a 0 to 10 scale to
describe the context of the slip from drop-down menus,
including the type of eating episode (eg, lunch and snack) and
activity during the episode (eg, working, socializing, and
watching television). They were also asked to type in their
location (eg, restaurant), food consumed, and any other notable
details they wanted to remember later in open text boxes. A
check-in tab asks participants to report weight, hours slept last
night, stress and hunger in the morning, and stress and hunger
in the afternoon, but unlike our first pilot study, we removed
the notifications for the morning and afternoon check-ins to
keep notifications to a minimum. The only notification occurred
at the end of the day, asking participants if they missed entering
any slips for the day and, if so, to record the missed slips. The
data collected by the app were securely sent to the remote Slip
Buddy database server in addition to being recorded in the local
database on participants’mobile phones. The history tab showed
participants’ past slip entries so they could look for patterns in
contextual factors such as stress ratings, hunger level, activities,
and/or location (Figure 1). Just as the calorie tracking group
was given guidance on how to learn from calorie tracking, each
week, the counselor instructed Slip Buddy participants to view
their slip history from the previous week and use that
information to set goals around how to avoid and/or manage
cues associated with past slips. For example, if most slips
occurred while watching television in the evening, they could
set the goals of planning healthy snacks at this time or reducing
television time. Participants were urged to use the app to learn
when and why they slip and to reduce their slips over time
toward the goal of losing 1-2 lb per week. In the Facebook
group, the DPP content related to calorie tracking and cues was
modified to address slip tracking and to draw participants’
attention to the eating cues they were learning about from their
Slip Buddy history. No additional content or other modifications
were made to the DPP content in the Slip Buddy condition.
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Figure 1. Slip Buddy Screen Shots.

Calorie Tracking Condition
Participants randomized to the calorie tracking condition were
instructed to download MyFitnessPal, a free, commercially
available mobile app that provides users with a personalized
calorie goal and allows them to track their caloric intake and
energy expenditure via exercise in an effort to stay within that
goal. Participants were asked to enter everything they eat and
drink throughout each day and all of their structured physical
activity. They were asked to stay within their calorie goals to
facilitate a weight loss of 1-2 lb per week. The group counselor
instructed participants to use MyFitnessPal daily and to inspect

their dietary entries for high-calorie foods that could be
eliminated to achieve their calorie goal.

Measures

Retention
Retention was defined as the percentage of participants in each
condition who completed the 12-week follow-up measures,
which included weigh-in and a survey.

App Use
We report 3 metrics of app use: (1) whether participants used
their assigned app at least once during the 12-week intervention,
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(2) the total number and percentage of possible days participants
used their app over the 12 weeks, and (3) whether participants
used their assigned app at least once in week 12 (ie, sustained
engagement). As the nature of diet tracking differed between
the 2 treatment conditions, how we assessed app use also
differed. For participants in the Slip Buddy condition, we
intended to categorize participants as having used the Slip Buddy
app for a given day if (1) backend data from the app revealed
at least one slip was recorded or check-in completed (optional)
or (2) in the absence of slips, the participants responded to the
end-of-day check-in saying that they did not have any slips that
day. Staff reviewed the data in the Slip Buddy database server
(ie, backend data) and recorded the number of days each week
each participant used the app (eg, either recorded a slip or
responded to a notification or check-in reporting that they
experienced no slips). However, some participants reported that
they did not see or receive the end-of-day check-in notifications
from the app, which we determined was related to the
authentication token on the phone expiring periodically. The
end-of-the-day notification gives the participant the opportunity
to confirm that no slips occurred if none had been recorded thus
far. Without the notification, we could not distinguish between
a day in which the participant did not track slips and a day in
which no slips occurred. For this reason, backend data would
be an underestimation of app use. As failure can sometimes
occur while transmitting app data to the remote database server,
we also collected self-report app use data by emailing
participants each week a single item asking them how many
days they used the app to track slips that week. Self-report data
were available for 74.4% (282/379) of weeks across all
participants (counting only 7 weeks for the participant who
withdrew because of pregnancy). As 26% of self-reported data
were missing and backend data were incomplete by an unknown
amount, we leveraged both forms of data to measure app use.
We used the larger of the 2 values for 2 reasons: (1) when
self-reported data are higher than backend data, it could correct
for the underestimation bias of backend data and (2) when
backend data are higher than self-report, it could correct for
recall bias from self-report. The weakness is that we do not have
a way to correct for recall bias from self-report that
overestimates use, which surely exists to some extent.
Self-report data were used for 58.1% (220/379 weeks) of the
total weeks, and backend data were used for 27.4% (104/379
weeks) of weeks, which includes the 7 weeks when the backend
data were higher than the self-report data and the 97 weeks in
which self-report data were missing. On the remaining 14.5%
(55/379 weeks) of weeks, self-report and backend data were
the same so that the value was used. Although there is no way
to correct for possible overestimations via self-report, on 25.6%
(97/379 weeks) of weeks, only backend data were available,
which would be an underestimate for those weeks. As a
sensitivity analysis, we calculated app use using self-reported
data if available, and when self-report data were not available,
backend data were used. These metrics only differ from the
main analysis for the 7 weeks (1 week for each of the 7
participants) where app use abstracted from the backend was
higher than self-reported app use.

For participants in the calorie tracking condition, research staff
reviewed MyFitnessPal records, and we coded a complete day

of calorie tracking any day in which participants tracked 2+
meals and 800+ kcal/day, as has been done elsewhere [20,21].
As participants in the calorie tracking condition were instructed
to track all food and beverage intake, we only included complete
days of tracking in our calculations of MyFitnessPal use.

Using the above definitions, we calculated the number and
percentage of days participants in each treatment condition used
their assigned app over the 12-week intervention. As the Slip
Buddy app was down for 2 days in week 3, participants in this
condition could have only used the app on a maximum of 82
days versus the 84 possible days for participants in the calorie
tracking condition. We also categorized participants in both
conditions as to whether they used their assigned app at least
once over the 12-week intervention and whether they used their
assigned app during week 12 as a measure of sustained
engagement. Two participants were withdrawn or dropped out
of the intervention because of incident pregnancies. For these
women, app use was not assessed after they were no longer in
the intervention (after week 7 for the Slip Buddy participant
who became pregnant and after week 2 for the calorie tracking
participant); instead, the calculation of percentage of days the
app was used only counted days they were in the intervention.

Slip Buddy App Data (Slip Buddy Participants Only)

Slips Reported
Backend data from the app were used to describe the number
of slips reported for each participant during the intervention
period and contextual factors related to slips.

Location of Slip
Participants were asked to enter a note about where they were
when the slip occurred. The first author collapsed responses
into categories that included work, home, other person’s house,
restaurant/bar, at an event (eg, football game), in the car, or at
the gym.

Nature of Eating Episode
Participants also indicated the nature of the eating episode in
which the slip occurred, which included the choices of breakfast,
lunch, dinner, dessert, snack, or alcohol. Alcohol was included
to capture drinking episodes that happen outside of the context
of meals or snacks and to prompt participants to think of excess
alcohol intake as a dietary slip.

Activity During Slip
Participants also indicated what they were doing from a
drop-down menu of domestic activities (eg, chores),
working/studying (eg, employment and school), socializing,
screen time, or commuting.

Stress and Hunger or Fullness Ratings of Slips
When they entered a slip, participants rated how much stress
they were experiencing before their slip on a scale of 0 to 10,
where 0 indicates no stress and 10 indicates extreme stress.
Stress scores of 5 and above were considered moderate to high
stress, whereas stress ratings of less than 5 were considered low
stress. Participants also rated how hungry or full they felt before
they slipped on a scale of 0 to 10, where 0 indicates extremely
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hungry, 5 indicates comfortably full, and 10 indicates stuffed,
that is, uncomfortably full.

MyFitnessPal Data (Calorie Tracking Participants Only)
The participants were asked to record their diet every day for
12 weeks. These data were extracted from MyFitnessPal and
coded for analysis. The first level of coding included recording
each day that the participant entered at least one item. The
second level extracted the number of eating episodes and
calories each day.

Usability
The System Usability Scale (SUS) [22] was used at 12-weeks
to assess the Slip Buddy app's usability. The SUS is a 10-item
5-point Likert scale questionnaire regarding human-computer
interaction. For a participant who only answered 9 of the 10
questions, we used their mean of those 9 items to impute a
response to the tenth item. An SUS score above 70 is considered
acceptable and above average, whereas a score above 85 is
considered excellent [23]. Moreover, when users rate a system
with an SUS score of 82 (SD 5), they tend to be promoters of
the system, which means they are likely to recommend it to a
friend [24].

Acceptability
At 12 weeks, participants in both conditions rated the
helpfulness and ease of use of their assigned app (response
options: strongly disagree, disagree, neutral, agree, or strongly
agree). We dichotomized responses as strongly agree/agree
versus strongly disagree/disagree/neutral. As the Slip Buddy
app is exclusively focused on diet, unlike calorie tracking apps
that address both diet and exercise, we included a follow-up
question asking participants to rate whether a feature that would
allow them to track exercise slips (ie, times when they had
planned to exercise but did not follow through) would increase
the effectiveness of Slip Buddy app. Acceptability was also
evaluated in postintervention focus groups via 2 questions:
“what did you like most about Slip Buddy app and why?” and
“what did you like least about Slip Buddy app and why?” During
the intervention, participants started a discussion about the
possibility of the Slip Buddy app having a feature that would
allow people to track when they were tempted to slip but resisted
that temptation. Given the enthusiasm for the idea, we added a
question to the focus group script asking participants about the
extent to which they would like to track temptations that did
not turn into slips.

Burden
At 12 weeks, participants in both conditions rated how
burdensome it was to use their assigned app on a scale of 0 to
100, with 0 being not at all burdensome and 100 being very
burdensome. Participants rated how much they agreed that the
app was time consuming, taxing, and tedious (response options:
strongly disagree, disagree, neutral, agree, or strongly agree).
We dichotomized responses as strongly agree/agree versus
strongly disagree/disagree/neutral.

Weight
Weight was obtained at baseline and at 12 weeks via the Wi-Fi
scales sent to participants upon enrollment.

Participation Engagement in the Facebook Group
Participant engagement is defined as participant posts, replies,
reactions (eg, love, wow, angry, and sad), and participation in
intervention polls, which are used either as a way of assessing
participant knowledge (eg, pop quizzes) or as a way for
participants to share their diet and/or exercise barriers. We
extracted engagement data from the private Facebook group
using the Grytics app, except poll data, which were manually
extracted because Grytics does not capture poll data. We
summarized the total number of original posts, replies, reactions,
and polls that each participant participated in. In addition, we
calculated the percentage of participants in each condition who
replied to each of the 12 weekly weigh-in posts.

Statistical Analysis
We summarized retention, app use, slips, usability, acceptability,
burden, and engagement in the Facebook groups, including the
percentage participating in the weekly weigh-ins using
descriptive statistics. For variables that were normally
distributed, we described distributions using mean and SD, and
for variables that were not normally distributed, we described
distributions using median and IQR. We compared use,
retention, usability, acceptability, and engagement by treatment
condition using t tests, chi-square tests, Fisher exact tests, or
Mann-Whitney U test as appropriate. We compared the
treatment conditions on app burden using the Wilcoxon
rank-sum test. Insufficient retention, acceptability, and use were
assumed if the calorie tracking condition showed a statistically
significant advantage relative to Slip Buddy. Statistical tests
were not used to compare groups on weight loss because this
pilot study was not powered for weight loss efficacy; thus, it is
not appropriate to perform such tests, as discussed elsewhere
[25]. We used an intent-to-treat approach to describe the weight
change. Two participants (1 in each condition) became pregnant
during the study period. We used the latest available
prepregnancy weights (from weeks 2 and 3 for the 2 participants,
respectively) from their study scales as their follow-up values.
Three participants did not provide weight during the follow-up.
We also used their latest weight from their study scales (weeks
6, 9, and 10, for the 3 participants, respectively) as follow-up
values. We secondarily reported weight loss assuming no weight
loss for the 2 participants who became pregnant and the 3
participants lost to follow-up (ie, baseline observation carried
forward), and we secondarily reported weight change excluding
these 5 participants for whom we did not have nonpregnant
follow-up weight. We conducted a directed content analysis
[26] of the focus group data on acceptability. The first author
developed a codebook based on themes emerging from the
participant responses. Two coders independently coded
responses, and discussion was used to achieve consensus on
disagreements. Interrater reliability (IRR) was also calculated
[27]. We summarized the frequency of the themes. Data
management and quantitative analyses were conducted using
SAS 9.4 (SAS Institute Inc).
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Results

Recruitment
A total of 846 individuals initiated the eligibility screening
survey (Figure 2). Among individuals screened for eligibility,
the most common reasons for exclusion were not owning an
Android phone, not being an active Facebook user, BMI outside

the eligible range, or recent weight losses of 5% or more (Figure
2). We randomized the 64 participants to 1 of 2 treatment
conditions. Overall, participants were, on average, 39.8 (SD

11.0) years old, with a baseline BMI of 34.2 (SD 4.9) kg/m2;
75% (48/64) were female; and 81% (52/64) were non-Hispanic
White. Participants lived in 18 US states, and 56% (36/64) of
the participants were from Connecticut. Additional
characteristics are presented in Table 1.

Figure 2. Consolidated Standards of Reporting Trials diagram. FB: Facebook.
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Table 1. Characteristics of participants by treatment condition (N=64).

Treatment conditionCharacteristics

Calorie tracking (n=32)Slip Buddy (n=32)

40.2 (12.3)39.5 (9.6)Age (years), mean (SD)

33.4 (4.4)34.9 (5.3)BMI at enrollment (kg/m2), mean (SD)

24 (75)24 (75)Female, n (%)

Race, n (%)

26 (81)26 (81)Non-Hispanic White

4 (13)1 (3)Hispanic or Latino (any race)

1 (3)3 (9)Non-Hispanic Black

1 (3)N/AaNon-Hispanic Asian

N/A2 (6)Other race or multiracial

Marital status, n (%)

22 (69)24 (75)Married or living with a partner

7 (22)8 (25)Single

3 (9)N/ADivorced or separated

Education, n (%)

N/A2 (6)At most high school

10 (31)8 (25)Trade or technical school, some college, or associate degree

4 (13)9 (28)Bachelor’s degree

7 (22)4 (13)Some graduate coursework

11 (34)9 (28)Graduate degree

Employment status, n (%)b

25 (78)22 (69)Employed full time

5 (16)8 (25)Employed part time

N/A2 (6)Homemaker (not looking for a job)

4 (13)1 (3)Student

1 (3)N/ARetired

aN/A: not applicable.
bParticipants could select more than 1 employment status. In the Slip Buddy condition, 1 participant was employed part time and a student. In the calorie
tracking condition, n=1 was employed part time and a student, n=1 was employed full time and a student, and n=1 was retired and employed part time.

Retention
Retention was high in both treatment conditions, with 97%
(31/32) of Slip Buddy participants and 94% (30/32) of calorie
tracking participants providing follow-up data (P>.99, Fisher
exact test).

App Use
Nearly all participants randomized to the Slip Buddy condition
(31/32, 97%) and the calorie tracking condition (31/32, 97%)
used their assigned app at least once during the 12-week
intervention. Participants in the Slip Buddy condition used their
assigned app on a mean of 44.0 (SD 25.8) days. Participants in
the calorie tracking condition used their app on a mean of 46.3
days (SD 24.0), which represented use on an average of 53.8%
(SD 31.3%) of possible days for participants in the Slip Buddy
condition and 57.5% (SD 28.4%) of possible days for

participants in the calorie tracking condition (t62=0.495; P=.44).
In terms of sustained use of their assigned app, 55% (18/31) of
Slip Buddy participants used the app at least once in week 12
of the intervention compared with only 35% (11/31) of calorie

tracking participants (X2
1=2.4; P=.13). The proportion of

participants using their assigned app each week of the 12-week
intervention period is shown in Multimedia Appendix 1.

App use by Slip Buddy participants was nearly identical in a
sensitivity analysis assessing app use by self-report data when
available, and when self-report data were not available, backend
data were used. Overall, 97% (30/31) of participants used the
app at least once during the 12-week intervention. They used
the app on an average of 43.8 (SD 25.7) days, representing
53.4% (SE 31.2%) of possible days; 55% (17/31) of the
participants used the app at least once in week 12 of the
intervention.
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Slips Reported
One participant did not use the Slip Buddy app, and 1 participant
responded to the notification but did not record any slips. The
remaining participants reported a total of 538 slips during the
12-week intervention period. Participants who reported slips
(n=30) reported a median of 15 slips (IQR 8-23; range 2-66;
mean 17.9, SD 14.4). Most of slips happened at home (297/538,
55.2%), followed by work (113/538, 21.0%) and restaurant/bar
(86/538, 16.0%; Table 2). The nature of the eating episode most
likely to be reported as a slip was a snack (220/538, 40.9%),

followed by dinner (102/538, 19.0%), dessert (77/538, 14.3%),
and lunch (60/538, 11.2%; Table 2). Activities engaged in when
the slip occurred were split over work or studying (153/538,
28.4%), socializing (130/538, 24.2%), screen time (123/538,
22.9%), and domestic activities (112/538, 20.8%), and a small
percentage of slips occurred while commuting (20/538, 3.7%;
Table 2). The median stress rating during slips was 4 (IQR 2-5).
The median hunger/fullness rating during slips was 4 (IQR 3-5).
One-fifth of the slips (106/538, 20%) occurred when both stress
and hunger were low, and another 20% (105/538) of the slips
occurred when both stress and hunger were high.

Table 2. Location, activity, eating episode, stress, and satiety associated with slips reported by participants over 12 weeks (N=538 slips).

Value, n (%)Slip characteristics

Location

297 (55.2)Home

113 (21)Work

86 (16.0)Restaurant or bar

22 (4.1)Another person’s house

10 (1.9)The car

8 (1.5)An event

2 (0.4)The gym

Activity

153 (28.4)Work or studying

130 (24.2)Socializing

123 (22.9)Screen time

112 (20.8)Domestic activities

20 (3.7)Commuting

Eating episode

220 (40.9)Snack

102 (19.0)Dinner

77 (14.3)Dessert

60 (11.2)Lunch

40 (7.4)Breakfast

39 (7.3)Alcohol

Stress

298 (55.4)Lower range, 0-4

240 (44.6)Higher range, 5-10

Hunger to satiety

299 (55.6)Hungry range, 0-4

239 (44.4)Full range, 5-10

Usability
The mean SUS score for the Slip Buddy condition was 64.8
(SD 16.5), which is the marginally acceptable range.
Comparatively, the mean SUS score for participants in the
calorie tracking condition was 76.3 (SD 17.6), which is
considered good acceptability. Participants in the calorie
tracking condition rated the MyFitnessPal app as more usable

on average than the Slip Buddy participants rated the Slip Buddy
app (t59=2.64; P=.01). Usability issues reported during the
intervention included the Slip Buddy app crashing on some
phone models and a temporary outage, both of which were fixed
during the study.

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e24249 | p.174https://mhealth.jmir.org/2021/4/e24249
(page number not for citation purposes)

Pagoto et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Acceptability
Among participants who completed the follow-up survey, 39%
(12/31) of Slip Buddy participants agreed or strongly agreed

that tracking slips was helpful, whereas 77% (23/30) of calorie
tracking participants agreed or strongly agreed that tracking diet

and exercise was helpful (X2
1,N=61=8.9; P=.003; Table 3).

Table 3. Acceptability of assigned tracking app by treatment condition.

P valueX2 (df)Calorie tracking
(n=30), n (%)

Slip Buddy
(n=31), n (%)

Acceptability itema

.0038.9 (1)23 (77)12 (39)Tracking my slips with Slip Buddy app/tracking my diet and exercise with
MyFitnessPal was helpful for me

.350.9 (1)26 (87)24 (77)Tracking diet slips on Slip Buddy app/MyFitnessPal is easy

.370.8 (1)12 (40)9 (29)Using the Slip Buddy app/MyFitnessPal is tedious

.281.2 (1)8 (28)5 (16)Using the Slip Buddy app/MyFitnessPal is taxing

.053.8 (1)13 (43)6 (20)Using the Slip Buddy app/MyFitnessPal is time consuming

aProportion of participants responding with strongly agree or agree versus strongly disagree, disagree, or neutral.

Most of both Slip Buddy (24/31, 77%) and calorie tracking
participants (26/30, 87%) agreed or strongly agreed that using

their respective app was easy (X2
1=0.9; P=.37; Table 3).

Two-thirds of Slip Buddy participants (21/31, 68%) agreed or
strongly agreed that adding the ability to track exercise slips
would be helpful.

Burden
On a scale of 0 to 100, the median burden rating for participants
in the Slip Buddy condition was 30 (IQR 15-50), and the median
burden rating for participants in the calorie tracking condition
was 45 (IQR 10-60; Mann-Whitney U test, U=949.5000; P=.78).
The proportion of participants who agreed or strongly agreed
that using their assigned app was tedious or taxing did not differ
by treatment condition (Table 3). Finally, 20% (6/31) of Slip
Buddy participants agreed or strongly agreed that using the Slip
Buddy app was time consuming, whereas 43% (13/30) of
MyFitnessPal participants agreed or strongly agreed that using

MyFitnessPal was time consuming (X2
1=3.8; P=.05; Table 2).

Feedback From Participants in the Slip Buddy
Condition
A total of 88% (28/32) of participants in the Slip Buddy
condition attended postintervention focus groups, and they made
a total of 35 responses to the question about what they liked
most about the Slip Buddy app (IRR=94%; κ=0.89). The most
common theme of responses was the ease of use/simple concept
(23/28, 66%), followed by increasing accountability and/or
awareness of overeating and/or triggers (8/28, 23%), the
end-of-day reminder to track slips (2/28, 5%), feeling motivated
to not slip so there would be nothing to track (1/28, 3%), and
other (1/28, 3%). Participants made a total of 35 responses about
what they liked least about the Slip Buddy app (IRR=91%;
κ=0.89). Responses reflected the following themes: technical
issues (eg, app crashing and notifications not going away; 10/35,
29%), easy to forget to use or not sure how to use when no slips
(7/35, 21%), did not find relevant stress ratings (5/35, 15%),
focus on slips was too negative (4/35, 12%), was not sure what

to count as a slip (4/35, 12%), did not include diet instruction
(4/35, 12%), and slip history screen was not as informative as
it could be (1/35, 3%). For the final question regarding their
thoughts on a feature that would allow them to track when they
were tempted but did not slip, 75% (21/28) said they would be
enthusiastic about this feature. The remainder said they worried
that it would add too much burden.

Weight Change
Over 12 weeks, participants randomized to the Slip Buddy
condition had an average weight loss of −6.5 lb (SD 9.7) or
3.0% (SD 4.5%) of their baseline weight, and participants
randomized to the calorie tracking condition had a weight loss
of −7.5 lb (SD 10.7) or 3.6% (SD 4.9%) of their baseline weight
(Table 4). In terms of clinically significant weight loss, 31%
(10/32) and 34% (11/32) of participants randomized to the Slip
Buddy and calorie tracking conditions, respectively, achieved
5% or greater weight loss, and 47% (15/32) and 47% (15/32),
respectively, achieved 3% or greater weight loss (Table 4). In
a secondary analysis assuming no weight loss for the 2
participants who became pregnant and the 3 participants lost to
follow-up (ie, baseline observation carried forward approach),
weight losses were on average −6.1 (SD 9.8) lb and −2.8% (SD
4.6%) among Slip Buddy participants and on average −7.1 (SD
10.8) lb and −3.4% (SD 5.0%) among calorie tracking
participants, with 31% (10/32) and 34% (11/32) of participants,
respectively, losing 5% or more weight compared with baseline,
and 44% (14/32) and 44% (14/32), respectively, losing 3% or
more weight compared with baseline. In a secondary analysis
of the 59 participants who provided weight at follow-up and
were not pregnant (n=30 Slip Buddy and n=29 calorie tracking),
weight losses were on average −6.5 (SD 10.0) lb and −3.0%
(SD 4.7%) among Slip Buddy participants and on average −7.9
(SD 11.1) lb and −3.8% (SD 5.1%) among calorie tracking
participants, with 33% (10/30) and 38% (11/29) of participants,
respectively, achieving 5% or greater weight loss from baseline
and 47% (14/30) and 48% (14/29), respectively, achieving 3%
or greater weight loss.
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Table 4. Weight change from baseline to 12 weeks, by treatment condition.

Calorie tracking (n=32)Slip Buddy (n=32)Weight variablesa

208.5 (37.2)217.2 (39.0)Baseline weight (lb)b, mean (SD)

201.0 (36.3)210.7 (39.5)Follow-up weight (lb), mean (SD)

−7.5 (10.7)−6.5 (9.7)Absolute weight change (lb), mean (SD)

−3.6 (4.9)−3.0 (4.5)Percentage weight change, mean (SD)

11 (34)10 (31)5% or greater weight loss, n (%)

15 (47)15 (47)3% or greater weight loss, n (%)

aWe used the last available weight from the study scales for 8% (5/64) participants. In Slip Buddy condition, 3% (1/32) participant became pregnant
(used week 3 weight), and 3% (1/32) participant did not provide follow-up weight (week 6 weight). In the calorie tracking condition, 3% (1/32) participant
became pregnant (we used week 2 weight), and 6% (2/32) participants did not provide follow-up weight (we used weeks 9 and 10 weight).
b1 lb = 0.45 kg.

Participant Engagement in the Facebook Group
In the Slip Buddy condition, the median total replies per
participant was 55.00 (IQR 11.75-79.00), which was not
significantly different from the median total replies of 29.5 (IQR
17.25-60.75; U=445.5000; P=.37) in the calorie tracking
condition. In the Slip Buddy condition, participants reacted to
a median of 13.00 (IQR 3.25-47.75) posts or replies, which was
not significantly different from the median reactions of 13.00
(IQR 4.00-18.75; U=462.500; P=.51) in the calorie tracking
condition. Few participants posted original posts (31% (10/32)
in Slip Buddy and 34% (11/32) in calorie tracking); the median
number of original posts participants made was 0 (IQR 0-1) in
both conditions (U=508.000; P=.95). Finally, the Slip Buddy
condition participants had a median total poll votes of 12.00
(IQR 6.25-16.00) compared with 8 (IQR 6.25-13.75) in the
calorie tracking condition, a difference that was not statistically
significant (U=440.500; P=.33).

In terms of weekly weigh-in participation, on average, 58.07%
(SD 14.32; range 34%-81%) of Slip Buddy participants and
51.30% (SD 18.48; range 25%-88%) of calorie tracking
participants replied to weigh-in posts each week (t1,22=1.003;
P=.33). Week 1 had the highest participation in both groups
(26/32, 81% and 28/32, 88% in Slip Buddy and calorie tracking,
respectively), and participation declined over time to 63%
(20/32) and 56% (18/32), respectively, by week 6 and to 34%
(11/32) and 25% (8/32), respectively, by week 12.

Discussion

Principal Findings
Findings revealed that although participants in both treatment
conditions used their assigned apps on a similar percentage of
intervention days (ie, 54% of days for participants in the Slip
Buddy condition and 58% of days for participants in the calorie
tracking condition), 55% (17/31) of Slip Buddy participants
used the app at week 12 of the intervention compared with only
35% (11/31) of calorie tracking participants. However, this
difference was not statistically significant. Less than one-third
of Slip Buddy participants agreed that using the Slip Buddy app
was tedious (9/31, 29%), taxing (5/31, 16%), or time consuming
(6/31, 20%); 77% (24/31) agreed that tracking slips was easy;

but only 39% (12/31) agreed that tracking their slips with the
app was helpful, which was significantly lower than that in the
calorie tracking app condition. Slip Buddy also received lower
usability ratings than the commercial calorie tracking app,
perhaps not surprisingly, as commercial apps are years ahead
of Slip Buddy in user experience optimization. Slip Buddy
participants reported barriers such as technical difficulties,
forgetting to use the app if they had not slipped in a while, and
finding the exclusive focus on slips to be too negative. Slip data
revealed that most of the slips reported happened at home,
followed by work, and that snacks and dinner time were the
eating episodes at which slips were most likely to occur.
Activities that co-occurred with slips were distributed fairly
evenly across work, socializing, screen time, and domestic tasks.
Less than half of the slips occurred under conditions of moderate
to high stress and over half occurred while hungry.

The Slip Buddy app was designed to reduce dietary
self-monitoring to possibly its simplest form by only
necessitating the recording of aberrant eating episodes. Despite
its simplicity, use rates in this study appeared fairly comparable
with app use in the commercial calorie tracking app condition.
Interestingly, a randomized trial that compared a commercial
calorie tracking app (Calorie Counter by Fat Secret) with the
lower-burden Meal Logger app, which allows users to track
their diet by taking photos of what they eat [28], found that the
calorie tracking app was used on more intervention days over
6 months than the less intensive photo app (41% vs 28% of
intervention days). Research on the adoption of digital health
innovations suggests that usefulness and ease of use are 2 major
drivers of use; thus, improving the use rates of Slip Buddy may
involve enhancing these factors [29]. Accordingly, we are
currently using our qualitative findings to guide updates to the
app that would improve its usefulness and ease of use. Positive
subjective social norms, meaning the belief that other people
are using and benefiting from the app, have also been found to
affect the use of digital health innovations [30]. People wanting
to lose weight are more likely to have been exposed to
commercial calorie tracking apps as these apps have been on
the market for years and have millions of users, which has not
only created social norms around these apps but has also allowed
much more time for the user experience to be optimized. Given
the long-term dominance of calorie tracking apps in the
commercial weight loss space, these apps may also shape user
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expectations about what a weight loss app should be, and this
could influence how they feel about apps that do not include
the features they have come to expect. Indeed, some participants
commented in the Facebook group that they would love to have
the ability to track both slips and calories, whereas others were
glad not to be tracking calories. At follow-up, we asked Slip
Buddy participants if they had used a calorie tracking app in
the past, and 68% (21/31) of participants said they had.
Ultimately, people seem to want choices and flexibility in their
options. Given that fatigue can set in with any long-term
self-monitoring strategy, the ability to change self-monitoring
strategies over time might be optimal.

Our focus group data revealed that the infrequency in which
the Slip Buddy app needed to be used (ie, only when a slip
occurs) may have led some people to forget to use it. Slip Buddy
participants, on average, only recorded an average of 1 to 2
lapses per week, which is far less than daily and possibly
insufficient to capture enough calories to lose weight even if
all slips were successfully eliminated; however, without calorie
data, this is unknown. Studies using ecological momentary
assessment to have people track dietary lapses have reported
means ranging from 2.7 to 11.8 lapses per week [31]. A recent
trial that combined a web-based weight loss program with lapse
tracking reported on average 29.7 lapses per participant over
10 weeks for a rate of 2.9 lapses per week over 10 weeks [15].
In that trial, participants were following the WW plan, and
lapses were defined as any eating that went over the individual’s
point target for a meal or snack. Having slips tied to calorie
and/or point goals may give users more guidance on how to
identify lapses. Our goal was to help people identify lapses in
the absence of traditional forms of dietary tracking, so they may
need more specific guidance on how to identify lapses. Focus
groups revealed that a few participants were not sure what to
count as a lapse, which may suggest that our definition of a slip
was too narrow or too narrowly interpreted to capture enough
eating episodes that could be considered dietary lapses.
Alternatively, participants might not count slips that they felt
were somehow justified, such as overeating at dinner on a day
when a meal was skipped or having an extra slice of cake on
one’s birthday. Research is needed to determine users’ lapse
tracking accuracy by comparing lapse tracking data with 24-hour
dietary recalls. Such data would also reveal the type of eating
episodes people perceive as lapses and inform instructions they
are given for how to track dietary lapses. With a rate of only 1
to 2 lapses recorded each week, instructions for lapse recording
could be modified to help people capture more of their eating
episodes that could be made healthier, not only to facilitate more
consistent use but also to increase weight loss. The terms slip
and lapse may be too limiting. Instead, users could be guided
to track any eating episode they think has room for improvement
or be given a minimum limit of eating episodes to record and
work on each week, regardless of whether they consider those
episodes to be slips or not. Another possible explanation for
our finding of fewer lapses recorded relative to Forman et al
[15] is that in their study, participants received 6 notifications
per day to remind them to enter data relating to lapse triggers.
Additional reminders to track lapses may increase users’
awareness of their dietary lapses.

Most participants wanted the Slip Buddy app to include the
ability to track instances when they resisted temptations to give
them an opportunity to see improvement in their ability to deal
with contextual factors that cue slips. Including temptation
tracking might allow users to develop a more regular habit of
monitoring their eating habits and the circumstances in which
they make healthy and unhealthy choices. In another study,
participants in a behavioral weight loss program were asked to
record their temptations and lapses in a paper diary in the final
week of the program. They found that temptations were more
likely than lapses to be followed by coping behaviors, suggesting
the value of having people record both [12]. By starting with a
very simple app and using a user-centered approach, we can
now add new features suggested by participants only to the
point at which those features continue to add value without
undue burden. Most participants were also in favor of adding
a feature that would allow them to track when they had exercise
slips (ie, skipped a planned workout). Our next iteration will
allow users to track these things. As a minority of our
participants felt that additional features could undermine the
app's simplicity, a user-centered process that is mindful of
individual differences in perceived user burden will be important
when adding new features to this and any app.

Despite the vast literature on emotional eating [32], only 44.6%
(240/538) of slips occurred under conditions of moderate to
high stress, and 14% (4/28) of participants in the focus groups
said they did not find the stress ratings relevant to them because
they do not feel they are a stress eater. Stress is one of many
circumstances that can cue nonhomeostatic eating, and in this
sample, it did not appear to drive most of the slips. Interestingly,
19.5% (105/538) of slips recorded were under conditions of
both low stress and low hunger. The OnTrack app study included
a wider range of triggers for users to record, including tiredness,
temptations, missed meals/snacks, socializing, television,
negative interpersonal interaction, cognitive load, food cues,
alcohol consumption, unhealthy food availability, and planning
food intake in their slate of possible triggers [15]. To satisfy
individual differences and minimize user burden, apps could
allow users to customize the cues they want to track by giving
them choices from a wide range of options, including both
emotional and physical states (eg, boredom and pain). An
alternative explanation for a few slips recorded under conditions
of high stress could be that stress may cause people to forget
about a diet lapse or to be less aware of a diet lapse. Further
research should explore how people decide an eating episode
is a lapse and whether that changes under different emotional
or physiological circumstances. For example, a person who eats
a large amount in response to being extremely hungry may not
perceive this eating as a lapse because they were very hungry
and felt eating that volume of food was necessary under the
circumstances. Some studies have users record their emotional
and physical states throughout the day, which allows for even
higher precision insights into the relationships between these
states and dietary lapses [15,33].

This pilot feasibility trial was not powered to detect group
differences in weight loss, the primary outcome planned for the
larger fully powered randomized trial. Statistical comparisons
of clinical outcomes in pilot feasibility trials are also
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inappropriate because of the inflated risk of type 1 and type 2
errors [25]. However, weight losses can be considered in the
context of other trials of technology-based weight loss
interventions. Participants randomized to the Slip Buddy
condition lost an average of 6.5 lb in 12 weeks with a retention
rate of 97%, which is comparable with the Meal Logger trial
discussed above, where participants receiving the photo app
lost 4.8 lb at 6 weeks and 5.5 lb at 6 months with a 96%
retention rate [28]. In a pilot trial of a podcast and social
media-delivered intervention, participants lost 6.4 lb in 12 weeks
with a retention rate of 85% [34]. In our pilot trial, 31% (10/32)
and 34% (11/32) of participants in the Slip Buddy and calorie
tracking conditions, respectively, lost clinically significant
weight (≥5%). This is comparable with findings from a
randomized trial (NCT01479062) of a completely automated
weight loss intervention based on the DPP in which 35% of
participants lost clinically significant weight at 6 months [35],
although our trial was only 12 weeks long compared with 6
months in that study. The mean percentage of weight loss in
the Slip Buddy condition (ie, 3%) also fell into the range
observed in the OnTrack study (ie, 2.91%-4.65% depending on
the version of WW used in combination with OnTrack), which
had participants track WW points, dietary lapses, and 16 lapse
triggers 6 times a day [15]. Our findings suggest that some
people in the Slip Buddy condition successfully lost clinically
significant weight, although they were tracking slips and not
total calories. Dietary mobile apps are not likely a
one-size-fits-all. Further research should explore individual
differences that predict who will be successful using different
approaches to dietary self-monitoring.

This study had several limitations. First, the sample size was
not large enough to compare the 2 conditions for weight loss.
However, the purpose of this work was to evaluate the feasibility
and acceptability of the Slip Buddy app using a user-informed
process to guide improvements to the technology before
conducting a fully powered randomized trial. We chose a
12-week intervention length to allow us to gain user insights
after a prolonged period of use, but this study does not provide
information on tracking habits over more extended periods,
such as whether slip tracking decreases over time as participants
learn their triggers and slip less. Another limitation is that our

ability to measure app use via backend data was hampered by
the fact that some participants did not see or receive end-of-day
notifications that, when clicked, would indicate whether no slip
entries meant a slip-free day or nonuse. For this reason, we had
to rely on self-report use data that are prone to biases because
of forgetting or social desirability. This can be ameliorated in
the next version, and the addition of temptation and exercise
slip tracking will give the user more to do each day with the
app, even in the absence of slips. Another limitation is that the
Slip Buddy app was not operating for 2 days, which could have
affected use in subsequent days to the extent that participants
were frustrated by this. As it is a newly developed app, bugs
and crashes are more common than commercial apps that have
been around for many years, and this will certainly impact
usability ratings. An additional limitation is that both Slip Buddy
and MyFitnessPal allow users to track other behaviors that may
impact weight (eg, exercise, sleep, and mood), and we know
little about the use of these features and whether their use
impacted outcomes. Finally, a limitation is that the sample
overrepresented non-Hispanic White women (40/64, 63% of
our sample). In future research, recruitment will need to limit
enrollment of non-Hispanic White women, the population
segment that too often comprises most of the weight loss trial
samples [36], to no more than the proportion of the population
they represent.

Although human counseling is associated with better outcomes
in technology-delivered behavioral weight loss interventions
[37], it is also the main expense and primary barrier to
scalability; thus, digital health tools that execute behavioral
strategies are needed to reduce the time spent by human
counselors. The Slip Buddy app was designed not only to
simplify dietary self-monitoring but also to help users identify
and disrupt cue-behavior linkages, a process that is typically
facilitated via counseling. Data from this study will guide the
next iteration of the Slip Buddy app, which will balance the
need for simplicity with the need for additional
technology-delivered behavioral strategies beyond
self-monitoring and feedback. These findings can also inform
future studies on how technology can be leveraged to execute
simpler forms of dietary self-monitoring, given the high burden
associated with traditional calorie tracking apps.
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Abstract

Background: Physical activity during pregnancy is associated with several health benefits for the mother and child. However,
very few women participate in regular physical activity during pregnancy. eHealth platforms (internet and mobile apps) have
become an important information source for pregnant women. Although the use of pregnancy-related apps has significantly
increased among pregnant women, very little is known about their theoretical underpinnings, including their utilization of behavior
change techniques (BCTs). This is despite research suggesting that inclusion of BCTs in eHealth interventions are important for
promoting healthy behaviors, including physical activity.

Objective: The aim of this study was to conduct a systematic search and content analysis of app quality, features, and the
presence of BCTs in apps designed to promote physical activity among pregnant women.

Methods: A systematic search in the Australian App Store and Google Play store using search terms relating to exercise and
pregnancy was performed. App quality and features were assessed using the 19-item Mobile App Rating Scale (MARS), and a
taxonomy of BCTs was used to determine the presence of BCTs (26 items). BCTs previously demonstrating efficacy in behavior
changes during pregnancy were also identified from a literature review. Spearman correlations were used to investigate the
relationships between app quality, app features, and number of BCTs identified.

Results: Nineteen exercise apps were deemed eligible for this review and they were accessed via Google Play (n=13) or App
Store (n=6). The MARS overall quality scores indicated moderate app quality (mean 3.5 [SD 0.52]). Functionality was the highest
scoring MARS domain (mean 4.2 [SD 0.5]), followed by aesthetics (mean 3.7 [SD 0.6]) and information quality (mean 3.16 [SD
0.42]). Subjective app quality (mean 2.54 [SD 0.64]) and likelihood for behavioral impact (mean 2.5 [SD 0.6]) were the lowest
scoring MARS domains. All 19 apps were found to incorporate at least two BCTs (mean 4.74, SD 2.51; range 2-10). However,
only 11 apps included BCTs that previously demonstrated efficacy for behavior change during pregnancy, the most common
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being provide opportunities for social comparison (n=8) and prompt self-monitoring of behavior (n=7). There was a significant
positive correlation between the number of BCTs with engagement and aesthetics scores, but the number of BCTs was not
significantly correlated with functionality, information quality, total MARS quality, or subjective quality.

Conclusions: Our findings showed that apps designed to promote physical activity among pregnant women were functional
and aesthetically pleasing, with overall moderate quality. However, the incorporation of BCTs was low, with limited prevalence
of BCTs previously demonstrating efficacy in behavior change during pregnancy. Future app development should identify and
adopt factors that enhance and encourage user engagement, including the use of BCTs, especially those that have demonstrated
efficacy for promoting physical activity behavior change among pregnant women.

(JMIR Mhealth Uhealth 2021;9(4):e23649)   doi:10.2196/23649

KEYWORDS

pregnancy; exercise; physical activity; mobile health (mHealth); applications; MARS; behavior change techniques; mobile phone

Introduction

Physical activity during pregnancy is associated with a variety
of health benefits, including reduced risk of excessive gestational
weight gain, gestational diabetes, gestational hypertension,
preeclampsia, the severity of pelvic girdle pain, macrosomia,
instrumental delivery, postpartum weight retention, urinary
incontinence, and depressive disorders [1,2]. Despite the many
health benefits of physical activity during pregnancy, few
women participate in regular physical activity during pregnancy
[3]. In addition, women tend to reduce or cease their
participation in physical activity once they become pregnant
and throughout the course of their pregnancy [3,4]. This may
be as a result of various barriers, including mother-child safety
concerns, fatigue, change in body shape, and associated pain.
Further, a lack of provision of adequate information, knowledge,
social support, and self-efficacy for behavior change are other
issues that may exacerbate the decline in activity levels
throughout pregnancy [2,5].

There are many avenues for women to access information and
support related to maintaining a healthy pregnancy, including
information about physical activity behaviors. Historically,
pregnant women have accessed information from doctors,
midwives, family, and friends to guide and inform their physical
activity behaviors. However, eHealth platforms such as the
internet and mobile apps are now altering the way women access
this information [6] and they have become an important
information source for pregnant women [7,8]. In fact, a recent
Australian study among 410 pregnant women investigated the
use of pregnancy and parenting apps and found that almost
three-quarters of the studied women used at least one of these
types of pregnancy apps [9]. In addition, more than half of the
participants reported using 2-4 apps throughout their pregnancy.
The frequency of app use was also significant, with almost a
quarter of pregnant women reporting daily use of apps [9]. While
the use of pregnancy-related apps has significantly increased
among pregnant women [8], very little is known about their
theoretical underpinnings, including their utilization of behavior
change techniques (BCTs). This is despite research suggesting
that inclusion of BCTs in eHealth interventions can play an
important role in improving, supporting, and maintaining healthy
behaviors, including physical activity [10,11].

In 2013, Currie et al [12] systematically evaluated the content
of physical activity interventions designed to reduce the decline

of physical activity in pregnant women with a specific emphasis
on BCTs [13] employed to elicit this change. Six common BCTs
shown to have some efficacy in improving physical activity
behaviors were identified: prompt intention formation, prompt
specific goal setting, prompt review of behavioral goals, prompt
self-monitoring of behavior, provide feedback on performance,
and provide opportunities for social comparison [12]. Since this
review, many behavior change interventions have used these
BCTs to promote positive physical activity behaviors among
pregnant women [14].

Previous reviews of physical activity apps for other population
groups suggest that commercial apps often lack evidence-based
BCTs that have demonstrated efficacy for encouraging physical
activity behavior change [15-17]. However, no such review of
commercial apps designed to promote physical activity among
pregnant women has been conducted. Thus, the appropriateness
of these apps to promote physical activity during pregnancy is
unknown. This review aimed to systematically evaluate the
appropriateness of the apps designed to promote physical
activity among pregnant women by using a systematic search
and content analysis. Apps available through the Australian
App Store and Google Play stores were accessed using the
MARS tool for app quality and features. A taxonomy of BCT
was also used to assess the presence of BCTs utilized within
the apps, including BCTs that have demonstrated efficacy for
promoting physical activity behavior change among pregnant
women.

Methods

Methodological Approach
The methodological approach used in this study was informed
by previous app reviews. These reviews explore app quality,
features, and BCTs among apps designed to (1) improve diet,
physical activity, and sedentary behavior in children and
adolescents [15] and (2) provide nutritional advice to pregnant
women [18].

Search Strategy
Systematic searches were conducted in the Australian App Store
and Google Play stores between October 2018 and February
2019. Apps were identified using systematic combinations of
the following search terms: pregnancy, pregnant, prenatal,
postnatal, exercises, exercise, fitness, workout, and physical
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activity. These search term combinations were entered
individually in the App Store and Google Play databases without
any specified search categories, and search results were ordered
by relevance (see Multimedia Appendix 1). As Google Play
search results were capped at 250 apps, only the title and
description of the first 250 relevant apps (in Google Play and
App Store) were screened.

Inclusion Criteria and Selection Process
Apps were considered for inclusion if the description of the app
in the stores specified pregnancy content and physical activity
or exercise. Apps were included if they (1) targeted pregnant
women, (2) had a focus on physical activity or exercise, (3)
were available in English, and (4) had a user rating of at least
4.5 (scale range 1-5) in either of the stores (as similarly done
elsewhere [17]) as a measure of app popularity. Both free and
paid apps were eligible for inclusion; however, apps requiring
external devices (eg, Kegel device, activity monitor, hardcopy
books) were excluded due to limitations regarding device access
and use. App selection and assessments were undertaken
between October 2018 and April 2019.

As per best practice for systematic reviews [19], 2 reviewers
(KLA and SC) independently reviewed the titles, images, and
descriptions of each identified app for inclusion in the review.
Disagreement was resolved by discussion and consensus with
a third reviewer (MH). Each of the eligible apps were examined
independently by 2 of the 18 reviewers (ie, the authors), who
were recognized as having expertise in behavior change or
physical activity during pregnancy. If there was any notable
disagreement in variance (eg, disagree versus agree) among the
app assessment scores, a third reviewer would also be assigned.
Each reviewer was allocated 4-6 apps to examine, determined
by device accessibility (Apple or Android). Examination of
apps included downloading, user testing, and assessing app
features and quality criteria. Each app was allocated to an expert
in behavior change and to an expert in physical activity during
pregnancy for review. Incorporation of BCTs within each app
were independently reviewed by 2 reviewers (KLA and SC).
Any disagreements/discrepancies between reviewers KLA and
SC were resolved by consultation with a third reviewer (MC).
If an app was available in both App Store and Google Play,
either version could be utilized for testing, regardless of
differences in app user ratings. To maintain a consistent cost
status and baseline assessment, if an app offered a free version
and a paid version, the free version was included. To maintain
this consistency, freemium content (ie, extra content at a cost)
was not accessed and apps requiring paid subscriptions were
excluded.

Data Extraction
Data extraction was conducted using a standard information
spreadsheet and the Mobile App Rating Scale (MARS) [20].
Similar methods have been utilized in previous app reviews
[15,21]. For all included apps, app name, developer, version,
store (App Store, Google Play), cost (free, paid), average user
rating (at least 4.5+), MARS focus points (what the app targets,
eg, increase happiness/well-being, behavior change,
entertainment, physical health), MARS theoretical
background/strategies (eg, assessment, information/education,

goal setting, advice/tips/strategies/skills training), and MARS
technical aspects (eg, allows sharing, allows password
protection, sends reminders) were extracted (see Multimedia
Appendix 2 and Multimedia Appendix 3).

App Features and Quality Assessment
App features and quality were assessed using the MARS [20],
as per prior app reviews [15,22]. The MARS consists of 19
items grouped in 4 domains: engagement (entertainment,
interest, customization, interactivity, and target group);
functionality (performance, ease of use, navigation, and gestural
design); aesthetics (layout, graphics, and visual appeal); and
information quality (accuracy of app description, goals, quality,
and quantity of information, visual information, credibility, and
evidence base). Additional MARS domains of subjective app
quality (recommendation, potential use, payment, and overall
rating) and likelihood of behavioral impact (awareness,
knowledge, attitudes, intention to change, help seeking, and
behavior change) were also included. Items were measured on
a 5-point scale (1=inadequate to 5=excellent) and a score for
each domain was computed as the mean of the items in that
domain; the overall score was computed as an average across
the domains [20]. Final scores for each app and MARS items
were calculated using the means of the reviewer scores (see
Multimedia Appendix 4).

BCT Identification
The assessment of the presence or absence of BCTs for
improving physical activity behavior was guided by the
taxonomy of BCTs developed by Abraham and Michie [13]. A
dichotomous score of 0 (absent) or 1 (present) was applied for
each of the 26 BCTs, resulting in a total score of 0-26 (see
Multimedia Appendix 5). This approach has been applied in
similar app reviews and content analyses [15,23,24].

Identification of Evidence-Based BCTs
A brief literature search was employed to understand the BCTs
that may be effective in supporting behavior change during
pregnancy. A systematic review by Currie et al [12] described
6 BCTs that hold efficacy in reducing the decline of physical
activity among pregnant women. These BCTs include prompt
intention formation, prompt specific goal setting, prompt review
of behavioral goals, prompt self-monitoring of behavior, provide
feedback on performance, and provide opportunities for social
comparison. As pregnancy-effective BCTs, these were
specifically highlighted during analysis and results.

Statistical Analyses
In addition to descriptive statistics (mean, standard deviation,
and range) calculated for each of the 6 MARS domains,
frequencies (numbers and percentages) of each of the 26 BCTs
included in the apps were calculated. Krippendorff’s alpha (Kα)
was used to evaluate interrater reliability for the app quality
assessment and the presence of BCTs within the apps [25].
Spearman correlations were used to examine the relationships
between app quality, number of technical app features, and
number of BCTs incorporated in the apps. All statistical analyses
were conducted using SPSS Statistics version 26.0 (IBM Corp)
with significance levels set at P<.05.
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Results

App Selection
A flowchart of the app selection process is presented in Figure
1. A total of 7207 apps were identified and screened in the App
Store and Google Play. Of these, 318 apps were further screened

by description and 69 apps held content considered eligible for
inclusion. The user rating criteria of 4.5+ was applied and apps
found to focus solely on postnatal physical activity/exercise
were omitted. A total of 19 apps targeting physical activity
during pregnancy were included in the content analysis and
quality assessment.

Figure 1. PRISMA flow chart of the app selection process.

App Characteristics
Of the 19 reviewed antenatal physical activity apps, 13 were
accessed via Google Play and 6 were accessed via App Store
(see Multimedia Appendix 2). Apps were free to download,
with the exception of one. The average star rating for the apps
was 4.69 (SD 0.22), with a wide range of the number of users

rating each app (mean 1875.16, SD 3549.82; range 1-13,000).
On average, the 19 apps were found to contain few
MARS-related categories: MARS focus points (mean 3.53 [SD
1.90]), MARS theoretical background/strategies (mean 3.58
[SD 1.98]), and MARS technical aspects (mean 1.74 [SD 1.73]).
Figure 2 and Multimedia Appendix 3 detail the MARS
categories for each of the 19 apps.
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Figure 2. Categories of focus points, theoretical background and strategies, and technical aspects of the Mobile App Rating Scale found in each app.

App Quality
The average MARS overall quality score was 3.5 out of 5 with
a range of 2.4-4.3, which was considered to be of moderate
quality. Functionality was the highest scoring domain (mean
4.2 [SD 0.5], followed by aesthetics (mean 3.7 [0.6]),
information quality (mean 3.16 [SD 0.42]), and engagement
(mean 3.01 [SD 0.9]). Subjective app quality (mean 2.5 [SD
0.6]) and likelihood for behavioral impact (mean 2.5 [SD 0.6])

were equally the lowest scoring MARS domains. Table 1
provides a summary of the MARS scores. A detailed summary
of the quality assessment of the included apps is presented in
Multimedia Appendix 4. Interrater reliability [25] for app quality
resulted in low reliability (mean Kα 0.3, SD 0.37). However,
there was no notable disagreement in variance (eg, disagree
versus agree) among the app assessment scores; thus, a third
reviewer was not required for any further app assessment.
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Table 1. Summary of the Mobile App Rating Scale (scale 1-5) scores across the 19 reviewed apps.a

Range of scores (min-max)Median score (IQR)Mean score (SD)Mobile App Rating Scale domain

1.7 (3.3-5)4.3 (0.75)4.22 (0.49)Functionality

2.2 (2.3-4.5)4 (0.95)3.69 (0.64)Aesthetics

1.9 (2.4-4.3)3.5 (0.7)3.52 (0.52)Overall quality

1.4 (2.6-4)3.2 (0.75)3.19 (0.42)Information quality

3.3 (1.2-4.5)3 (1.4)3.01 (0.9)Engagement

2.3 (1.5-3.8)2.5 (0.95)2.54 (0.64)Subjective quality

2.2 (1.6-3.8)2.6 (0.6)2.54 (0.62)Likelihood of behavioral impact

aScore 1=inadequate; score 5=excellent.

Presence of BCTs
The presence and types of BCTs found within the reviewed
apps are presented in Figure 3 and Multimedia Appendix 5.
Interrater reliability for evaluating the presence of BCTs in the
apps was high (Kα 0.85, percent agreement 95%). All reviewed
apps incorporated at least two BCTs. Commonly included BCTs
included provide instructions (18/19, 95%), provide information

on consequences (17/19, 89%), model or demonstrate the
behavior (10/19, 53%), and provide opportunities for social
comparison (8/19, 42%). The average number of BCTs per app
was 4.74 (SD 2.51) (range 2-10). Apps with the highest number
of BCTs included were Pregnancy Week by Week Tracker (10
BCTs), iMum-Pregnancy & Fertility (9 BCTs), and Pregnancy
Tracker & Countdown (9 BCTs).

Figure 3. Presence and types of behaviour change techniques found in the selected apps.

Presence of Evidence-Based BCTs
Currie et al [12] identified 6 common BCTs shown to have
some efficacy in reducing the decline in physical activity
behaviors among pregnant women, namely, prompt intention
formation, prompt specific goal setting, prompt review of
behavioral goals, prompt self-monitoring of behavior, provide

feedback on performance, and provide opportunities for social
comparison. Of the 19 apps reviewed in the present study, 11
apps contained at least one of these evidence-based BCTs (range
1-3) and 4 contained more than one of these evidence-based
BCTs. Table 2 details the evidence-based BCTs included in
each of the 11 apps.
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Table 2. Apps containing evidence-based techniques for behavior change during pregnancy.a

Evidence-based behavior change techniquesApp name

Provide opportunities
for social comparison
(n=8)

Provide feedback on
performance (n=0)

Prompt self-monitor-
ing of behavior
(n=7)

Prompt review of
behavioral goals
(n=1)

Prompt

specific goal
setting (n=1)

Prompt intention
formation (n=0)

✓✓✓Pregnancy+ (n=3)

✓✓✓Pregnancy Week by
Week Tracker (n=3)

✓✓Pregnancy Tracker
& Countdown (n=2)

✓✓Pregnancy Work-
outs-Baby2Body
(n=2)

✓9Months Guide
(n=1)

✓Get Parenting

Pregnancy Tips.
Moms Pregnancy
App (n=1)

✓I’m Pregnant-Preg-
nancy Tracker (n=1)

✓iMum-Pregnancy &
Fertility (n=1)

✓Kegel Exercises
(n=1)

✓Pregnancy Guide
(n=1)

✓Pregnancy Health
(n=1)

aApps not identified as containing a key behavior change technique are not noted in the table.

Relationships Between App Quality, App Features,
and BCTs
Spearman correlations between the MARS overall quality,
number of MARS focus points, number of MARS theoretical
background/strategies, number of MARS technical aspects used
in the app, MARS subjective quality, and the number of BCTs
are presented in Table 3. The number of identified BCTs was
positively associated with the MARS engagement score (ρ=0.55,
P=.01) and aesthetics score (ρ=0.46, P=.046). MARS
functionality, information quality, total MARS quality, and

subjective quality were not significantly correlated with the
number of BCTs. The number of app focus points was positively
associated with the MARS engagement score (ρ=0.58, P=.009),
aesthetics score (ρ=0.58, P=.008), total MARS quality score
(ρ=0.55, P=.02), and subjective quality score (ρ=0.46, P=.048).
The number of technical aspects within apps was positively
correlated with the MARS engagement score (ρ=0.63, P=.004)
but not with any of the other MARS scores. Further, the MARS
subjective quality scores were positively correlated with all
other quality subscores (Table 3) and the total MARS quality
score (ρ=0.90, P<.001).
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Table 3. Correlations between Mobile App Rating Scale (MARS) overall quality, number of MARS focus points, number of MARS theoretical
background/strategies, number of technical aspects, and MARS subjective quality.

MARS subjective
quality

MARS technical as-
pects

MARS theoretical
background/

strategies

MARS focus pointsBehavior change
techniques

MARS subscales

0.69b0.63b0.69b0.58b0.55aMARS engagement

0.64b–0.240.360.300.02MARS functionality

0.90b0.370.61b0.59b0.46aMARS aesthetics

0.69b0.100.370.340.32MARS information quality

0.90b0.310.67b0.55a0.45MARS overall quality

—c0.360.60b0.46a0.42MARS subjective quality

aCorrelation was significant at P<.05.
bCorrelation was significant at P<.01.
cNot applicable.

Discussion

The primary aim of this app review was to assess app quality
and features and presence of BCTs applied within commercial
apps promoting physical activity in women during pregnancy.
The secondary aim of this app review was to test the
relationships between the 6 MARS domains of app quality and
the number of MARS technical aspects, theoretical strategies,
focus points, and BCTs. In summary, our findings demonstrate
moderate MARS overall quality scores, with MARS domains
of functionality and aesthetics scoring the highest and the
domains of subjective app quality and likelihood for behavioral
impact scoring the lowest. An average of 4.74 BCTs per app
were used, with the most common BCTs being provide
information on consequences and provide instructions. Most
apps had none or one of the BCTs that demonstrated efficacy
in promoting physical activity behaviors during pregnancy, with
the most common BCTs being opportunities for social
comparison and prompt self-monitoring of behavior.

Many commercially available physical activity apps for pregnant
women were identified—with 69 relevant apps and 19 apps
remaining after apps targeting postnatal physical activity (n=9)
and apps with user ratings lower than 4.5 (n=39) were excluded.
This finding demonstrates a market for apps targeting physical
activity during pregnancy, which is not surprising, considering
the findings of Lupton and Pedersen [9] who have previously
reported that pregnant women frequently use pregnancy-related
apps. The 69 apps identified as targeting exercise in pregnancy
is comparable to the 51 apps Brown et al [18] identified as
targeting nutrition in pregnancy. Pregnancy seems to be a time
in women’s lives in which they are actively seeking and using
apps to support their behaviors, including physical activity.

The high MARS functionality scores and moderate-to-high
MARS aesthetics scores may be a consequence of developers
focusing on user experience for visually pleasing and
user-friendly apps [26]. Although such features are important
for attracting users, they do not translate to behavior change
[27,28]. There is also room for improvement in app design in
relation to the low MARS scores for quality of information and

engagement. Given that pregnant women believe the information
in apps has high credibility [9], it is important that apps ensure
that evidence-based information is provided. It is also important
that apps improve ratings of engagement, as engagement in app
content is associated with behavior change [22].

Ratings of engagement could be improved by increasing the
use of BCTs. Our study found an association between the
number of BCTs and improved MARS engagement and
aesthetics scores, which is consistent with the findings from a
review investigating apps for weight management in adults [22].
The association between the number of BCTs and the
engagement score could be due to the provision of additional
content to engage in, increased usefulness, and perceived
efficacy. It may be that BCTs are considered as enticements to
potential users, thereby increasing engagement. If this is the
case, this provides additional incentives for app developers to
include BCTs. In line with that reported by Schoeppe et al [15]
and Bardus et al [22], this study also found technical aspects of
health behavior change apps to be associated with the MARS
engagement score. Further, the number of theoretical strategies
and the number of focus points were associated with MARS
engagement, aesthetics, total quality, and subjective quality
scores. Improving the number of technical aspects, theoretical
strategies, and focus points may therefore help to further
improve engagement of apps designed to promote physical
activity among pregnant women.

An average of 4.74 BCTs were used in the reviewed apps. This
is in line with the findings from previous research that found
apps for physical activity promotion in adults to have an average
of 4.2 [16] and 5.0 BCTs [24]. The number of BCTs identified
in this review is, however, higher than those identified in a
recent review exploring the number of BCTs among apps
targeting nutrition behaviors in pregnancy [18], which reported
an average of 3 BCTs per app [18]. We know that health
behavior interventions using alternative modes of delivery (eg,
websites) have improved outcomes when more BCTs are used
[29]. Webb et al [29] suggest that this improvement may be a
result of using a combination of BCTs that together target
several stages and aspects of behavior change. However, we do
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not know the optimal number or combination of BCTs necessary
to increase physical activity.

The most common BCTs identified in this study were provide
information on consequences and provide instructions. Schoeppe
et al [15] also found that providing instructions was a commonly
used BCT in physical activity and diet apps for children and
adolescents. This finding differs from the most common BCTs
identified in apps targeting weight and physical activity in
adults, which are goal setting, self-monitoring, and performance
feedbacks [15,29]. Unfortunately, provide information on
consequences and provide instructions have not been shown to
be effective at improving physical activity behaviors in pregnant
women [12] or even in the general adult population [27].

Most apps in this review had none or 1 BCT, which previously
demonstrated efficacy in behavior change during pregnancy.
Including more of these evidence-based BCTs in the context of
pregnancy may improve the ability of the apps to support
pregnant women in increasing their physical activity [12]. The
evidence-based BCTs of intention formation, goal setting,
review of goals, and feedback on performance have been
successfully implemented within physical activity apps targeting
other population groups [15,16]. This demonstrates that it is
feasible to deliver these evidence-based BCTs through an app.
In particular, feedback on performance was identified as one of
the most commonly used BCTs in apps targeting physical
activity, diet, and sedentary behavior in children and adults [15].
Feedback on performance requires the measurement of behavior
(eg, frequency, intensity of exercise), and apps that incorporate
wearable devices (eg, Fitbit, Garmin) to measure physical
activity behavior may be more likely to provide feedback on
performance [30]. Therefore, the exclusion of apps that required
the use of a wearable device may partially explain the finding
of low use of feedback on performance in this study. The most
common technical features were sends reminders (9/19, 47%)
and allows sharing (8/19, 42%). There is evidence to suggest
that reminders improve the effectiveness of health behavior
change interventions [31]; however, other evidence suggests
that reminders can hinder habit formation, which may have an
impact on long-term behavior change [32]. The high use of
sharing is contradictory to the findings that adults find social
media features unnecessary and off-putting in health behavior
change apps [33]. The removal of sharing features may improve
engagement ratings.

The strengths of this study include the systematic search for
apps from both App Store and Google Play, the use of an
established taxonomy for identifying BCTs, the use of the

MARS instrument to assess the quality of apps, and the inclusion
of apps rated above 4.5/5. Further, app ratings were performed
by a minimum of two reviewers following best practices for
conducting systematic reviews [19]. Good interrater reliability
was found for the scoring of BCTs.

The limitations of this study include the exclusion of apps that
required use of a wearable device and low interrater reliability
for the scoring of app quality through the MARS scale. This
may be due to the subjective nature of some sections of the
scale. What one reviewer may find aesthetically pleasing,
functional, or engaging, another reviewer may not. To account
for these differences, the average of the 2 scores was used as
the final score for each domain. The temporal relevancy of the
results from this study may also be considered a limitation,
despite the search being conducted less than 12 months ago
because unlike traditional literature where the content remains
consistent and unchanged once published, apps are extremely
fluid, resulting in frequent updates and modifications to their
contents and features. Despite these limitations, this study is
the first of its kind and provides valuable real-world findings
and implications that are highly relevant to this field as well as
the greater audience. Future research should test the overall
effectiveness of commercial apps designed to promote physical
activity among pregnant women. Finally, research examining
the accuracy of app content and the expertise of developers
should also be of high priority.

In conclusion, the use of apps for physical activity advice and
support in pregnancy is rising. Therefore, an understanding of
their quality and inclusion of effective BCTs is required. This
is the first study to investigate the quality of popular
commercially available apps for promoting physical activity in
women during pregnancy. The findings of moderate app quality,
with the highest ratings for functionality and aesthetics, indicate
that the apps are user-friendly. However, the low use of
evidence-based BCTs for changing physical activity behavior
in women during pregnancy indicates that the popular
commercial apps currently available may not be effective at
promoting physical activity behavior in the pregnant population.
More effort needs to be placed on incorporating components
most likely to influence behavior change, which is ultimately
what they are developed for, while maintaining good
functionality. Developers should continue to provide
self-monitoring and social comparison and ensure that these
components are engaging and effective. In addition, intention
formation, goal setting, review of goals, and feedback on
performance should be incorporated in new apps and new
versions of existing apps.
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Abstract

Background: Alcohol misuse is common among Operation Enduring Freedom and Operation Iraqi Freedom veterans, yet
barriers limit treatment participation. Mobile apps hold promise as means to deliver alcohol interventions to veterans who prefer
to remain anonymous, have little time for conventional treatments, or live too far away to attend treatment in person.

Objective: This pilot study evaluated the usability and acceptability of Step Away, a mobile app designed to reduce alcohol-related
risks, and explored pre-post changes on alcohol use, psychological distress, and quality of life.

Methods: This single-arm pilot study recruited Operation Enduring Freedom and Operation Iraqi Freedom veterans aged 18 to
55 years who exceeded National Institute on Alcohol Abuse and Alcoholism drinking guidelines and owned an iPhone. Enrolled
veterans (N=55) completed baseline and 1-, 3-, and 6-month assessments. The System Usability Scale (scaled 1-100, ≥70 indicating
acceptable usability) assessed the effectiveness, efficiency, and satisfaction dimensions of usability, while a single item (scaled
1-9) measured the attractiveness of 10 screenshots. Learnability was assessed by app use during week 1. App engagement
(proportion of participants using Step Away, episodes of use, and minutes per episode per week) over 6 months measured
acceptability. Secondary outcomes included pre-post change on heavy drinking days (men: ≥5 drinks per day; women: ≥4 drinks
per day) and Short Inventory of Problems–Revised, Kessler-10, and brief World Health Organization Quality of Life Questionnaire
scores.

Results: Among the 55 veterans enrolled in the study, the mean age was 37.4 (SD 7.6), 16% (9/55) were women, 82% (45/55)
were White, and 82% (45/55) had an alcohol use disorder. Step Away was used by 96% (53/55) of participants in week 1, 55%
(30/55) in week 4, and 36% (20/55) in week 24. Step Away use averaged 55.1 minutes (SD 57.6) in week 1 and <15 minutes per
week in weeks 2 through 24. Mean System Usability Scale scores were 69.3 (SD 19.7) and 71.9 (SD 15.8) at 1 and 3 months,
respectively. Median attractiveness scores ranged from 5 to 8, with lower ratings for text-laden screens. Heavy drinking days
decreased from 29.4% (95% CI 23.4%-35.4%) at baseline to 16.2% (95% CI 9.9%-22.4%) at 6 months (P<.001). Likewise, over
6 months, Short Inventory of Problems–Revised scores decreased from 6.3 (95% CI 5.1-7.5) to 3.6 (95% CI 2.4-4.9) (P<.001)
and Kessler-10 scores decreased from 18.8 (95% CI 17.4-20.1) to 17.3 (95% CI 15.8-18.7) (P=.046). Changes were not detected
on quality of life scores.
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Conclusions: Operation Enduring Freedom and Operation Iraqi Freedom veterans found the usability of Step Away to be
acceptable and engaged in the app over the 6-month study. Reductions were seen in heavy drinking days, alcohol-related problems,
and Kessler-10 scores. A larger randomized trial is warranted to confirm our findings.

(JMIR Mhealth Uhealth 2021;9(4):e25927)   doi:10.2196/25927

KEYWORDS

mobile apps; alcohol misuse; smartphone; veterans; access

Introduction

Alcohol misuse, which is associated with a number of adverse
social, economic, and health-related consequences [1,2], is one
of the most common conditions among Operation Enduring
Freedom (OEF) and Operation Iraqi Freedom (OIF) service
members and veterans, with estimates ranging from 22% to
40% [3-5]. Previous reports suggest the rate of alcohol misuse
among OEF and OIF veterans is 2 times the rate observed for
similarly aged veterans who did not serve in OEF and OIF and
much higher among men (22%) than women (5%) [5]. Despite
high rates of use, many OEF and OIF veterans with
alcohol-related problems do not receive alcohol-related care or
only receive care after significant delay [6-8]. The large gap
between those who need and those who receive treatment is
thought to be due in part to barriers to using available services
[9].

OEF and OIF veterans have reported several impediments to
seeking mental health care, including stigma-related barriers,
such as beliefs that they will be perceived as weak for seeking
help, and logistical barriers, such as insufficient time,
burdensome paperwork, and long distances to the nearest
treatment facility [3,10,11]. Mobile apps, delivered on
smartphones, have the potential to address the majority of these
barriers, as they can deliver alcohol interventions to those who
are interested in help but prefer to remain anonymous, have
little time for traditional therapy, or must travel too far to attend
treatment in person [12]. Unlike traditional alcohol interventions
that rely on patient-to-provider encounters, mobile apps deliver
timely interventions to individuals in their natural settings at
crucial moments when the need for intervention is high and
repeatedly over time [13]. Further, smartphone ownership in
the United States is common, particularly among persons aged
18 to 49 years [14], and there is considerable interest in tools
that allow for self-management of alcohol use [15].

While mobile apps to manage alcohol use have proliferated in
recent years, they vary greatly in quality, and many are narrow
in scope (ie, limited to tracking of alcohol consumed, estimating
blood alcohol content [15]) or lack key evidence-based
intervention components associated with behavior change (ie,
normative feedback, use of social support [16]). While data on
the effect of apps, particularly those aimed at young adults, on
drinking outcomes are growing [17,18], limited information
exists on their acceptability and usability, particularly among
OEF and OIF veterans [19,20]. The importance of collecting
this type of information is highlighted by a recent qualitative
study of rural veterans [21], which found that these veterans
held more negative views of apps relative to urban veterans and
expressed that apps were hard to navigate, hard to access due

to connectivity issues, and opposed to their values (impersonal,
lacking connection to community). App acceptability and
usability are closely related to engagement, a key issue in app
development, with several studies finding that app participation
drops off steeply after 1 week, with only the most at-risk and
motivated individuals remaining engaged (eg, Drinkaware [22]).
The relationship between app engagement and drinking
outcomes is not well established. A small study of an app
(InDEx) developed for British ex-service members showed
promise in engaging participants over the 4-week study course,
with modest reductions in drinking [23]. A second study found
that age, gender, and education rather than baseline drinking
levels were associated with app (Drink Less) engagement in a
nonveteran sample; however, engagement with the app was not
associated with drinking outcomes [24].

Two of the most studied and comprehensive smartphone-based
interventions are the Location-Based Monitoring and
Intervention System for Alcohol Use Disorders (LBMI-A) and
the Addiction Comprehensive Health Enhancement Support
System (A-CHESS). Designed to provide stand-alone treatment,
LBMI-A has been evaluated among a small community sample
who met Diagnostic and Statistical Manual of Mental Disorders,
Fifth Revision (DSM-5) criteria for an alcohol use disorder
(AUD). Results suggest a significant reduction in the percentage
of heavy drinking days (HDD) from 56% at baseline to 25% at
6 weeks [25,26]. A substantial barrier to engagement with
LBMI-A was the reported difficulty in simultaneously using a
personal and LBMI-A–enabled phone in the pilot study (prior
to mobile apps’ emergence). In contrast to LBMI-A, A-CHESS
was designed to prevent relapse to heavy drinking among
patients who completed residential treatment for an AUD [27].
A-CHESS patient-generated data are accessed by treatment
providers to monitor patent progress; as such, it is not
anonymous or independent of traditional treatment.

Step Away, the next iteration of LBMI-A, is an iOS-based
mobile app designed to help people self-manage drinking and
alcohol-related problems and thus is an alternative for those
who do not want or have access to traditional treatment [12].
A recent systematic review of eHealth interventions for alcohol
identified several recommendations [20], such as addressing
the spectrum of alcohol use (at-risk drinking to AUD), including
cognitive behavioral coping strategies and access to timely
interventions for skill development and navigation of high-risk
situations, and using mobile technologies such as push
notifications to promote engagement. Step Away complies with
many of these recommendations by addressing a range of
severity of alcohol-related problems; providing education,
advice, and goal setting related to alcohol use; soliciting
participant data on drinking, craving, and mood through push
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notifications; and compiling these data in regular feedback
reports.

This mixed methods pilot study was designed to evaluate the
usability and acceptability of Step Away among OEF and OIF
veterans with alcohol misuse who are not involved in traditional
alcohol treatment. The primary aim of this project was to assess
the usability of Step Away among OEF and OIF veterans.
According to the International Organization for Standardization
Guidance on Usability [28], key dimensions of usability are
efficiency, effectiveness, and satisfaction. Further, a recent
review of mobile health (mHealth) apps [29] recommends the
assessment of attractiveness and learnability, important usability
dimensions that are infrequently evaluated in the literature. A
second aim was to assess the acceptability of the app, which
was measured by engagement. Exploratory aims were to
evaluate change in alcohol use, psychological distress, and
health-related quality of life outcomes associated with the use
of Step Away over the 6-month study course and to examine
associations between app engagement, baseline characteristics,
and drinking outcomes.

Methods

This single-arm prospective cohort study involving a national
sample of OEF and OIF veterans (n=55) occurred between
September 2017 and December 2018. The study was approved
by the Veteran Affairs (VA) Puget Sound Institutional Review
Board.

Study Participants
OEF and OIF veterans were eligible to participate if they (1)
were aged 18 to 55 years, (2) screened positive for alcohol
misuse (≥5 standard drinks on any day or ≥15 standard drinks
per week for men and ≥4 standard drinks on any day or ≥8
standard drinks per week for women) in the prior 4 weeks, and
(3) owned an iPhone. Exclusion criteria included (1)
participation in substance use treatment, including Alcoholics
Anonymous, in the past 30 days; (2) pregnancy; and (3)
satisfaction of DSM-5 criteria for a drug use disorder (nicotine
use disorders and drug disorders in remission allowed) or
psychotic disorder.

Procedures
The planned strategy of recruiting participants using social
media advertisements proved unsuccessful, with advertisements
yielding no contacts from interested participants after 3 months.
Subsequently, investigators used the VA Corporate Data
Warehouse, a data repository of patient-level data from the VA
electronic medical record, to identify OEF and OIF veterans
with Alcohol Use Disorders Identification Test–Consumption
[30] scores of 5 or greater (indicating alcohol misuse) who used
VA care in the past 6 months (n=13,266) for recruitment by
letters and follow-up contacts. Potentially eligible veterans were
randomly selected and, in blocks of 100, mailed recruitment
letters introducing the study as an evaluation of an app designed
to improve the health of individuals who drink alcohol. A total
of 10% of letters were sent to women to ensure adequate
sampling. Research staff then attempted to contact veterans
weekly for up to 3 weeks via telephone and conducted brief

telephone screens to assess eligibility with those who were
reached and interested in participation. Eligible and interested
veterans were mailed a consent form and completed informed
consent procedures by telephone. Following consent, veterans
completed a baseline research assessment and then received
instructions on how to download Step Away to their smartphone.
Follow-up assessments occurred at 1, 3, and 6 months. A subset
of veterans completed qualitative interviews during the initial
3 months (data to be reported separately). All assessments were
completed by telephone, with secure messaging (SMS) used to
schedule and remind participants about appointments.
Participants were compensated US $40 for completing baseline
and 3- and 6-month follow-up assessments and US $5 for
completing a usability questionnaire at the 1- and 3-month
follow-up.

Intervention: Step Away Mobile App Content and
Features
A version of the Step Away app similar to the one used by this
study has been described in detail elsewhere [31]. Briefly, Step
Away is a comprehensive intervention for alcohol misuse based
on the evidence-based principles of motivational enhancement
therapy (MET) [32], relapse prevention [33], and community
reinforcement [34,35]. Consistent with a harm reduction
approach that supports motivation to change in a nonjudgmental,
facilitative manner, Step Away supports both reductions in and
abstinence from drinking. Step Away incorporates relapse
prevention strategies to identify and cope with situations that
increase the risk of relapsing or drinking inconsistently with
goals as well as community reinforcement strategies that
encourage involvement of supportive others in setting drinking
goals and participating in nondrinking activities.

In total, Step Away consists of 10 modules: drinking profile,
goal setting, rewards, cravings, strategies, supportive others,
reminders, high-risk times, moods, and new activities. Taken
together, these modules encompass assessment, normative
feedback, goal setting, behavioral strategies tailored to the goals
of moderation or abstinence, involvement of supportive others,
and replacement activities. Users can personalize the app
through the use of reminders about reasons for changes,
high-risk times, and scheduled activities. It is anticipated that
app users will spend more time in the app during the initial
session to review content and set up goals and personal
preferences.

Using push notifications, Step Away prompts users daily to
complete a brief self-monitoring questionnaire on current mood,
drinking behaviors, and alcohol cravings and triggers for alcohol
use during the prior 24 hours. Step Away provides weekly
feedback, highlighting progress toward goals, ongoing cravings
and triggers, and moods experienced throughout the prior week.
Feedback includes strategies for managing common alcohol
cravings and triggers and a feature for users to enter future
high-risk events that might negatively influence drinking goals.
Step Away provides real-time intervention options, including
strategies for managing cravings or negative emotions, requests
for help (eg, to manage anxiety or alcohol cravings), and
working through a problem via a problem-solving algorithm
[36]. Veterans are provided with an option to contact the
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Veterans Crisis Line if in crisis and VA or non-VA addiction
programs if more traditional treatment services are desired.

Measures and Outcomes
Study data included both patient self-report and data generated
automatically through the use of Step Away. Assessments are
detailed below. Step Away use data were automatically
generated and stored on secure Step Away servers. Data
included date and time of session start and end, specific screen
views, time spent per screen view, use of Step Away features,
and completion of daily brief assessments.

Eligibility and Patient Characteristics
The brief telephone screen assessed age, iPhone ownership,
OEF or OIF service, pregnancy, current participation in VA or
non-VA addiction treatment, recent alcohol and drug use, and
potential psychotic symptoms. Positive screens for drug use or
psychotic symptoms were followed up with the appropriate
modules of the Mini International Neuropsychiatric Interview
(MINI) modified for the DSM-5 [37]. At baseline, demographics
and the MINI depressive, bipolar, anxiety, alcohol use, and
posttraumatic stress disorders modules were completed.

Primary Outcomes
The main study outcome was app usability, comprised of
effectiveness, efficiency, satisfaction, learnability, and
attractiveness. Effectiveness measures the ability of users to
perform a given task, efficiency describes the resources (eg,
time) expended to perform the task after it has been learned,
and satisfaction represents users’ assessments of how well the
device met their needs. These 3 dimensions of usability were
assessed at the 1- and 3-month follow-up using the System
Usability Scale (SUS; scaled 1 to 100), a 10-item, well-validated
questionnaire [38] with scores of ≥70 considered acceptable
[39]. Learnability represents users’ abilities to accomplish a
task on their first attempt, which is an important determinant
of engagement. The learnability of Step Away was measured
by the total time spent in the app on the first episode of use and
the first week of use. Further, an analysis of the SUS validated
a 2-factor structure capturing learnability and usability [40].
Similar to the full SUS, both components are scaled from 0 to
100. Additionally, the attractiveness of Step Away was assessed
at 1 month using a validated 9-point Likert scale item (scaled
1=low to 9=high) designed to assess the visual appeal of web
pages [41]. Median scores on the 1-item questionnaire measured
attractiveness of 10 distinct Step Away screenshots.

Acceptability was measured through app engagement [42] and
included the following measures derived from Step Away use
data: proportion of participants who used Step Away, number
of episodes of use, and episode length (time between opening
and closing of app) overall and by week during the 6 months
after baseline assessment. We also calculated the number of
times each module was viewed and the number of times daily
questionnaires were completed by each participant. Means
(standard deviations) and medians (interquartile ranges) were
used to calculate these measures.

Secondary Outcomes
Secondary outcomes included change in alcohol use,
psychological distress, and health-related quality of life from
baseline to month 6. Assessments collected at baseline and 3-
and 6-month follow-up included (1) the Timeline Followback
(TLFB) [43] to assess alcohol use in the prior 30 days and
number of standard drinks (14 grams of alcohol) per day; (2)
the Short Inventory of Problems–Revised (SIP-R) [44] to assess
drinking-related consequences; (3) the Kessler-10, a reliable
and valid 10-item psychological distress measure (with scores
ranging from 10 to 50), to asses distress over the prior month
[45,46]; and (4) the abbreviated World Health Organization
Quality of Life (WHOQOL-BREF), a 26-item measure derived
from the WHOQOL-100 quality of life measure, to assess 4
domains related to quality of life, that is, physical health,
psychological health, social relationships, and environment [47].

Alcohol use outcomes were defined as changes in the percentage
of HDD (≥5 drinks per day for men; ≥4 drinks per day for
women) in the prior 30 days and the proportion of patients
drinking below the recommended limits, defined as <15 drinks
per week and <5 drinks per day for men and <8 drinks per week
and <4 drinks per day for women, as determined by TLFB data.
Change in heavy drinking days was selected because it is a
marker of alcohol misuse, associated with long-term health
outcomes, and frequently used as an outcome in the alcohol
treatment literature [48,49]. Alcohol consequences were
measured by change in the SIP-R total score. Changes in the
Kessler-10 total score and 4 domain scores of the
WHOQOL-BREF measured psychological distress and
health-related quality of life outcomes, respectively.

Analyses
Usability, learnability, attractiveness, and engagement outcomes
as well as participant characteristics are presented using
descriptive statistics, including means with standard deviations
and medians with interquartile ranges. Associations between
app engagement (total weeks and minutes of use) and
demographics, baseline alcohol use, drug use, and mental health
diagnoses were examined using unadjusted linear regression.
Responses at baseline and 3 and 6 months represent repeated
measures of clinical outcomes over time. Longitudinal analyses
using multilevel mixed models were used to estimate the percent
change in HDD between baseline and month 6, with a fixed
effect for time and a unique patient identifier included as a
random effect. Gender, age, and binary measures of AUD, any
drug use, and mental health disorders as per the MINI (major
depression, generalized anxiety, and posttraumatic stress
disorder) at baseline were included as covariates to determine
their associations with changes in the percentage of HDD. A
similar approach was used to estimate changes in alcohol
consequences (SIP-R), distress (Kessler-10), and quality of life
(WHOQOL-BREF) outcomes. The proportion of participants
drinking below guideline limits at follow-up was examined
using a Pearson chi-square test. Associations between change
over time in alcohol-related outcomes (HDD, SIP-R) and app
engagement were explored using multilevel mixed models that
included time, a measure of app engagement (total weeks or
minutes of use), and the interaction between time and app
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engagement, with a patient identifier included as a random
effect. All analyses were conducted with Stata MP (version 15;
StataCorp).

Results

Participants
As shown in Figure 1, over 140 days, 1000 potentially eligible
veterans were invited to participate by mail. Of this group, 621

(62.1%) veterans did not respond or were unable to be contacted
by telephone (418/1000, 41.8%) or declined to participate
(157/1000, 15.7%), and 324 (32.4%) screened ineligible (eg,
did not own an iPhone). Of the remaining 101 veterans, 55
enrolled in the study. Completion rates of follow-up assessments
were over 85% at all time points. Participants’ mean age was
37.4 (SD 7.6), 16% (9/55) were women, and 82% (45/55) were
White (Table 1). A total of 82% (45/55) of participants met
DSM-5 criteria for an alcohol use disorder and 33% (18/55)
had received treatment for a substance use disorder in the past.

Figure 1. CONSORT diagram.
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Table 1. Participant characteristics (N=55).

ValueCharacteristic

37.4 (7.6)Age, mean (SD)

9 (16.4)Female, n (%)

Race, n (%)

45 (81.8)White

4 (7.3)Black

3 (5.5)Asian or Pacific Islander

3 (5.5)American Indian

10 (18.5)Hispanica

Education (years), mean (SD)

11 (20.0)12

18 (32.7)13-15

26 (47.3)16+

Marital status, n (%)

36 (65.4)Married or living with partner

8 (14.6)Divorced or separated

11 (20.0)Never married

43 (78.2)Currently employed, n (%)

Income (US $), n (%)

2 (3.6)0 to 10,000

25 (45.5)10,000 to 50,000

21 (38.2)50,000 to 100,000

7 (12.7)>100,000

18 (32.7)Prior substance use disorder treatment, n (%)

2 (3.6)Any drug use, n (%)

Mental health conditions, n (%)

4 (7.3)Current major depressive disorder

3 (5.5)Generalized anxiety disorder

5 (9.1)Posttraumatic stress disorder

45 (81.8)Alcohol use disorder

aN=54.

Usability of Step Away
Participants’ mean SUS scores, which assess effectiveness,
efficiency, and satisfaction, were 69.3 (SD 19.7) and 71.9 (SD
15.8) at the 1- and 3-month follow-up, respectively, with 62%
(31/50) and 77% (36/47) of participants scoring ≥70 points at
the 2 time points. Learnability was assessed by time taken to
complete modules the first time. Participants spent an average
19.2 (SD 25.1) minutes in Step Away for the first episode of
use compared to an average of 11.9 (SD 10.6) minutes per
episode during all of week 1 and less than a minute per episode
at week 24. Mean scores on the learnability component of the
SUS were 80.0 (SD 22.9) at 1 month and 79.0 (SD 17.3) at 3
months. Of the 10 screenshots that participants evaluated,

attractiveness scores ranged from a median of 5 to 8 (out of 9),
with lower ratings given to text-laden screens.

Acceptability of Step Away
As seen in Figure 2, nearly all participants accessed Step Away
in week 1, with the percentage dropping to 62% (34/55) in week
2 and 36% (20/55) by week 24. All 55 participants accessed the
app at least once over the 6-month course of the study. A total
of 24 of the 55 (44%) participants accessed the app every week
during weeks 1 through 4, and 12 (22%) accessed the app every
week during weeks 1 through 12. Time spent in the app dropped
off considerably after week 1, with participants spending close
to 60 minutes (mean 55.1, SD 57.6) in Step Away in week 1
and less than 15 minutes in weeks 2 to 24. However, episodes
of Step Away use per week remained at 3 to 4 over the course
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of the study among participants accessing the app at least once
in the given week. The majority of app modules were accessed
by ≥60% of participants, and consumption- and tracking-focused

modules such as daily feedback were accessed most frequently
(median times accessed: 12, IQR 2-52) and by the largest
proportion of participants (>80%) (Table 2).

Figure 2. Step Away app engagement by week. App users are defined as study participants who used the app in a given week.
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Table 2. Participants’ use of Step Away by module from baseline to month 6.

Number of times accessedEver accessed, n (%)Feature and activity

Median (IQR)Mean (SD)

General overview

2 (1-3)2.3 (1.5)55 (100)Overview and setup

Drinking profile module

2 (2-4)2.9 (2.0)53 (96.4)Initial drinking profile

1 (1-2)1.6 (1.2)53 (96.4)Maximum drinks

1 (1-2)1.4 (0.7)53 (96.4)Peak BACa

1 (1-1)0.9 (0.4)49 (89.1)Dependency and SADQb

1 (1-1)0.9 (0.4)47 (85.5)Money and total cost

Goals module

2 (1-3)2.2 (2.2)43 (78.2)Goals step

1 (1-1)0.9 (0.7)42 (76.4)Goals path (abstinence and moderation)

Rewards module

1 (0-2)1.3 (1.7)41 (74.5)Rewards

Craving module

1 (0-2)1.0 (1.0)35 (63.6)Craving

Supportive others module

1 (0-2)1.4 (1.7)34 (61.8)Supportive person

Strategies module

1 (0-2)1.1 (1.3)33 (60.0)Strategies

Reminders module

1 (0-1)0.8 (0.9)33 (60.0)Reminder

Moods module

1 (0-1)1.0 (1.3)34 (61.8)Mood

1 (0-1)0.6 (0.6)33 (60.0)Depression level

1 (0-1)0.6 (0.6)33 (60.0)Stress level

High-risk times module

1 (0-1)0.9 (1.1)33 (60.0)High-risk accessed

New activities module

1 (0-2)1.0 (1.1)33 (60.0)Activities step accessed

1 (0-1)0.8 (0.8)32 (58.2)Activities entered

Ongoing assessment and feedback

12 (2-52)36.9 (51.7)45 (81.8)Daily feedback finished

3 (0-14)7.3 (9.1)35 (63.6)Weekly feedback finished

2 (0-11)5.8 (7.8)34 (61.8)Weekly feedback drink total

In-the-moment tools

2 (1-3)2.6 (2.5)46 (83.6)Get help accessed

0 (0-1)0.4 (0.8)15 (27.3)Help type selected (anxious, craving, down,
problem, other call)

aBAC: blood alcohol concentration.
bSeverity of Alcohol Dependence Questionnaire.
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Associations with app engagement, as measured by total weeks
and minutes of app use over 24 weeks, are shown in Table 3.
Total weeks of use was positively associated with female gender,
whereas total minutes of app use was positively associated with

age, years of education, and income. Associations were not
detected between engagement and baseline alcohol use severity,
drug use, or mental health comorbidity.

Table 3. Associations between participant characteristics and Step Away engagement.

Total minutes of useWeeks of useCharacteristic

P valueβ (95% CI)P valueβ (95% CI) 

.016.46 (1.44 to 11.47).250.16 (–0.12 to 0.45)Age

.3850.79 (–63.66 to 165.24).0057.58 (2.42 to 12.74)Female

.4930.54 (–56.47 to 117.55).671.00 (–3.72 to 5.73)Person of color

Education

N/ARefN/AbRefa12 years

.1256.02 (–14.31 to 126.35).133.94 (–1.23 to 9.11)13-15 years

.003109.89 (40.28 to 179.49).055.12 (–0.08 to 10.32)16+ years

.0288.20 (14.93 to 161.48).661.00 (–3.55 to 5.55)Income >$50,000 (US)

Baseline characteristics

.08–12.07 (–25.74 to 1.59).09–0.61 (–1.33 to 0.10)Count AUDc criteria

.65–0.26 (–1.41 to 0.89).76–0.01 (–0.08 to 0.06)Percent heavy drinking days

.59–3.39 (–16.08 to 9.30).41–0.35 (–1.18 to 0.48)Average drinks per day

.45–2.33 (–8.42 to 3.76).62–0.10 (–0.49 to 0.29)SIP-Rd score

.08–71.88 (–152.04 to 8.28).72–2.01 (–13.09 to 9.07)Drug use

.3657.50 (–66.80 to 181.81).99–0.04 (–6.03 to 5.94)Mental health condition

aRef: reference category.
bN/A: not applicable.
cAUD: alcohol use disorder.
dSIP-R: Short Inventory of Problems–Revised.

Alcohol Use, Psychological Distress, and
Health-Related Quality of Life
The percentage of participants drinking above recommended
limits dropped from 100% (55/55) at baseline to 88% (42/48)
at 3 months and 80% (39/49) at 6 months (P=.003). Participants’
scores over time are presented in Table 4 and visually displayed
in Figure 3. Following adjustment for covariates, decreases
were seen in participants’ percentage of HDD in the past 30
days from 29.4% at baseline to 21.8% at 3 months (β=–7.6,
95% CI –13.6 to –1.6; P=.01) and 16.2% at 6 months (β=–13.2,
95% CI –19.2 to –7.2; P<.001). Likewise, drinking

consequences as per the SIP-R decreased from 6.3 at baseline
to 4.4 at 3 months (β=–1.9, 95% CI –2.8 to –0.9; P<.001) and
3.6 at 6 months (β=–2.7, 95% CI –3.6 to –1.7; P<.001).
Psychological distress as per the Kessler-10 scores decreased
from baseline an estimated –1.9 (95% CI –3.3 to –0.4; P=.01)
points at 3 months and –1.5 (95% CI –2.9 to 0.0; P=.046) points
at 6 months. Changes were not detected in any of the
WHOQOL-BREF domain scores over the study course. No
associations were detected between changes in alcohol-related
outcomes and app engagement (total weeks and minutes of app
use over 24 weeks).
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Table 4. Estimated alcohol use, psychological distress, and health-related quality of life scores over time.a

Estimated mean (95% CI)Measure

Heavy drinking days, %

29.4 (23.4-35.4)Baseline

21.8 (15.5-28.0)Month 3

16.2 (9.9-22.4)Month 6

SIP-Rb score

6.3 (5.1-7.5)Baseline

4.4 (3.2-5.7)Month 3

3.6 (2.4-4.9)Month 6

Kessler-10

18.8 (17.4-20.1)Baseline

16.9 (15.4-18.3)Month 3

17.3 (15.8-18.7)Month 6

WHOQOL-BREFc, physical health

59.5 (57.1-61.9)Baseline

59.1 (56.5-61.6)Month 3

60.2 (57.7-62.8)Month 6

WHOQOL-BREF, mental health

67.9 (64.8-71.0)Baseline

67.5 (64.3-70.7)Month 3

68.0 (64.8-71.2)Month 6

WHOQOL-BREF, social relationships

72.6 (67.4-77.8)Baseline

75.4 (70.0-80.8)Month 3

73.7 (68.3-79.0)Month 6

WHOQOL-BREF, environment

79.9 (76.7-83.1)Baseline

78.2 (74.9-81.5)Month 3

80.1 (76.7-83.4)Month 6

aAdjusted for gender, age, and binary measures of alcohol use disorder, any drug use, and mental health disorders (major depression, generalized anxiety,
and posttraumatic stress disorder) at baseline.
bSIP-R: Short Inventory of Problems–Revised.
cWHOQOL-BREF: abbreviated World Health Organization Quality of Life.
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Figure 3. Estimated alcohol use and psychological distress scores over time, adjusted for gender, age, and binary measures of alcohol use disorder,
any drug use, and mental health disorder (major depression, generalized anxiety, and posttraumatic stress disorder). HDD: heavy drinking days; SIP-R:
Short Inventory of Problems–Revised.

Discussion

Principal Findings
The low rates of and delays in accessing treatment for
alcohol-related problems among OEF and OIF veterans can
detrimentally affect their health, long-term functioning, and
reintegration into communities. While specialty substance use
disorder care is seen as the gold standard for alcohol treatment,
mHealth apps such as Step Away have great public health reach
[15] and are a promising alternative for veterans who are unable
or reluctant to seek traditional clinic-based alcohol treatment.
This study contributes to the emerging literature on alcohol
treatment apps and to the investigations of Step Away, the next
iteration of LBMI-A, in particular. Results from this pilot study
indicated that OEF and OIF veterans were willing to engage
with Step Away; found the app acceptable with respect to
effectiveness, efficiency, and overall satisfaction; and decreased
their heavy drinking days over 6 months of study participation.

While veterans recruited for this study were selected based on
reports of drinking over recommended limits, they were not
required to have an AUD, be seeking care, or have a goal of
changing their drinking behavior. Despite these facts, over 80%
(45/55) of the sample met criteria for AUD and over one-third
had received prior substance use treatment at baseline. Given
our sample and the mixed findings from other studies of
alcohol-related apps, many showing modest reductions in use
[22,23], the decreases seen in heavy drinking days and
alcohol-related problems scores are encouraging. Future studies

with a larger sample size and a control group are needed to
validate these findings and determine their association with Step
Away.

Weekly episodes of Step Away use among those who accessed
the app at least once during a given week remained steady over
the study course, but time per episode dropped quickly after
week 1. Such findings are similar or better than those of other
studies (eg, 5% of participants using the app at week 12 [22]).
This drop-off in use is understandable; we anticipated that most
participants would complete the most time-consuming aspects
of Step Away (eg, setting up their preferences and goals and
reading through psychoeducational material) during week 1.
Sustained use consisted mainly of the daily and weekly feedback
features of Step Away, which continued to be used by
approximately one-third of participants through week 24. This
may be driven by Step Away’s use of push notifications, as
recommended in the literature [15,20,50]. While these features
are important, other components based in MET (eg, goal setting)
and community reinforcement (eg, social supports) were not as
well accessed.

This raises the question of how to deliver treatment components
that are thought to be essential to quality substance use disorder
care in the virtual environment. Some apps (eg, A-CHESS) are
designed to be adjunctive to standard in-person care, either to
be used as an additional component of care or a continuation
of care. For stand-alone treatment apps such a Step Away, the
issue of how to engage app users with evidence-based
interventions is critical. Future iterations of Step Away must
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leverage technology to deliver these interventions in a way that
is perceived as relevant and useful. Personalizing app content
(ie, tailoring) is associated with increases in user-rated quality
and popularity [15]. Apps such as InDEx [23], which is geared
specifically to a veteran population, included highly tailored
messaging and saw high rates of app engagement, with
two-thirds of participants using the app every week for 4 weeks
after enrollment compared to 43.6% (24/55) seen in this study.
More sophisticated use of tailoring that introduces new
interventions specific to the app user’s treatment course (eg,
relapse prevention) might help to keep users fully engaged in
app content and reengage those individuals whose app usage
has dropped off. Combining Step Away with provider contact,
peer support, or both, a recommended means of increasing
engagement [51], is under study by Blonigen and colleagues
[52] and will be critical to our understanding of how to best
improve engagement with alcohol treatment apps.

Similar to findings pertaining to engagement with the DrinkLess
app [24], which was tested in the general population,
engagement with Step Away as measured by weeks of use and
total minutes of use was positively associated with age, female
gender, education level, and an income above US $50,000.
Examinations of the relationship between drinking
characteristics and app engagement have yielded inconsistent
results, with some studies identifying an association between
high drinking levels and app engagement [22] and others
detecting no association [24]. Our findings of no significant
associations between baseline drinking severity and engagement
must be considered in relation to our sample. The study was
presented as an app evaluation rather than a treatment study,
and as noted above, participants were not required to have a
desire to cut back on alcohol use. It is also possible that
engagement reflected a desire to be compliant with the study
rather than treatment engagement per se. Our findings also do
not help clarify whether app engagement improves drinking
outcomes. While we did not detect an association between
engagement and outcomes, our sample size was small and likely
underpowered. Additional research, ideally with a comparison
condition and a larger sample of participants desiring to cut
back on use, is needed to determine whether Step Away is more
appealing to veterans with alcohol misuse and no AUD
compared with those with AUD and to assess the relationship
between app engagement and outcomes.

Study Limitations
While the primary aim of this study was to evaluate the usability
of Step Away, we were not able to tease out the main

components of usability—effectiveness, efficiency, and
satisfaction—because the SUS is a composite measure. In
addition, we were unable to determine with accuracy the amount
of time spent in each Step Away module for the first time. Thus,
learnability was assessed by time spent in the app on the first
episode of use and first week of use, with time spent in the app
after week 1 provided for context. The study relies on veteran
self-report for measuring alcohol use and prior receipt of
alcohol-related care without verification by laboratory testing
and treatment utilization records. Without a comparison
condition, we do not know if reductions in use were due to use
of Step Away or other factors; other studies of alcohol treatment
apps [17] have found that reductions in use are modest when
compared to controls and that differences decline over time.
Furthermore, we did not assess participants’ motivations for
using the app or whether they desired or saw a need for cutting
back on alcohol consumption. While we assessed general
distress using the Kessler-10, we did not examine symptoms
related to co-occurring mental health conditions that are
common among veterans (eg, depression, posttraumatic stress
disorder). As iPhone users tend to be less racially diverse and
report higher incomes than other smartphone users, the sample
of participants recruited for this study is not likely to have been
representative of OEF and OIF veterans with AUD. Further, as
Tofighi et al [51] point out in their recent review, access barriers
to technology (eg, smartphone ownership, connectivity) often
mirror the very barriers to treatment that apps are attempting to
overcome. Future studies must consider how best to disseminate
treatment apps to those who need them and how to overcome
technology and connectivity barriers. Our sample was small
and composed of non–treatment-seeking OEF and OIF veterans
who were aged 18 to 55 years and enrolled in VA care; our
findings may not generalize to other OEF and OIF veterans,
veterans of other service eras, or individuals in the community.

This pilot study represents one of the first studies to evaluate
the effects of an interactive mHealth app for alcohol misuse in
a community sample of veterans. Participants’ use of the app
and alcohol-related outcomes were followed for 6 months,
longer than many studies of apps addressing alcohol use.
Acceptability and usability results provided essential and timely
information to guide further refinement of Step Away (eg,
modifications of text-heavy screens) and implementation of
mHealth apps among veterans with alcohol misuse. If results
are verified in a larger controlled trial, Step Away has the
potential to improve access to alcohol-related care for a subset
of the veteran population that is known to be reluctant to seek
such care.
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Abstract

Background: eHealth interventions based on risk stratification have not been extensively applied for HIV behavioral interventions
among HIV-negative men who have sex with men (MSM).

Objective: This study aimed to evaluate the efficacy of a mobile phone intervention based on an HIV risk prediction tool in
promoting HIV testing and reducing high-risk behavior among HIV-negative MSM in China.

Methods: We performed a mobile phone–based randomized controlled clinical trial for 12 weeks. A comprehensive intervention
package deployed on Jinshuju—an online survey platform—was developed and consisted of 4 components: (1) a validated HIV
risk prediction tool that provides information on personalized risk reduction interventions; (2) a map of individualized HIV testing
facilities based on their geographic location; (3) a QR code for free resources on HIV prevention, including condoms and HIV
self-testing kits; and (4) general resources for HIV health education. MSM participants recruited from WeChat/QQ groups were
randomly assigned to the intervention or control group at a 1:1 ratio. The staff sent the QR code for the comprehensive intervention
package to MSM in the intervention group over WeChat and sent the QR code only for the resources on HIV health education
to those in the control group. At baseline and 12-week follow-up, data on HIV-related risk behavior and HIV testing behavior
were collected through the Jinshuju online survey platform.

Results: In total, 192 MSM were recruited and assigned to the intervention or control group (n=96 each). At week 12, the total
clinical trial retention rate was 87.5%. The number of male sexual partners of the MSM in the past 3 months was significantly
lower in the intervention group than in the control group (3.51, SD 4.1 vs 6.01, SD 11.4, respectively; mean difference −2.5; 95%
CI −5.12 to 0.12; P=.05); the rate of condom use with casual sexual partners was higher in the intervention group than in the
control group (87%, n=66/76 vs 70%, n=54/77 respectively; odds ratio 2.81, 95% CI 1.23-6.39; P=.01). The proportion of
individuals intending to undergo HIV testing after in the following 30 days was marginally higher in the intervention group than
in the control group (90%, n=77/86 vs 79%, n=65/82 respectively; odds ratio 2.20, 95% CI 0.90-5.35; P=.07). The incremental
cost-effectiveness ratio of eHealth intervention was US $131.60 on reducing 1 sexual partner and US $19.70 for a 1% increment
in condom usage with casual partners.
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Conclusions: A comprehensive intervention based on an HIV risk prediction tool can reduce the number of male sexual partners
among MSM and increase the rate of condom use with casual partners. Hence, this intervention is a very promising preventive
strategy for HIV among MSM, especially in areas with a prominent HIV epidemic.

Trial Registration: Chinese Clinical Trial Registry ChiCTR1800017268; http://www.chictr.org.cn/showprojen.aspx?proj=29271

(JMIR Mhealth Uhealth 2021;9(4):e19511)   doi:10.2196/19511

KEYWORDS

eHealth intervention; high-risk behavior intervention; HIV risk prediction; men who have sex with men

Introduction

Men who have sex with men (MSM) are a significant target
population for the prevention and control of HIV infections
worldwide [1]. In China, although traditional sexual behavioral
interventions, such as promoting abstinence and condom use,
have played an essential role in curbing the HIV epidemic, HIV
acquisition among MSM, especially young MSM, remains
poorly controlled [2]. In 2015, HIV prevalence among MSM
was 8%, and its incidence was 5.61 cases per 100 person-years
[3]. Young MSM aged 20-29 years may be disproportionately
affected because they accounted for 47.0% of the 120,371 HIV
cases recorded during 2006-2015 in China [4].

In recent years, internet-based dating websites or smartphone
apps have been increasingly used by MSM to seek sexual
partners [5]. In the United States, a study reported that among
195 MSM aged 19-24 years, 75% of participants reported having
sexual encounters with individuals through these apps [6].
Similarly, in China, out of 353 MSM, almost 70% reported
having sexual experiences with men they met on the internet
[7]. Furthermore, among 375 young MSM, 70% reported having
unprotected anal intercourse with partners from the
internet-based dating app Grindr and perceived a low risk of
HIV acquisition [8]. Fortunately, internet-based eHealth
interventions have emerged as prominent tools for preventing
HIV acquisition among MSM owing to their convenience and
low cost [9]. Therefore, considering the popularity of
internet-based platforms for interacting with sexual partners,
social media may be leveraged to deliver behavioral
interventions, especially among young MSM, who are not only
particularly vulnerable to an HIV infection compared to those
in other age groups [10] but also willing to receive HIV
prevention interventions via smartphone apps [11].

We previously developed and validated an HIV risk prediction
model and constructed a social media platform–based HIV risk

assessment tool [12]. Based on the HIV risk assessment tool,
we then developed a comprehensive intervention package for
MSM to estimate their probability of acquiring an HIV infection
and to provide personalized and tailored information on HIV
testing and reducing behavioral risks. This study aimed to assess
the preliminary efficacy of an eHealth intervention, based on a
previously developed and validated HIV risk prediction tool
[12], in reducing the HIV risk and promoting HIV testing among
MSM in China.

Methods

Study Population and Design
This 2-arm, parallel, randomized, double-blinded clinical trial
was conducted in accordance with the Consolidated Standard
of Reporting Trials guidelines [13] for randomized controlled
trials (Multimedia Appendix 1) and the Checklist for Reporting
Results of Internet E-Surveys [14] for online surveys
(Multimedia Appendix 2). Figure 1 shows a Consolidated
Standard of Reporting Trials flow diagram of the study design.
From October 2017 to March 2018, participants were recruited
through an advertisement on a popular WeChat/QQ group for
MSM in China with the assistance of Shenyang Sunshine
Working Group, a local MSM community-based organization
(CBO). Following the completion of a web-based screening
questionnaire, the computer algorithm immediately provided
an eligibility assessment. The inclusion criteria were as follows:
men who had anal or oral intercourse with men in the previous
year, had not been diagnosed with an HIV infection, owned an
Android or Apple smartphone and a WeChat account, were
aged ≥18 years, provided written informed consent, and were
able to comprehend written Chinese (Mandarin). The exclusion
criteria were as follows: not having a WeChat account and
having tested positive for HIV. Informed consent was received
from all MSM involved in the survey.
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Figure 1. Consolidated Standards of Reporting Trials flowchart for the recruitment of participants who are men who have sex with men in Shenyang,
China.

Randomization and Study Procedures
All eligible MSM were randomly assigned to an intervention
group and a control group on Microsoft Excel 2010 at a 1:1
ratio after obtaining informed consent. Participants and
investigators were both blinded to group allocation. At baseline
and prospective follow-up, MSM included in our study received
a push notification with a QR code for a link to the questionnaire
through the study’s WeChat account. These 28-item
questionnaires were displayed on a webpage pertaining to
high-risk sexual behavior and HIV testing in the previous 3
months and contained questions on the number of sexual
partners, condom usage, practices related to unprotected anal
intercourse, and intentions to undergo HIV testing in the
following 30 days. Before administering the questionnaire in
an open-field survey, a small-scale pilot study was conducted
to ensure the reliability and validity of the survey instrument.
Participants were required to answer all questions, and we
programmed skip patterns, which are a feature of the survey
platform, to reduce participant burden. The respondents could
review and change their answers before submission. Participants
who completed the web-based questionnaire survey received a
¥20 (approximately US $3) subsidy to thank them for their

participation. Implementation was carried out as follows. First,
after the completion of the recruitment screening questionnaire,
participants were asked to add the study’s WeChat account as
an active friend and then send screenshots of the completed
questionnaire to the study WeChat account. After the staff
assessed the integrity of the questionnaire, they transferred the
subsidy to the participants through WeChat transfer. The staff
used the WeChat nickname and WeChat ID to ensure that the
questionnaire responders and recipients are the same individuals.
Every time the participants completed the questionnaire, they
received the subsidy through the app.

Intervention
The theoretical framework for the comprehensive intervention
package used in our study is the AIDS Risk Reduction Model
established in 1990 [15]. The staff sent the link to the QR code
for the comprehensive intervention package to MSM in the
intervention group over WeChat, and a link to a QR code for a
webpage with resources on HIV/AIDS health education was
sent to MSM in the control group. The intervention package
included 4 components that were organized by the intervention
index interface deployed on the Jinshuju data management
platform, which included the following: (1) an HIV risk

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e19511 | p.212https://mhealth.jmir.org/2021/4/e19511
(page number not for citation purposes)

Yun et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


prediction tool used for personalized evaluation of the HIV risk
[12], feedback on risk behavior, and tailored suggestions for
risk reduction; (2) recommendations for HIV testing facilities
based on the user’s location, which were churned by the
questionnaire system backend after participants authorized the
app to access their geographic location data; (3) web-based
forms to receive order-free prevention resources on demand via
mail, including condoms and HIV self-testing kits; and (4) an
HIV health education website that contains information on HIV
and associated hazards, the situation of the epidemic among
MSM in China, and self-protection against HIV. All the
information related to the intervention was presented on an
external website. Detailed screenshots of the intervention
interface are presented in Multimedia Appendices 3-7. Every
4 weeks, information related to the intervention was sent again
as a reminder to participants in both groups. Throughout the
study period, MSM used WeChat as they did before the study.

To ensure the accuracy of the questionnaire survey, 3 measures
were taken to avoid duplicate recruitment of the same individual
in the study. First, participants could only complete the deployed
questionnaire survey through WeChat, and secondary sharing
of questionnaire links was prohibited. The questionnaire and
data management system we used in this study restricted access
to the specific survey pages in accordance with the IP address.
Second, although WeChat nicknames are variable and dynamic,
each WeChat account has a unique ID. On visiting the
questionnaire, the survey system asked participants to authorize
access to their personal WeChat ID information, and the unique
WeChat ID was stored together with the survey results.
Consequently, we could identify and verify the uniqueness of
individuals by their WeChat ID. We did not use cookies to
assign a unique user identifier to each client computer. Third,
in the data processing stage, we deleted duplicate records from
the same ID and records with identical responses, such as
personal information and reported high-risk behavior. The first
entry was retained for analysis.

Primary Outcomes and Related Definitions
The primary outcomes of this study were the proportion of HIV
testing, condom usage, anal intercourse in the past 3 months,
and intention to undergo HIV testing in the next 30 days. The
secondary outcome was the number of male sexual partners in
the past 3 months. These outcomes were measured with a
self-reported web-based questionnaire at 12 weeks post baseline.
We defined an interval 7 days before and after the follow-up
time point as the effective survey window for the follow-up
time point. The observation period was determined in
accordance with the survey experience of sexual behavioral
among the MSM included in our study and previous randomized
controlled trials [9]. Study subjects who failed to participate in
the follow-up questionnaire during the survey window were
considered as being lost to follow-up. The rate of being lost to
follow-up was defined as the ratio of subjects who failed to
participate in the 12-week follow-up to the total number of
MSM recruited at baseline. Adherence was assessed by the
percentage of individuals who visited the intervention index
webpage (based on their IP addresses) out of the total number
of participants in the intervention and control groups who
completed the baseline questionnaire.

Sample Size Calculation
We assumed that the intervention would be more effective than
the resources on HIV/AIDS health education provided to the
control group. According to our pilot survey, the assumption
parameters were as follows: the average number of sexual
partners in the past 3 months (primary study outcome) was 7
in the control group and 5 in the intervention group, and the SD
for sample size estimation was 5. Other specific parameters are
listed as follows: the degree of certainty (1-β) was 80%, the
significance level (Cronbach α) was .05, and 20% of subjects
were lost to follow-up. Therefore, we intended to recruit 200
subjects. The sample size was estimated using the independent
samples t test module of PASS 2008 (NCSS LLC).

Cost Measurement and Cost-Effectiveness Criteria
The cost was estimated from the social perspective, and only
the direct cost associated with the intervention was considered.
The cost, including human capital cost, CBO recruitment and
referral fees, communication fees, electricity fees, cost of
condoms and lubricants, cost of HIV self-testing strips, postage
fees, cost of the online questionnaire system, compensation for
the participants, and stationary, was estimated in accordance
with the clinical trial. The cost-effectiveness ratio (CER) and
incremental cost-effectiveness ratio (ICER) were calculated as
the economic evaluation indicators. The World Health
Organization cost-effectiveness criteria were used for economic
analysis, which state that interventions with an ICER of <0 are
effective and cost-effective, those with an ICER less than the
average per capita GDP for a particular country or region are
considered highly cost-effective, those with an ICER of <3-fold
average per capita GDP are still considered cost-effective, and
those that exceed this level are considered non–cost-effective
[16]. The average per capita GDP for China in 2017 was US
$8497, which was considered the threshold indicating the
cost-effectiveness of the intervention in this study.

Statistical Analysis
Data were collected using the Jinshuju online survey platform
(https://jinshuju.net).

Only completed eligible questionnaires were analyzed.
Participants were required to answer all questions to minimize
missing data and the need for imputation. Participants lost to
follow-up were not included in the final intervention effect
analysis. The chi-square test or Fisher exact probability test was
used to compare categorical variables, and the independent
samples t test was used to compare continuous data. All
statistical analyses were performed using SAS (version 9.4,
SAS Institute). Findings were considered significant when P<.05

Ethics Approval and Informed Consent
The Ethics Review Committee of the First Affiliated Hospital
of China Medical University (Shenyang, China) approved the
study protocol, investigation procedures, and questionnaires
(approval# 2018-175-2). Written informed consent was obtained
from all subjects before their participation in the questionnaire
survey. WeChat IDs and self-reported dates of birth were used
for individual identification to ensure that the participants’
privacy was effectively protected.
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Results

Recruitment, Screening, and Prospective Follow-up
of Subjects
Between October 2017 and March 2018, of the 587 MSM who
clicked on the recruitment advertisement, 203 completed the
final screening questionnaire, and 192 were eligible for
randomization (Figure 1). The mean age of the study subjects
included was 28.5 (SD 7.9) years in the intervention group and
26.9 (SD 8.1) years in the control group. Among them, 113
(58.9%) had a Shenyang household registration, 114 (59.4%)
had a monthly income of >¥3000 (approximately US $437), 95

(49.5%) were single; 113 (58.9%) had a high school or higher
degree, 74 (39.4%) were employed, 112 (58.3%) looked for
sexual partners on the internet or on social media, and 173
(90.1%) had their first sexual experience at an age of <30 years.
In the past 3 months, 176 (91.7%) participants exhibited
same-sex sexual behavior, 120 (62.5%) had at least 2 male
sexual partners, 103 (53.6%) had practiced unprotected anal
intercourse, 77 (40.1%) had unprotected receptive anal
intercourse, and 82 (42.7%) engaged in group sex. We observed
no significant difference in the aforementioned baseline
characteristics between the intervention group and control
groups (Table 1).
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Table 1. Baseline sociodemographic and behavioral characteristics of men who have sex with men in Shenyang, China, in the clinical trial (N=192).

P valueControl group (n=96)Intervention group (n=96)Variable

.1826.9 (8.1)28.5 (7.9)Age (years), mean (SD)

.30Local residents, n (%)

53 (55)60 (63)Yes

43 (45)36 (38)No

.14Monthly income ( ¥ ), n (%)

44 (46)34 (35)≤3000

52 (54)62 (65)>3000

.67Marital status, n (%)

46 (48)49 (51)Single

50 (52)47 (49)Married or cohabiting with a partner

.95Education level, n (%)

37 (39)40 (42)Below high school

52 (55)51 (53)High school

5 (5)5 (5)College and above

.64Occupation, n (%)

36 (39)38 (40)Worker/staff

27 (29)35 (37)Business

19 (21)15 (16)Student

10 (11)8 (8)Other

.22Age at first sexual experience (years), n (%)

89 (93)84 (88)<30

7 (7)12 (13)≥30

.42Main venue to seek sexual partners, n (%)

61 (64)51 (53)Smartphone apps/web-based dating platforms

4 (4)6 (6)Park/public bath/public toilet

1 (1)3 (3)Bar/club

30 (31)36 (38)Other

.30Displaying same-sex sexual behavior in the past 3 months, n (%)

86 (90)90 (94)Yes

10 (10)6 (6)No

.77Having ≥2 male sexual partners in the past 3 months, n (%)

59 (62)61 (64)Yes

37 (39)35 (37)No

.11Having unprotected anal intercourse in the past 3 months, n (%)

46 (48)57 (59)Yes

50 (52)39 (41)No

.66Having unprotected receptive anal intercourse in the past 3 months, n (%)

37 (39)40 (42)Yes

59 (62)56 (58)No

.70Engaging in group sex in the past 3 months, n (%)

37 (39)45 (47)Yes

59 (62)51 (53)No
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P valueControl group (n=96)Intervention group (n=96)Variable

.333.9 (4.7)3.3 (3.4)Number of male sexual partners in the past 3 months, mean (SD)

Adherence to the Intervention
In the past 3 months, the rate of page visits in the intervention
group remained stable (68%, 52%, and 65% in months 1, 2, and
3, respectively), whereas those in the control group displayed
an apparent downward trend (60%, 39%, and 18% in months
1, 2, and 3, respectively). For the 3 intervention modules in the
intervention group, the risk assessment module had the highest
page click rate.

Efficacy of the Intervention
At week 12 of prospective follow-up, 168 questionnaires were
collected (86 and 82 in the intervention and control groups,
respectively), and the clinical trial retention rates were 90%
(n=86/96) and 85% (n=82/96) for the intervention and control
groups, respectively.

We observed no significant difference in the proportion of MSM
who underwent HIV testing in the past 3 months. The proportion
of MSM who intended to undergo HIV testing in the following
30 days was slightly higher in the intervention group than in
the control group (90%, n=77/86 vs 79%, n=65/82, respectively;
odds ratio [OR] 2.20, 95% CI 0.90-5.35; P=.07). Condom usage
among casual sexual partners in the past 3 months was
significantly higher in the intervention group than in the control
group (87%, n=66/76 vs 70%, n=54/77, respectively; OR 2.81,
95% CI 1.23-6.39; P=.01). We observed no significant
difference in the proportion of participants engaging in passive
anal intercourse with or without a condom in the past 3 months
and those engaging group sex. The number of male sexual
partners in the past 3 months was significantly lower in the
intervention group than in the control group (3.51, SD 4.1 vs
6.01, SD 11.4, respectively; mean difference=−2.5, 95% CI
−5.12 to 0.12; P=.05) (Table 2).

Table 2. Effect of the eHealth intervention based on the HIV risk prediction tool for men who have sex with men on HIV-related high-risk behaviors
and intentions to undergo HIV testing (N=168).

P valueEffect size, ORa or mean

differenceb (95% CI)

Control group (n=82)Intervention group (n=86)HIV-related behavior

.551.30a (0.55 to 3.09)68 (83)75 (87)Proportion of participants having undergone HIV
testing in the past 3 months, n (%)

.072.20a (0.90 to 5.35)65 (79)77 (90)Proportion of participants who intend to undergo
HIV testing in the following 30 days, n (%)

.012.81a (1.23 to 6.39)54 (70)66 (87)Proportion of participants who used condoms in
the past 3 months with causal sexual partners, n
(%)

.090.57a (0.30 to 1.10)59 (72)52 (61)Proportion of participants who had passive anal
intercourse in the past 3 months, n (%)

.210.65a (0.34 to 1.26)29 (35)23 (27)Proportion of participants who had unprotected
passive anal intercourse in the past 3 months, n
(%)

.140.80a (0.26 to 2.50)7 (9)6 (7)Proportion of participants engaging in group sex
in the past 3 months, n (%)

.05–2.50b (–5.12 to –0.12)6.0 (11.4)3.5 (4.1)Number of male sexual partners in the past 3
months, mean (SD)

aOR: odds ratio and 95% CI values have been used to indicate the effect size.
bMean difference and 95% CI values have been used to indicate the effect size.

Cost-Effectiveness Analysis
The total cost for the intervention group was US $2577. The
CER for the reduction in male sexual partners was US $734.20,

and the ICER was US $131.60. The CER for the promotion of
condom usage with casual partners was US $29.70, and the
ICER was US $19.70. Both ICERs were lower than the
cost-effectiveness threshold for China (Table 3).
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Table 3. Cost-effectiveness analysis of an eHealth intervention based on an HIV risk prediction model for men who have sex with men in China.

Incremental cost-effec-
tiveness ratio (US $)

Cost/effect (US $)Cost (US $)EffectGroups

Reduction in the number of sexual partners

N/Aa374.022486.01Control, n

131.6734.225773.51Intervention, n

Promotion of condom usage with casual sexual partners

N/A32.1224870Control, %

19.729.7257787Intervention, %

aN/A: not applicable.

Discussion

Principal Findings
To our knowledge, this study is the first to assess the efficacy
of an eHealth intervention based on an HIV risk prediction tool
for the reduction of risk behavior and promotion of HIV testing
among MSM and is a necessary step prior to the implementation
of the predictive model in clinical practice. The number of male
sexual partners in the intervention group significantly decreased
during the study period, while the rate of insistence on condom
usage among casual male sexual partners significantly increased.
These findings indicate that eHealth interventions based on risk
prediction might promote healthy sexual behavior among MSM.

This study found that a comprehensive online intervention based
on risk assessment can significantly reduce the number of sexual
partners among MSM. Previous studies have indicated that
MSM with multiple sexual partners displayed continuous
inconsistencies in terms of knowledge and behavior [17],
probably owing to the insufficiency of conventional educational
approaches to modify high-risk behaviors. In our study, the
effectiveness of interventions in reducing the number of sexual
partners may be attributed to an enhancement in risk perception
through the personalized web-based risk evaluation component
[18]. Therefore, the large-scale promotion and application of a
personalized HIV risk prediction tool on social media platforms
may increase risk perception and would be expected to reduce
sexual network density among MSM.

Furthermore, we found that the risk prediction–based eHealth
intervention could significantly increase condom usage with
casual sexual partners among MSM. Pan et al [19] reported that
MSM who seek sexual partners through web-based or social
media platforms usually had more sexual partners, and notably
more casual sexual partners, than those seeking sexual partners
at other venues. Having unprotected intercourse with casual
partners is an independent risk factor for HIV acquisition among
MSM [19]. Thus, this intervention strategy aimed at improving
HIV risk perception among MSM, and targeted interventions
are useful for reducing the HIV risk among MSM who seek
sexual partners on web-based or social media platforms [20].
In addition, the promotion of HIV testing is vital for preventing
HIV infections, considering the low HIV testing rates in China.
However, we observed only a marginal increase in the rate of
participants intending to undergo HIV testing in the following
30 days in our study. One study performed in Peru [21] reported

that peer-mentored social media community–based interventions
may improve the HIV testing rates among MSM. Therefore,
the combination of social media community–based interventions
with our risk prediction tool may increase the levels of HIV
testing and reduce high-risk behavior in the future.

The clinical trial retention rate in our study approached 87.5%,
which was comparable to a cluster randomized controlled trial
on web-based peer education with a social media platform–based
intervention to increase the HIV testing rate among MSM in
Peru (90% retention rate at 12-week follow-up) [21]. This
finding revealed that internet-based recruitment and the
implementation of an eHealth intervention based on an HIV
risk prediction tool are feasible. The higher clinical trial
retention rates might be explained by the following reasons.
First, monetary incentives in our study could improve the
response enthusiasm to online surveys. Second, CBOs are
familiar with MSM community members, understand their
needs, and provide a trusted environment for communication
among MSM. Generally, monetary incentives and CBOs could
promote online recruitment and retention of MSM in
internet-based studies aimed at improving service efficiency
and effectiveness in preventing HIV infections [22,23].
Moreover, our results suggest that eHealth interventions based
on risk prediction may help increase condom usage and decrease
the number of male sexual partners among MSM. Compared
with traditional facility-based HIV testing, our intervention
could provide timely alerts to MSM with high-risk behaviors
to make risk-reduction decisions and to provide information
and resources on HIV prevention in a personalized manner [24].
Furthermore, the comprehensive online intervention model
based on risk assessment used in this study was associated with
a low cost. The cost-effectiveness of this intervention may be
attributed to the conductance of this study on a social media
platform, thus saving on housing costs and costs associated with
other facilities. Additionally, an eHealth intervention can be
extended to MSM who may not have time, resources, or the
motivation to seek in-person preventive services.

Limitations
This study has several limitations, which should be considered
when extrapolating the results of our study. First, information
collected from the questionnaires was self-reported, and
laboratory data on sexually transmitted diseases (eg, HIV and
syphilis) were not collected. Thus, we could not evaluate
whether the intervention strategy had an influence on HIV or
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sexually transmitted infections among MSM. Second, some
MSM may not be frequent internet users, such as those with a
low educational background and older MSM; therefore, they
may not be well-suited for eHealth interventions. Therefore,
other offline interventions should be developed as essential
alternatives to web-based interventions to be extended to these
groups. Third, the 12-week study duration may have contributed
to a recall bias and telescoping errors for data collected through
the web-based survey. Moreover, the extent to which MSM,
who are familiar with local CBOs, who agree to participate in
preventive interventions is different from MSM who are not
familiar with local CBOs, thus resulting in a potential selection
bias.

Generalizability of the Findings
This study is applicable to MSM who use mobile phones and
are willing to accept mobile phone–based interventions. The
inclusion criterion of having a WeChat account limited the
representativeness of the study population among the nationwide
MSM population in China because MSM with a low educational
background and older adult MSM may not be well-suited for
mobile phone–based interventions. Therefore, our findings may
not be generalizable to MSM not owning smartphones or to
those who are not receptive to mobile phone–based
interventions.

Implications for Practice
These findings further the current understanding of the efficacy
of comprehensive interventions based on HIV risk prediction
models—which are delivered through social media
platforms—on HIV-related behavioral changes among MSM,
and provides a new paradigm for health interventions for MSM

and more opportunities for HIV surveillance and treatment,
which have considerable implications and prospects.

Future Prospects
Although our study demonstrates the efficacy of HIV risk
prediction–based mobile phone interventions in promoting HIV
testing and reducing high-risk behavior among MSM in China,
the efficacy of this intervention in reducing the incidence of
HIV or other sexually transmitted infections remains unclear
owing to the lack of corresponding laboratory data and
biological endpoints. Thus, future studies should collect
laboratory data on HIV or other sexually transmitted infections
and assess the efficacy of the intervention on epidemics of HIV
or sexually transmitted infections among MSM. Furthermore,
data on the proportion of MSM who are sex workers or MSM
who have had female sexual partners should be collected in a
future study to further the current understanding of the
interaction of sexual networks among MSM and to verify the
reliability of the survey data. Eventually, considering the
important role of monetary incentives and CBOs in MSM
recruitment and clinical trial retention, monetary incentives and
mechanisms facilitating or supporting CBOs’ engagement in
effective and sustainable HIV/AIDS prevention programs should
be considered in future peer studies.

Conclusions
A mobile phone–based intervention based on an HIV risk
prediction tool is feasible for MSM in China; this intervention
could reduce the number of sexual partners and promote condom
usage with casual sexual partners among MSM, thus providing
a novel, convenient, and accessible intervention paradigm for
this key population.
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Abstract

Background: Drug use disorder has high potential for relapse and imposes an enormous burden on public health in China.
Since the promulgation of the Anti-drug law in 2008, community-based rehabilitation has become the primary approach to treat
drug addiction. However, multiple problems occurred in the implementation process, leading to a low detoxification rate in the
community. Mobile health (mHealth) serves as a promising tool to improve the effectiveness and efficiency of community-based
rehabilitation. Community-based addiction rehabilitation electronic system (CAREs) is an interactive system for drug users and
their assigned social workers.

Objective: The study aimed to examine the feasibility and preliminary efficacy of CAREs in community-based rehabilitation
from the perspective of drug users and social workers in Shanghai, China.

Methods: In this pilot randomized controlled trial, 40 participants were recruited from the community in Shanghai from January
to May 2019. Participants randomized to the intervention group (n=20) received CAREs + community-based rehabilitation, while
participants in the control group (n=20) received community-based rehabilitation only for 6 months. CAREs provided education,
assessment, and SOS (support) functions for drug users. The assigned social workers provided service and monitored drug use
behavior as usual except that the social workers in the intervention group could access the webpage end to obtain drug users’
information and fit their routine workflow into CAREs. The primary outcome was the feasibility of CAREs, reflected in the
overall proportion and frequency of CAREs features used in both app and webpage end. The secondary outcomes were the
effectiveness of CAREs, including the percentage of drug-positive samples, longest period of abstinence, contact times with
social workers, and the change of Addiction Severity Index (ASI) from baseline to the 6-month follow-up.

Results: The number of participants logged in to the app ranged from 7 to 20 per week, and CAREs had relatively high levels
of continued patient use. Drug users preferred assessment and education features in the app end while their social workers showed
high levels of use in urine results record and viewing assessment results on the webpage end. After the 6-month intervention,
3.3% (17/520) of samples in the intervention group and 7.5% (39/520) in the control group were drug-positive (F=4.358, P=.04).
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No significant differences were noted between the control and intervention groups in terms of longest duration of abstinence,
number of contact times and ASI composite scores.

Conclusions: The study preliminarily demonstrated that with relatively good feasibility and acceptability, CAREs may improve
the effectiveness and efficiency of the community-based rehabilitation, which provided instruction for further improvement of
the system.

Trial Registration: ClinicalTrials.gov NCT03451344; https://clinicaltrials.gov/ct2/show/NCT03451344

International Registered Report Identifier (IRRID): RR2-10.3389/fpsyt.2018.00556

(JMIR Mhealth Uhealth 2021;9(4):e21087)   doi:10.2196/21087
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mobile health; drug use; rehabilitation; community health service; China

Introduction

In China, illicit drug abuse is an increasingly serious and
complicated problem. An estimated 2.4 million people used
illicit drugs by the end of 2018, imposing a significant burden
on the addiction treatment system [1]. According to articles 33,
38, and 49 of the Anti-Drug Law, drug users are ordered to
receive treatment for addiction in three forms: medical
institution–based detoxification, community-based rehabilitation,
and isolated compulsory treatment [2], among which the
community-based rehabilitation is the primary approach for
drug rehabilitation in China [3].

Community-based rehabilitation provides counseling and
support, monitors drug use behavior to help drug users maintain
long-term abstinence and promote their social integration. As
the most economically developed city in China, Shanghai has
more than 1000 social workers who serve as not only the main
supervisor but also the helper for drug users, playing a
significant role in the implementation of community-based
rehabilitation [4]. However, due to scarcity of effective
prevention and intervention within the community, drug users
cannot mitigate risks associated with drug use, which may result
in adverse consequences: relapse, incarceration, or death [5].
This dilemma arises in part from the immature development of
community-based rehabilitation, which is reflected in inadequate
facilities and funding sources in community or nonprofessional
services and delayed feedback from social workers [6]. It is also
a challenge for both social workers and drug users to maintain
3-year drug rehabilitation according to national legislation [2].
Therefore, it is essential to develop novel interventions to
improve the effectiveness and efficiency of community-based
rehabilitation, which can provide enormous benefit to public
health.

Bringing mobile health (mHealth) into the routine treatment
regimen may make it possible by delivering evidence-based
health information, ongoing monitoring, and personalized
intervention according to collected data on patients via sensors,
apps, webpages, and location-tracking technology, which can
improve treatment adherence, patient-provider communication,
and recovery from diseases [7,8]. The past decade has seen the
emergence of mHealth for chronic disease management
including substance abuse [9], primarily in the means of short
message service (SMS, or text messaging) or phone calls [10].
Compared with traditional technologies, smartphones show

significant advantages for supporting complicated apps,
accessing measurements with built-in mobile sensors, and
allowing an omnipresent internet connection [11]. In China,
smartphones are now widely used, with around 713 million
users in 2018 [12]. Strategies for drug rehabilitation such as
information or education, social support, assessment, feedback,
monitoring, skills training, psychological intervention,
self-management, and relaxation could be realized by
smartphones app [13,14]. Although several apps for
substance-related and addictive disorders have proved to be
effective in randomized clinical trials, most of the apps are
designed for alcohol and nicotine abuse [15,16]. Meanwhile,
to the best of our knowledge, no app interventions with
integrated functions for improving drug users’antirelapse skills,
increasing working efficiency, and enhancing interaction
between social workers and drug users have been used in
community-based rehabilitation.

Due to the current context in China, our research team developed
a community-based addiction rehabilitation electronic system
(CAREs) centered on a smartphone app with the aim of
improving the professionalization and efficiency of the
community-based rehabilitation [17]. This paper reports findings
from a pilot randomized controlled trial demonstrating the
feasibility and preliminary efficacy of CAREs in
community-based rehabilitation.

Methods

Study Design
This study was a randomized controlled trial with 2 parallel
groups comparing preliminary efficacy of CAREs +
community-based rehabilitation to community-based
rehabilitation alone. The protocol was registered at
ClinicalTrials.gov [NCT03451344] and previously published
[17]. The study was approved by the Shanghai Mental Health
Center Ethics Committee (2017-33) and was in accordance with
the principles of the Declaration of Helsinki.

Participants
Participants newly designated to receive community-based
rehabilitation were enrolled (January 2019 to May 2019) from
the social worker station in Shanghai in this study. All
participants were recruited through advertisements in the Ziqiang
and Zhongzhi consortia, the 2 largest specialized social worker
consortia in Shanghai to help drug users in the community.
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Inclusion criteria were aged 20 to 50 years, met the Diagnostic
and Statistical Manual of Mental Disorders, Fifth Edition
criteria for substance use disorders (SUD), and provided
informed consent. Exclusion criteria were inability or refusal
to use smartphone app, severe cognitive impairment, or a history
of suicidality.

Procedures
After signing the written informed consent, participants were
screened for eligibility within 3 days. At this time, the
demographic characteristics, drug use information, and urine
drug screen (UDS) were collected by trained social workers.
Participants who met the inclusion criteria received a 7-day
training with their assigned social workers on how to use CAREs
to familiarize them uniformly with it. Participants were
randomly assigned to receive either CAREs + community-based
rehabilitation or community-based rehabilitation only (1:1 ratio)
for 6 months using simple randomization tables generated by
SPSS Statistics version 22 (IBM Corp).

Each participant was assessed for severity of problems
associated with drugs in 7 domains (alcohol use, drug use,
medical, employment, legal, family/social, and psychiatric
status) using the Chinese version of the Addiction Severity
Index (ASI) at baseline and after the 6-month intervention. The
Chinese version of the ASI has been proven with good reliability
and validity [18-20]. UDS was collected once a week during
the study course (26 weeks in total); samples were screened for
heroin, amphetamine-type stimulants, marijuana, cocaine, and
ketamine.

Social workers conducted assessments and weekly UDS in the
social worker station of each subdistrict. The people who
provided the CAREs intervention were different from those
who performed UDS and assessment of ASI. However, it was
not possible to completely blind the evaluators to group
allocation as the participants in intervention group may talk
about the CAREs intervention during the assessment.
Participants in the intervention group were compensated with
50 RMB (US $7.64) for potential cost for mobile data, and at
the end of the study they received a smartphone with the CAREs
app installed.

Intervention

Control Group: Community-Based Rehabilitation
According to national legislation [2], drug users who received
regular community-based rehabilitation must sign an agreement
to comply when they were newly enrolled in this program. They
submitted a written report if they left their city of residence, in
accordance with the localized management. Participants visited
their assigned social worker and agreed to be tested for illicit
drugs every 2 months. In this study, participants in the control
and intervention groups were asked to submit a urine sample
once a week. As those whose urine test result was positive would
be sent to an isolated compulsory treatment center for 2 years,
it was conservatively estimated that participants who did not or
refused to submit urine samples were considered to have positive
results on UDS. At other times, social workers helped their
clients apply for social benefits as needed and provided
counseling irregularly if necessary.

Intervention Group: CAREs + Community-Based
Rehabilitation
The intervention group received the same community-based
rehabilitation as the control group. In addition, they received
access to CAREs, which consists of a smartphone app for drug
users and a webpage for social workers. Participants were
required to log in to the app at least once a week and encouraged
to use it at other times. The app was designed with 3 major
modules for drug users providing education, assessment, and
coping skills and support.

The educational content was selected from a course on saying
no to drugs and delivered in the form of text or video with
material covering basic knowledge about drugs, confidence
building, treatment principles, antidrug skills, and emotion
management using cognitive behavioral therapy based on the
relapse prevention model [21]. More specifically, clinical
guidelines for stimulant-induced mental or somatic symptoms,
replacement therapy, methadone maintenance treatment, the
role of personal relationships in addiction treatment, and so on
were introduced in the treatment principles component, and
antidrug skills contained an introduction of self-help groups to
create a support network, develop clear thinking about major
life events and stress, resist temptation from all sides, cope with
cravings, etc. These educational resources were delivered in a
specific order once a week. Users were expected to complete
the educational courses on time when receiving the reminder.
To reinforce learning and withdrawal motivation, participants
were encouraged to revisit lessons at any time and could earn
points by viewing educational content and finishing the
corresponding exercises after learning.

Assessments were provided using 5 self-report instruments with
proven reliability in substance-using samples. Craving was
assessed by visual analog scale [22], with 0 cm being no craving
at all and 10 cm suggesting the most craving ever experienced.
Scores of the Patient Health Questionnaire–9 [23] indicated the
level of depression severity: minimal (0-4), mild (5-9), moderate
(10-14), moderately severe (15-19), or severe (20-27). Scores
of the General Anxiety Disorder–7 [24] indicated the level of
anxiety severity: minimal (0-4), mild (5-9), moderate (10-14),
or severe (15-21). The Alcohol Use Disorders Identification
Test [25] was used to screen at-risk drinking: low-risk alcohol
use (0-7), hazardous alcohol use (8-15), harmful alcohol use
(16-19), or alcohol dependence (≥20). The family and
employment status was adapted from the Chinese version of
the ASI [18-20] and contained 6 yes/no questions, with 0-3
points indicating a nonideal family or employment status. Users
received scores to indicate level of severity as well as the
real-time feedback accordingly. If the scores were above the
normal cutoff point, users were advised to learn the coping skills
from the education and SOS module or turn to their assigned
social workers. Meanwhile, the social workers would receive
reminders to pay more attention to those users and initiate safety
protocols when necessary. Participants were required to
complete the assessment once a week.

The SOS module contained tools for skills coping, relaxation,
and call forwarding to connect with contacts, including family
members, doctors, and social workers. Skills coping with craving

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e21087 | p.223https://mhealth.jmir.org/2021/4/e21087
(page number not for citation purposes)

Xu et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


are vital due to the close connection between craving and relapse
[26]. Relaxation training included music relaxation and
abdominal breathing. Drug users could also interact with their
assigned social workers on the message board through the app.

Meanwhile, social workers could obtain all information in
CAREs apps of their assigned drug users through the webpage
end. By using the webpage, social workers could record urine
test results, track real-time location, review results of
assessments, reply to messages, and send reminders if
participants missed a urine test or assessment. If drug users left
the supervision area in Shanghai without notifying the social
worker, the system automatically initiated alarm but only the
matched social worker received the reminder. Of note, all data
would be stored in the server for safety and privacy
considerations.

Outcome
The primary outcome was feasibility of CAREs in the
community-based rehabilitation program, reflected in the use
of CAREs in both app and webpage ends, reported as the overall
proportion and frequency of CAREs features used. Use was
defined as a participant or social worker accessing a feature
page (not the home page) in CAREs. However, data on mean
count per user was not possible for CAREs due to technical
reasons on the database end.

Secondary outcomes were effectiveness of CAREs, including
(1) UDS results examined in overall percentage of drug-positive
samples, (2) longest duration of sustained abstinence, defined
as the greatest number of consecutive weeks of negative UDS
samples in the 6-month period, (3) ASI composite scores

summed according to the answers to each of the problem areas,
and (4) contact times, days when participants interacted with
their assigned social workers in the form of sending messages
via CAREs, SMS, face-to-face meeting, or phone call.

Statistical Analysis
Intention-to-treat principle was used in all analyses. The
statistical analyses were conducted with SPSS Statistics version
22. Significance level was set at P<.05. Descriptive statistics
were used to describe baseline data and CAREs feature use.
Chi-square test for categorical variables and Student t test for
continuous variables were used to examine the baseline
comparability of the two groups. Percentage of drug-positive
samples, longest period of abstinence, and contact times were
examined for significant difference by analyses of variance. As
for the ASI composite scores, repeated measure analysis of
variance was used to evaluate the differences between baseline
and 6-month scores. G*power program [27] was used for power
analysis.

Results

Participant Characteristics
Figure 1 shows the participant flow. A total of 40 people were
randomized into the intervention (n=20) and control (n=20)
group of the trial, with only 2 participants (5%) in the control
group dropping out due to being arrested (caught using illicit
drugs by the police at weeks 20 and 25, respectively). Baseline
demographic characteristics were presented in Table 1. No
significant differences between the groups were found (P>.05).

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e21087 | p.224https://mhealth.jmir.org/2021/4/e21087
(page number not for citation purposes)

Xu et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Figure 1. CONSORT flowchart of the study.
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Table 1. Baseline and demographic characteristics of participants (n=40).

P valuet/χ2Control (n=20)Intervention (n=20)Characteristic

.550.60445.1 (11.0)47.0 (8.8)Age in years, mean (SD)

.710.14315 (75)16 (80)Male, n (%)

.330.9606 (30)9 (45)Employed, n (%)

.240.895——aMarital status, n (%)

——11 (55)6 (30)Married

——4 (20)8 (40)Divorced

——5 (25)6 (30)Never

.491.423——Education, n (%)

——1 (5)0 (0)Low (<6 years)

——13 (65)14 (70)Middle (6-9 years)

——6 (30)6 (30)High (>9 years)

.790.27210.1 (7.2)10.7 (7.9)Accumulated years of drug use, mean (SD)

.550.360——Type of primary drug use, n (%)

——18 (90)19 (95)Methamphetamine

——2 (10)1 (5)Heroin

aNot applicable.

Use of CAREs

Features on Webpage End for Social Workers
Uses of CAREs features on both webpage and app ends were
shown in Table 2. For social workers, the 3 most commonly
used functions were recording urine test results, location
tracking, and viewing assessment information of drug users,
with 100% (20/20), 80% (16/20), and 60% (12/20), respectively,
of social workers using them on at least one occasion. Reminders
for urine test and assessment were the least used. However,
when it came to mean number of times over the whole study

course, use of these features was relatively low. Over the study
period, social workers accessed urine tests record and assessment
results an average of 32.87 times and 26.56 times, respectively.
Location tracking was the third most frequently used, and data
from the back-end showed that the number of times accessing
location of participants in the intervention group decreased over
time, while the system failed to get some locations in the latter
half of the study (Figure 2A and B). When the drug users left
the supervision area in Shanghai without submitting a written
report, the system automatically initiated alarm 7 times in total
(Figure 2C and D).
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Table 2. Use of CAREs features on both webpage and app ends.

Mean totalaRate of users with at least one use (%)Features

Social workers (webpage end)

32.8720 (100)Record urine test results

12.0416 (80)Location tracking

26.5612 (60)View assessment information

3.477 (35)Send urine test reminder

0.653 (15)Send assessment reminder

Drug users (app end)

24.1520 (100)Assessment

63.315 (75)Education

SOS

2.659 (45)Music relaxation

1.67 (35)Abdominal breathing

0.253 (15)Hotline for doctors

0.253 (15)Hotline for voluntary drug rehabilitation center

1.759 (45)Call family number

aMean total: mean number of times across the participants in the intervention group over the whole study course.

Figure 2. Location-tracking feature for social workers to monitor participants in intervention group: (A) close shot of Shanghai: drug users moving
around within the supervision area; (B) number of locations accessed and not accessed (failed) from CAREs app per week; (C) remote view of Shanghai:
some drug users had left the supervision area without reporting to the matched social workers, and the system automatically initiated alarm; and (D)
number of alarms per week.

Features on App End for Drug Users
The number of participants logged in to the app ranged from 7
to 20 per week, and CAREs had high levels of continued patient

use, as shown in Figure 3. In terms of content analysis of CAREs
app for drug users (Table 2), the assessment feature was
accessed by the largest number of users (20/20, 100%), followed
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by education (15/20, 75%). However, the greatest average
number of uses over the 6-month period was education, which
was shown in Figure 4A. Educational content delivered by text
message was preferred by participants over video. Number of
unique users who used the assessment function of the CAREs
app per week is shown in Figure 4B, and Figure 4C displays
the assessment results per week. At the beginning of the study,

especially in the second week, mean scores of assessments
indicated that participants were generally in the moderately
severe range of depression, mild anxiety, and hazardous
drinking. These mean scores decreased over time and maintained
a low level in the last few weeks. However, drug users
maintained nonideal family and employment status and the
same level of craving during the 6-month period.

Figure 3. Number of unique participants who log in to the CAREs app at least once each week.
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Figure 4. (A) Total number of people using education (in the form of text or video) function from CAREs app per week; (B) number of unique users
who used assessment function from CAREs app per week (maximum number of people was 20); (C) mean scores of assessment results decreased over
time.

Data on SOS functions showed low levels of use (Table 2), with
a relatively small proportion of participants choosing music
relaxation or abdominal breathing to cope with craving and
emergency. Figure 5A to 5C showed that the frequency of use
of some SOS features (such as calling family members) peaked
at first but decreased over time, while the hotline for doctors

and voluntary drug rehabilitation center maintained low
frequency of use all the time. As for the message board shown
in Figure 5D, drug users left messages frequently in the first
few weeks but decreased at seventh week, with low responses
from social workers all the time.
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Figure 5. Mean number of times of SOS features per week: (A) relaxation training (including music relaxation and abdominal breathing); (B) call
forwarding service to doctors and voluntary drug rehabilitation center; (C) call forwarding service to family members; (D) message board used in both
drug user and social worker ends.

Drug-Related Outcomes and Contact Times
The follow-up assessment was conducted 0 days to 5 days
postintervention (mean 0.4), and there was no difference
between groups (t=11.427, P=.06). Descriptive and statistical
tests are shown in Table 3. There were 987 urine samples
collected in total during the 6-month study period (weeks 20 to
26; mean 24.7). Participants in the intervention group showed

a lower percentage of drug-positive samples than participants
in the control group. No significant differences were found in
terms of longest period of abstinence, ASI composite scores,
or contact times. The power to compare percentage of
drug-positive samples between the 2 groups was 0.74, with
longest period of abstinence 0.73, contact times 0.16, and ASI
composite scores ranging from 0.07 to 0.75.
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Table 3. Effectiveness of outcomes: drug use and contact times.

P valueF scoreControl (n=20)Intervention (n=20)Variables

End of 6 monthsBaselineEnd of 6 monthsBaseline

.044.3587.5 (7.5)—3.3 (5.0)—a% drug-positive samples, mean (SD)

.063.85122.80 (3.59)—24.65 (2.21)—Longest period of abstinence, mean (SD)

.321.03836.65 (17.48)—42.45 (18.51)—Contact times, mean (SD)

ASIb composite scores, mean (SD)

.580.316c0.04 (0.13)0.15 (0.26)0.07 (0.29)0.21 (0.27)Medical status

.430.636c0.05 (0.23)0.67 (0.31)0.07 (0.22)0.74 (0.28)Employment status

.201.672c0.02 (0.15)0.13 (0.16)0.01 (0.03)0.05 (0.80)Alcohol use

.590.302c0.01 (0.03)0.04 (0.04)0.01 (0.03)0.05 (0.07)Drug use

.870.025c0.02 (0.08)0.05 (0.13)0.00 (0.11)0.04 (0.08)Legal status

.920.011c0.04 (0.11)0.10 (0.13)0.03 (0.10)0.10 (0.13)Family/social status

.840.043c0.03 (0.07)0.05 (0.07)0.03 (0.06)0.06 (0.06)Psychiatric status

aNot applicable.
bASI: Addiction Severity Index.
cStatistical tests represent effects of group × time interaction.

Discussion

Principal Findings
To our knowledge, this was the first pilot study examining the
feasibility and preliminary efficacy of a smartphone app
(CAREs) to facilitate community-based rehabilitation program
from the perspective of the drug users and social workers in
China. The findings of this study provided preliminary evidence
of CAREs as a potential tool with moderately good acceptability
and effectiveness among individuals mainly using
methamphetamine from community-based rehabilitation
program. This was reflected in better performance on the UDS
in the intervention group and moderate to high engagement with
some CAREs features. Unexpectedly, the previous hypothesis
that CAREs intervention would significantly prolong longest
period of sustained abstinence, increase contact times, and
reduce ASI composite scores was not confirmed in this study.

Growing awareness of the impact of addiction on public health
calls for broader reach with lower barriers to services for drug
users [28,29]. However, traditional support services may bring
drug users concerns about relevance and stigma, creating barriers
to access to routine treatment [30,31]. Under the addiction
treatment model and system in contemporary China, studies
examining the feasibility of mHealth among drug users have
mainly been conducted in patients using heroin from methadone
maintenance treatment (MMT) programs. Han [32] found poor
acceptance of a mobile phone–based ecological momentary
assessment app in the MMT population. Liang [4], however,
demonstrated the feasibility and potential benefits for
participants in the MMT program to receive both surveys and
text messages from the S-Health app. As there is still a large
deficiency in social workers’ time and professional competence
to provide evidence-based interventions in community-based

rehabilitation program [33], the significance of the role of social
workers was also considered in this study. CAREs is an
interactive system for drug users and their matched social
workers to address problems of addiction.

Like other mHealth app interventions [34,35], although nearly
all participants logged in to CAREs during each week in the
6-month period, a gradual decline of app engagement was found
in this study. Some flaws of CAREs may hinder operations. For
example, some clients could not log in to their accounts or view
repeated content because of technical difficulties. Nevertheless,
the functions of self-monitoring, education, urine results records,
and viewing assessment results showed relatively high use. As
shown in this study, long-term education and gradually improved
assessment results may contribute to the lower percentage of
drug-positive samples in the intervention group. Some
participants in the intervention group mentioned that they felt
proud when the assessment results improved and became more
confident to overcome the addiction by knowing more about
drug-related knowledge. According to the social cognitive theory
[36,37], self-monitoring such as the assessment and education
features of the CAREs app would increase self-efficacy beliefs
which operate with goals, positive outcome expectancies, and
environmental perception to facilitate one’s motivation and
behaviors. In line with previous studies of SUD intervention,
repeated assessments improved self-monitoring [38,39].
Education increased awareness of potential risks [40-42] and
skills to prevent relapse [43,44] and thereby helped individuals
change their dysfunctional behaviors.

On the other hand, compared with the existing routine
face-to-face interviews, the help and education of social workers
was more convenient through the trial implementation of
CAREs, especially in terms of real-time feedback. Social
workers requested that the CAREs app data be integrated into
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their existing management system, which could fit into their
existing workflow, improve their work efficiency, and help
them be more familiar with drug users’ situations. Some social
workers mentioned that negative affect of drug users in the
intervention group was detected earlier and more easily through
the assessment information, and they would pay more attention
to that drug user accordingly.

Although use of the location tracking with automatic alarm
function was moderate, it indeed provided an effective method
for better supervision of drug users within the city of residence.
However, some drug users turned these features off with privacy
concerns.

Additionally, use of SOS functions was relatively high initially
but dropped to a low level of use in the later of the study course.
Users may have accessed the features at first only because of
freshness. The reason for low use of the call forwarding service
and message board probably was that individuals with SUD
preferred face-to-face interviews, which provided a way for
them to communicate with others [32]. Similar finding has been
reported in a feature analysis of a smartphone-based smoking
cessation app: few participants used the Phone a Counselor
function, as weekly offline counseling sessions made the hotline
unnecessary or redundant [45]. Therefore, contact times between
drug users and their assigned social workers in the intervention
group was more than that in the control group, but not
significantly.

In terms of reduced ASI composite scores, this was probably
because ASI covers several domains associated with drugs, and
CAREs did not provide components for legal and employment
domains. This suggests that future iterations of the CAREs app
should integrate more comprehensive components with the help
of multicollaborations such as specialty addiction treatment
settings, communities, and related administrative departments.

Limitations
This study had several limitations. First, it should be
acknowledged that this study was conducted only in Shanghai,

where social workers were provided who specialized in helping
drug users in the community due to legal requirements;
furthermore, CAREs was designed with social workers as
service providers. Therefore, considering different antidrug
systems and procedures in other regions of China, the results
of this study are for reference only. Second, the study terminated
with only 40 samples because of the emergence of COVID-19,
and the majority of the subjects were males. Although this study
is promising, generalizability is limited by the small sample
sizes and gender difference. Third, the mean count per user data
could not be obtained from the database for technical reasons.
As a pilot study, the relatively small sample size limited
statistical power to detect the efficacy of CAREs, so the paper
predominantly focused on the app’s feasibility. Technical
support for the CAREs database should be improved to conduct
secondary analysis of improved behavioral outcomes associated
with the use of CAREs with larger samples. Also, technical
problems may have prevented some users from engaging with
the app. The related technical problems should be recorded in
a future research process to distinguish whether problematic
engagement is because of unwillingness or inability to use.
Fourth, data on previous drug-related history (eg, UDS, period
of abstinence, and treatment patterns) and information associated
with comorbid symptoms were not collected in this study. More
information should be requested in future studies to exclude the
potential bias. Fifth, as addiction is a chronic disease [46],
follow-up data are essential to evaluate whether the treatment
is effective in maintaining abstinent after a 6-month intervention.

Conclusions
This pilot study suggests a moderate level of feasibility and
acceptability for CAREs in a community-based rehabilitation
program. It preliminarily demonstrated that the support offered
by CAREs may improve the effectiveness and efficiency of
community-based rehabilitation. Future studies will focus on
updating CAREs and conducting long-term effectiveness trials
in well-powered and larger samples to improve the quality of
rehabilitation for drug addiction in China.
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Abstract

Background: Adolescence is a life stage characterized by intense development and increased vulnerability. Yet, young people
rarely seek help for mental health, often due to stigma and embarrassment. Alarmingly, even those who do seek help may not be
able to receive it. Interventions focused on well-being offer a protective factor against adversity. Highly effective, innovative,
theoretically sound, accessible, and engaging mobile health (mHealth) interventions that can be used to look beyond mental
ill-health and toward mental well-being are urgently needed.

Objective: We aimed to explore how young Australians conceptualize and construct recovery journeys from feeling unwell to
being well in order to inform the conceptual design of a youth-led information-, resource-, and support-focused mHealth
intervention.

Methods: A sample of young people, grouped by age (12-15 years, 16-19 years, and 20-25 years), took part in 3 in-person
participatory design workshops (per group). Young people’s understanding and representation of well-being, feeling unwell, and
the recovery journey were investigated using visual and linguistic data collection methods: photo elicitation and journey mapping.
A social constructionist perspective was used for thematic analysis to produce a conceptual model of the recovery journey. A
mobile app was co-designed and all app functions were mapped through iterative development and testing by young people and
a team of psychology, research, design and information technology experts.

Results: Young people (n=25) described a 6-stage journey with specific barriers and coping strategies. The findings, when
situated within the personal recovery framework in mental health, emphasize the cyclic and iterative model of change. Through
co-design, the new app—Niggle—was conceptualized as a visual representation of an amorphous problem, which can be addressed
through app functions corresponding to the most helpful strategies that young people used to progress through the stages of their
recovery journey.

Conclusions: Niggle is available to offer support to young people for a range of problems and provides a hot link to counseling
services in Australia. This paper elaborates on the process of in-depth qualitative data collection through visual, linguistic, and
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co-design methods. The findings of this study give insight into young people’s understanding of well-being and recovery. This
paper could aid the development of high-quality personalized mHealth interventions and support resources.

(JMIR Mhealth Uhealth 2021;9(4):e21085)   doi:10.2196/21085

KEYWORDS

mHealth; adolescence; youth; young people; well-being; co-design; participatory design; qualitative research; thematic analysis;
recovery; visual methods

Introduction

Young People and Mental Health
Adolescence is characterized by intense cognitive, emotional,
social, and physiological growth; increased vulnerability [1,2];
and deficits in emotion regulation capability [3-6]. Young people
(under the age of 25 years) experience high levels of mental
disorders [1,7] and increased exposure to risk factors [8,9]. In
recent years, however, there has been a shift of focus in
psychology from mental illness and pathologizing ill health
toward positive psychology approaches, well-being,
recovery-oriented approaches, and resilience- and strength-based
frameworks, which is exemplified in research on well-being.

Well-being
Commonly described as the experience of positive emotions
about one’s life, such as happiness, life satisfaction, and positive
functioning, well-being is illustrated by a sense of fulfilment
and engagement in life [10]. In 1998, Keyes [11] proposed the
dual-continua mental health model which posits that mental
illness and mental well-being lie on two separate but related
continua, such that mental well-being cannot be merely defined
as the absence of mental illness. Further research suggested that
mental illness and well-being represent two distinct
subcomponents of an overarching construct of mental health
[12]. Well-being recovery models describe the transcendence
of symptoms into a renewed sense of meaningful life, despite
the limitations of mental illness [13]. Greater well-being is
associated with fewer symptoms of mental illness and reduced
incidences of behavioral issues such as criminality, substance
use [14,15], and physical illness [16]. Thus, recent approaches
to mental health propose a shift from the treatment and
prevention of mental illness toward the enhancement of
well-being [17].

Lack of Well-being in Young Australians
Keyes [18] defines flourishing as the presence of emotional,
psychological, and social well-being. The lack of well-being,
defined as languishing, is characterized by low levels of these
characteristics. Young Australians consistently report lower
levels of well-being than adults [9,19-22]. According to these
definitions, lower youth well-being levels reflect emotional,
psychological, social, and help-seeking–related factors. (1)
Emotional—Young adulthood is a developmental period
frequently associated with an increased exposure to risk factors
including increased emotional imbalance, developing emotion
regulation skills, and the stressful period of transition to
adulthood, placing demands on coping resources [8,9]. Young
people experience increasing emotional unrest and have low
capacity to effectively regulate emotions [4,5]. (2)

Psychological—Most mental illness emerges before the age of
25 years [7]. In Australia, mental disorders commonly affect
children and adolescents (aged 4 to 17 years), with 13.9%
reporting a mental disorder in the past 12 months [23]. The 2019
National Health Survey in Australia [24] revealed that young
people aged 15 to 24 years experience the highest levels of
mental or behavioral conditions compared to all other age
groups. (3) Social—Relationships play a central role in the
well-being of young people [25]. The most common reason for
individuals aged 12 to 25 years contacting major Australian
youth counseling services such as Headspace or Kids Helpline
was “relationship problems,” which includes family, partner,
or peer relationships [26,27]. (4) Help Seeking—It is concerning
that only one-third of young people with mental disorders seek
help. This is due to barriers such as stigma, confidentiality
issues, lack of accessibility, self-reliance, lack of knowledge
about mental health services, and fear or stress about the act of
help seeking or the help source itself [28-31]. Alarmingly, even
those who seek help may struggle to receive it. For example,
Kids Helpline, Australia’s largest telephone and web-counseling
service, is unable to meet demand, with continuously decreasing
yearly response rates of approximately 50% [32,33]. Highly
effective, innovative, accessible, and engaging support solutions
that promote well-being are urgently needed [29].

The Promise of Mobile Health Technology
The ubiquity and increasing functionality of modern mobile
health (mHealth) technology offers promise for filling the gap
by addressing barriers, such as stigma, confidentiality concerns,
or difficulty of accessing support, to help seeking [34]. Young
people are among the highest adopters of innovative
technologies [34]. This presents an excellent opportunity for
the development of novel, accessible mHealth interventions
that offer reliable information and support.

Quality mHealth interventions are engaging, functional,
professionally designed, and contain reliable information
[35,36]. Several factors are essential to increase an intervention's
potential for uptake, use and efficacy. This includes involving
stakeholders in co-design, through participatory design
workshops; conducting in-depth research of the phenomena
which the mHealth intervention is designed to address
[12,37,38]; involving researchers and design experts to interpret
and translate participatory design workshop data into the design
of the intervention; and involving health experts to assess its
alignment with established theoretical models [39].

The purpose of this project was to qualitatively explore how
young people conceptualize and construct individual recovery
journeys, from being unwell toward experiencing greater levels
of well-being. The findings were used to inform the conceptual

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e21085 | p.237https://mhealth.jmir.org/2021/4/e21085
(page number not for citation purposes)

Stoyanov et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://dx.doi.org/10.2196/21085
http://www.w3.org/Style/XSL
http://www.renderx.com/


design of a youth-led information-, resource-, and
support-focused mHealth intervention for the largest support
service for young people in Australia (Kids Helpline).

Methods

Participant Recruitment
Ethics approval from Queensland University of Technology
was granted for all stages of this project (Human Research
Ethics Approval Number 1600000956). Recruitment was done
via Facebook and researcher networks within Brisbane,
Australia. Young people were invited to attend a series of
workshops with the aim of co-designing a new digital tool for
youth well-being. Quota sampling was applied and included
age (12-25 years) and English language as participation criteria.
Information sheets were sent to 35 young people who contacted
the team. We grouped participants by age (3 separate age groups
were formed—12-15 years; 16-19 years, and 20-25 years) to
ensure variability of age-specific experiences and to reduce
age-related peer pressure within each group. Consent (including
parental consent for the youngest cohort) was obtained before
participation. A series of participatory design workshops (3 per
age group) were conducted between February and March 2017;
each workshop lasted approximately 2 hours each. Participants
were offered $30 (approximately US $23.25) or a movie voucher
for their time.

Research Design
The participatory design workshops [38,40,41] combined visual
and linguistic data collection methods—photo elicitation [42,43]
and journey mapping—drawn from user experience design
[44,45], to ensure a rich variety of concepts. The use of linguistic
methods alone creates limitations, especially for younger
participants [42,46-48]; therefore, the young people were
provided with multiple communication modalities to explore
individual experiences and understanding [45,49,50] of
well-being, being unwell, the recovery journey between, and
potential technological solutions. 

Procedure and Analysis

Step 1
To immerse participants in the topic of well-being without
priming them with researchers’ definitions, we first asked them

to create lists of associations for the terms well-being and being
unwell.

Step 2
Each participant was offered a set of 126 images cut out from
different sources (Multimedia Appendix 1), which included a
large variety of colorful or black-and-white images, patterns,
textures, and icons that were representative of relationships,
emotions, nature, activities, popular app icons, and abstract
images. The images in the set were aggregated and refined by
the research team and a group of youth consultants. Participants
were invited to (1) select images associated with well-being,
(2) select images associated with being unwell, and (3) create
separate collages for each category.

Step 3
Participants drew, on a blank sheet, a recovery journey depicting
a hypothetical or experienced journey from being unwell to well
and were provided with a specially designed selection of lines
and arrows to mark the steps in meaningful ways (ie, indicate
difficult steps, easy steps, barriers, etc). The team deemed it
ethically appropriate to phrase journeys as hypothetical
scenarios, to allow participants the flexibility to impersonally
reveal potentially distressing, confronting, and stigmatizing
personal experiences in front of the group. Participants engaged
in continuous verbal annotations of their own maps, which was
followed by a group synthesis of all journeys.

Step 4
Participants were asked to reflect on their journey maps and
consider which steps could be assisted by technology and in
what capacity (Figure 1). Thereafter, in-depth group discussions
aimed to answer, “What type of technology would be best suited
to provide assistance?” and “What technological functions would
best address youth needs in progressing through the journey to
well-being?” Participants were invited to work in pairs to create
their most-desired mHealth tool (ie, with no limit to imagination
and if resources were unlimited) to support the journey to
well-being. Decisions to end data collection were based on
saturation of emerging themes (Multimedia Appendix 2).
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Figure 1. Individual and group journey maps.

Data Analysis
Analysis was largely informed by a social constructionist
perspective [51], which assumes that people construct their own
meaning of reality through interactions with others within a
social space. This theoretical framework also allows for the
interpretation of both linguistic and visual methods [49]. Hence,
we viewed the data as forms of self-accounting in which
participants were attentive to the expectations associated with

the production and reception of identities, both in immediate
and broad social contexts.

Verbal data were transcribed verbatim and COREQ
(Consolidated Criteria for Reporting Qualitative Research) [52]
guidelines were followed. Codes were organized into thematic
groups following inductive thematic analysis [53]. One team
member with 7 years of experience conducting qualitative
psychological research coded the transcripts in 3 iterative steps.
After each coding step, a discussion was held with 2 additional
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team members, who were also experienced in qualitative
research, to reach agreement on the codes, themes, and theme
names. Visual data were interpreted using photo elicitation
analysis [42] and image clustering patterns were mapped over
the verbal elaborations of the thematic analysis [53].
Comprehensive notes (on both verbal and visual data) were
taken during the iterative process and incorporated in the final
analysis.

Intervention Design and Development
Aggregate technological solutions data were used to develop
the concept design, storyboard, and functions of the mHealth
tool, unanimously conceptualized by participants as a mobile
app. The functions, information, and interface of the app were
designed using iterative co-design—with young people and an
expert development team. Principles outlined by the Mobile
App Rating Scale (MARS) [35], which outline a set of quality
criteria and consist of 29 items organized in 4 objective
(engagement, functionality, aesthetics, and information quality)
and 2 subjective (subjective quality and perceived impact)
subscales, were followed. MARS provides a checklist of criteria
and definitions to assist developers in creating high-quality
health apps.

The Role of the Researchers
The team consisted of researchers, designers, information
technology developers, and young people. The collaborative
approach served to ensure the thorough, interdisciplinary
exploration of the psychological phenomena and the appropriate,
grounded in theory, and participant data co-design, and
development of the new technology.

Results

Participant Characteristics
A total of 25 participants residing in an urban setting in Australia
took part in the study (Table 1). We planned to have each group
be a mixed of genders (all participant identified as either male
or female); however, 3 male participants who signed up for the
12-to-15-years-old age group did not attend on the day and did
not respond to further communication attempts. Thus, this age
group was only represented by female participants. Two
16-to-19-years-old groups were run in parallel because of a
large amount of participant interest in that age range.
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Table 1. Participant characteristics.

Age groupCharacteristics

20 to 25 years (n=4), n16 to 19 years (n=14), n12 to 15 years (n=7), n

Gender

387Female

160Male

Ethnicity

366White, Australian

010White, New Zealander

150Asian

011Middle Eastern

010European

Education

010Completed primary school

097Partially completed high school

240Completed year 12

200Bachelor's degree

Employment status

000Full-time employment

140Part-time or casual employment

247Full-time student

010Part-time student

150Unemployed

Living arrangement

2127With parents or guardians

120With friends or in shared accommodations

100Alone

Relationship status

3137Single

110In an exclusive relationship

Currently receiving psychological treatment

2136No

111Yes

100Prefer not to say

Themes

Overview
Young people indicated that the recovery journey was
experienced as a complex, multifaceted phenomenon. Thematic
analysis suggested that the journey consisted of 6 separate,

dynamically related stages (Figure 2). It commonly started as
“depression,” “sadness,” “loneliness and isolation,” and “feeling
fearful”, then progressed toward “feeling happy, loved, and
accepted” or “overcoming fear and sadness.” The described
journey stages significantly overlapped across all age groups
and are presented here as forming a sequence, however, the
journey could be nonlinear.
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Figure 2. Young people’s journey toward well-being.

Stage 1: Recognizing That Something Is Not Right
This first stage was described as

the pit…it’s like a learning curve. So you get so deep
into it and you don’t really know how to climb back
out. So it’s like you’re kind of like you want to
recognise the problem but you don’t want to recognise
those steps cause you’re scared or anxious.
[Participant, 16-to-19-years-old age group]

You have to accept that something is wrong. I think
a big part of it is you know something is wrong but
being like “okay I need to get help for this. I can’t do
it on my own.” [Participant, 16-to-19-years-old age
group]

Barriers that were described included a sense of uncertainty,
insecurity, and denial that lead to isolation and loneliness.
Participants recognized that feelings of depression or anxiety

could result in experiencing shame, inadequacy, and stigma,
and if left unacknowledged, such emotions may lead to further
stagnation. Conversely, we gathered that facing the pit was a
positive first step of accepting such feelings with honesty and
openness to overcome “the negative spiral down.”

I feel like you just try and push it away and ignore
it.... That’ll stress me out even more. [Participant,
12-to-15-years-old age group]

Participants suggested that the app should contain tools allowing
reflection on the current physical and psychological state and
a selection of common problems for their age to support this
step of the recovery journey. The design solution included
sliders used to modify the color of the amorphous problem,
which the young people called “niggle,” and a selection of issues
from Kids Helpline’s youth problem classification lists (Figure
3).

Figure 3. Well-being log, labeling, and resizing the Niggle.
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Stage 2: Labeling the Problem
Young people could move onto accepting their niggle to get
closer to overcoming it by recognizing it as a problem and giving
it a name. Participants indicated that this stage was difficult due
to the barriers of denial or avoidance.

...you can still identify it and not want to do anything
about it because you either don’t have the energy to
look into it, or you don’t have the self-esteem to think
you deserve better. [Participant, 16-to-19-years-old
age group]

Participants described useful strategies such as researching
symptoms online, looking up health quizzes, or accessing online
forums. They recognized that checking symptoms on Google
was risky due to the lack of distinction between helpful and
hazardous advice. Fleshing out the problem and giving it a name
represented a greater sense of control, a broader perspective,
better self-awareness, and acceptance. Participants discussed
that acknowledging embarrassment, shyness, and nervousness
at this stage was common and a key strategy used by participants
to normalize their experience and continue the journey.

That’s pretty hard, like you would have to really sit
down with yourself and say “alright, I don’t feel
comfortable doing this, but I think I might have to.”
You could look online and see ways you could like
overcome pride... Yeah you have to put effort into
identifying it means you want to do something about
it which means you care about yourself. [Participant,
12-to-15-years-old age group]

Successful tools, described by participants, for recognizing and
labeling an issue included journaling, expressive writing,
brainstorming, and mapping out the problem.

Sometimes I just write down how I feel and like what’s
going through my mind and I go “what could this
be?” [Participant, 12-to-15-years-old age group]

To support this stage of the journey, the app depicts the problem
as an amorphous niggle slowly taking shape. Users can choose
up to 3 issues, give them their own labels, and adjust the size
of each according to its gravity (Figure 3).

Stage 3: Processing the Problem
The next stage of the journey toward well-being involved a
contemplation period of stepping back and creating space in

order to process the confrontational experience of the realization
that “something’s not right” [Participant, 16-to-19-years-old
age group]. This stage required persistence, deliberate reflection,
and the ability to stay with the uncomfortable emotions. Young
people spoke of prioritizing, rationalizing, and separating oneself
from the problem in order to process it. They described
recognition as being slow, “shaky,” and nonlinear. A participant
compared it to the “learning of a new complex skill, such as
coding,” which requires time and diligence and builds upon
layers of newly acquired confidence.

Wellbeing and having strong mental health is another
skill you have to gradually build. Learning how to
program websites, I’ve always had to refer back to
all the different codes but now...I feel confident I have
those codes...Once you get into those healthier
habits...physically or intellectually you’re more
independent, your wellbeing will be better, and you
will be able to move through the process. [Participant,
20-to-25-years-old age group]

Barriers mentioned by the participants included feeling stuck,
difficulties identifying the symptoms, overthinking, avoidance,
or rushing for “quick fixes.” To overcome these, participants
relied on speaking up, educating themselves, sharing with close
friends, and comparing to others with similar experiences, but
not yet focusing on solutions.

Yeah, if it's a problem that you can't change, then
stepping back is probably a good thing, but if it's a
problem that you can change... [Participant,
12-15-years-old age group]

...stepping back I think has to do with like, identifying
and then being able to think about priorities.
[Participant, 12-to-15-years-old age group]

Yeah like um, separating yourself from an issue.
[Participant, 12-to-15-years-old age group]

To support progress through this stage, the app offers 2
elements. (1) The app invites users to take a moment to reflect
on their emotions; they can select up to 3 emotions to associate
with their current niggle, which changes its shape on the screen.
(2) Once this 3-stage setup process is complete, it presents other
users’ niggles—a scrollable screen full of amorphous shapes
with different colors and outlines. Tapping on any one of the
shapes opens a support message from other users who have
dealt with similar niggles (Figure 4).
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Figure 4. Processing screens.

Stage 4: Planning Action
Participants shared that actively approaching a problem, learning
more about it, brainstorming solutions and planning appropriate
steps followed in the recovery journey once the processing stage
was successfully completed and enough strength was gained.
Planning involved setting achievable goals and a to-do list.
Simplifying tasks by breaking them down into small steps,
prioritizing and organizing a predictable timeline rather than
dwelling on the big picture helped significantly. Rewards and
“tick boxes” were regarded as positive reinforcement for sticking
with the plan.

When I'm overwhelmed I know that I like to make a
list of my priorities and like, things that I need to do
just to kind of like, see it and tick it off... [Participant,
12-to-15-years-old age group]

Yeah like kind of breaking down everything you need
to do into smaller bits and like kind of, working
through it slowly. [Participant 2, 12-to-15-years-old
age group]

Making time for “chilling or meditating,” listening to music, or
engaging in pleasant hobbies were described by participants as
additional tools in the arsenal of coping strategies. They
mentioned barriers that included feeling overwhelmed by tasks,
fear, increased anxiety, and emotional isolation. Some
participants shared that planning could be a challenging and
confronting experience, as it requires a greater realization of
one’s concerns and the difficulty of overcoming them. Others
mentioned their worries regarding help seeking such as distrust
of the sources of support.

As learning and decision making characterized this step, the
new app incorporates 2 key functions. (1) Users are presented
with carefully researched or specially developed information
about the selected issues in the form of tip sheets, videos,
podcasts, relevant apps, and recovery stories from peers. Since
searching the web for information can be problematic, resources
were selected by a team of psychology students and reviewed
by experts. (2) Young people are offered a list of helpful
activities (to-do lists) specific to their niggle, which were
developed by youth counselors. These activities can be
scheduled directly into the app’s integrated calendar (Figure 5).
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Figure 5. Learning and Planning screens.

Stage 5: Taking Action
This stage was characterized as actively taking steps to resolve
the problem. Young people felt particularly vulnerable at this
stage of recovery. The intimidation of taking the first step, lack
of accessibility to support, time limitations, and practical issues
such as transportation and the cost of psychotherapy were all
mentioned; however, participants indicated dealing with public
and perceived stigma and shame (for speaking up about mental
illness) was the most prevailing problem. Thus, escapism and
quick fixes (such as unhealthy eating; binging on alcohol, drugs,
shopping, or video games) were described as tempting
alternatives.

I think of escaping, it helps for a part. It helps the
issues dull down and it helps you accept the issue and
kind of deal with it. But after you escape you have to
deal with the emotion. [Participant, 20-to-25-years-old
age group]

Helpful behaviors included speaking with family, friends,
psychologists, counsellors, online or telephone support services
or community groups (Figure 6). Technology was found to be
both useful (online counseling, forums, playing video games,
or using apps and websites) and unhelpful, particularly, the use
of social media.

...stay present and truly with friends rather than on
phones... [Participant, 16-to-19-years-old age group]

Focus on stuff that you were able to do; and you feel
proud of yourself... And from there, I put the gradual
steps; to finding someone to talk about it... Because
once you know that your feelings are valid, there’s a
part of your mind that wouldn't know what to do and
that you might need help.... And then meanwhile, you
can learn new things or find new hobbies that will
occupy you. [Participant, 20-to-25-years-old age
group]

Positive relationships and trustworthy communities served as
a powerful “safety net to catch you if you were to fall back into
bad habits.”

It’s not like it’s a solo mission. You’ve got to love and
trust the people that are there for you. Even if you
feel like you’re isolated or whatever, there are people
that are there for you. So you have to put your trust
in those people to feel like you’ve got the confidence
to get help. [Participant, 12-to-15-years-old age group]

At this stage of the journey, the app sends reminders for the
scheduled to-do list tasks and allows users to add new activities,
track their progress, and work toward creating habits. To
minimize user effort, most activities can be modified and tracked
with simple app interactions, such as tapping a checkbox to
indicate a completed item, and are gamified using streaks and
badges for increased engagement.
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Figure 6. Health-enhancing behaviors for well-being.

Stage 6: Maintaining Healthy Habits and Growth
Participants discussed that creating a positive structure around
newly formed habits to maintain well-being constituted the final
phase of the journey. Affirmation and recognition of the
progress, usually within “the safety net” helped to prevent
regression into earlier stages. Focusing on the enjoyment
motivated young people to stay with the process at times of
fallbacks. They described the “enjoyment line” as a

“line between depression/happiness“; that you can
have enjoyment; that enjoyment can actually bring
you up. So if there's that line, when you reach a point
where you actually have enjoyment again; so
enjoyment can bring you further up; and then more
care and love can bring you up to the point of
wellbeing and happiness... [Participant,
16-to-19-years-old age group]

It’s probably movable. It’s not in a straight way.
You’re kind of like ‘oh I’ve made so much progress
on myself and I’ve come such a long way and I think
that’s good’. And it just boosts you up a bit more.
[Participant, 16-to-19-years-old age group]

This stage incorporated an additional aspect of growth.
Participants’ descriptions revealed that, having successfully
taken the recovery journey, young people felt compelled to open
up to others and offer advice, support, and help and that, at that

time, personal experience could be used to normalize and
empower others’ journeys to well-being.

This stage of the journey was supported in the app through (1)
a sophisticated calendar tracking feature where users can
monitor their progress and logs daily, weekly, or monthly; (2)
gamification—achieving a new habit by completing a series of
to-do items was rewarded by the to-do icon moving above the
enjoyment line; and (3) inviting users to submit their personal
recovery story of growth and their own niggles with other app
users, thus closing the recovery cycle.

The Niggle App
The app name was chosen by participants from the youngest
age group (12-15 years) and was incorporated as a core concept
of the app. Users are invited to reflect on their current physical
and psychological well-being, identify their concerns or niggles,
step back and reflect on their emotions, consider whether they
need to discuss them with Kids Helpline, read about others’
similar experiences, learn from a wealth of carefully selected
information and resources, plan to-do lists, take action, and
track their progress. Upon successfully completing the recovery
journey, they can share their story with peers. There are
additional app features to increase the customizability, usability,
and engagement of the app. For example, users can select from
7 color templates or use quizzes to assess their distress,
resilience, and well-being (Figure 7). A notable positive aspect
of the recovery journey involves being able to access a network
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of support from family, friends, and the community, which
Niggle aimed to expand by creating an in-app community and
including hotlink buttons to Kids Helpline as the first version
of users’ “safety net.” Using the hotlink offers app users queue

priority for receiving immediate support. Multiple additional
features were conceptualized based on the workshops and will
gradually be implemented in future app updates.

Figure 7. App features to increase engagement.

Discussion

General
This paper presents the theoretical development and concept
design phases of Niggle—a smartphone app to assist young
people on every step of their recovery journey to well-being.
App quality was ensured by following principles outlined by
the MARS [35].

We grounded our research in the experiences of young people
through participatory research [38,40,41,50] and co-design [37]
to develop a clear understanding of their recovery journey and
to allow young people to have more control over the process.
While thematic analysis was rigorously applied to interpret data
[53] and emerging themes were commonly supported by
participants, we acknowledge that variability may exist
regarding experiences in view of age, gender, ethnicity, race,
and class differences. The young people who participated
generally described the recovery journey as a multistage process,
and their group discussions helped define 6 distinct stages. There
was strong consensus that transition through these stages was
nonlinear, and each stage was characterized by multiple barriers
and helpful strategies. Therefore, Niggle corresponds to the
intervention-delivery model through its nonlinear and highly
customizable design.

Journey mapping allowed us to explore the barriers that young
people encounter in help seeking and how they differ at each
stage. An in-depth understanding of these concerns can assist
health care providers in better addressing a young person's
needs. For example, while denial, stigma, fearfulness, and
avoidance seem to be present throughout the journey, specific
logistics such as time, transportation, costs, and the availability
of services are pertinent to the more active planning action and
taking action stages.

Applying visual research methods allowed us to increase our
confidence of overcoming the potential linguistic barriers that
our youngest participants may have experienced. Thus, we
present the useful strategies and tools young people rely upon
to overcome barriers and how they can be translated into
co-designed digital intervention features to support recovery.

Recovery has been theorized as being both an outcome and a
process, and is still being debated in the literature [54].
Supporters of recovery as a process argue that its
conceptualization as restoration of capacities to the stage
preceding illness is partial and flawed, and our findings support
this view. We found that recovery consists of the complementary
experiences of restoration from mental illness and advancement
through the stages of well-being (identifying, processing, and
taking action, which results in growth). The themes that we
identified largely align with those in descriptive psychological
models of behavior change such as the transtheoretical model
(TTM) [55]. The first stages of the TTM reflect a process of
precontemplation (no intention to seek help in the near future)
and contemplation (considering a change some time in the future
based on the potential positives and negatives of that change)
similar to those defined by our participants as recognizing that
something is not right and labeling the problem). The subsequent
TTM stages include preparation (an intention to seek help in
the immediate future), corresponding to our processing the
problem and planning action stages; the fourth TTM stage action
(or currently seeking help) is similar to the taking action stage
of the well-being journey. The TTM includes the stages of
maintenance (help seeking when needed in an attempt to avoid
relapse of problems) and termination (when help seeking is no
longer required), which in our participants’ discourse emerged
as maintaining health habits and growth. Lastly, in line with
our findings, the TTM also recognizes that relapse is a common
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and normal part of the change cycle and defines ‘recovery’ as
a process, rather than a state, or outcome.

Aligned with those of Prochaska et al [55], our findings, based
on the participants’ discussions, confirm that the recovery
journey could be nonlinear. We argue that there is not a single,
predetermined solution for dealing with each stage. While
motivational work might assist with contemplation in the TTM,
it may also be applicable to all stages of the journey. Similarly,
skills training does not need to be limited to the action stage,
as it may be appropriate for building confidence during
contemplation or preparation. Our results reflect the TTM’s
applicability to young Australians in an era of unprecedented
technological development, information overload, and shifting
help-seeking pathways.

Consistent with previous findings [31], our findings also
identified barriers such as stigma, embarrassment, poor mental
health literacy, and a preference for self-reliance to youth help
seeking, while facilitators included perceived positive past
experiences, and social support.

Limitations and Further Research
Despite efforts to capture diverse experiences, the participant
sample was relatively homogenous. Most participants identified
as female, urban residents, educated, White, living with parents
or guardians, and single. None were employed full-time. We
presume that young people from other backgrounds (such as
Aboriginal and Torres Strait Islander, or culturally and
linguistically diverse groups) would have provided a different
account of recovery, mental health, self-care, and support safety
nets. Yet, further work by our team, outside of the scope of the
current project, is ongoing to confirm the relevancy of the stages
reflected in the app design to a diverse group of young people,
that includes young people from Indigenous backgrounds, young
people with mental health diagnoses, and young people with
diverse socioeconomic status.

The fact that male participants did not attend the workshop for
the youngest age group (despite initially signing up), may reflect
previous findings showing that the lowest rate of mental health
help seeking is among young men, with only approximately
13% engaging with mental health services compared to 31%
among young women [56,57]. This phenomenon has been linked
to stigma (male role expectations and perceptions of appearing
weak) [58], as well as low mental health literacy [31,56]. We
hope that the Niggle app will be used to address some of these

issues by offering confidential access to support and
psychoeducation to all users.

Using preselected photos to elicit discussions on well-being
may have biased participant discussions; however, we believe
that this photographic prompt served to open deeper discussions.
Future research might benefit from using verbal and visual data
in tandem (ie, both photo elicitation and photo voice [59]) and
by encouraging young people to produce their own images.

App quality and efficacy evaluation projects, including feedback
sessions with young people and a series of Randomized
Controlled Trials will be carried out to determine the efficacy
and effectiveness of Niggle.

Implications for Practice
This study contributes to the field of well-being, mental illness,
recovery, eHealth, and mHealth for young people. It
demonstrates the usefulness of research into the alignment of
theoretical models to specific demographics for the development
of theoretically-sound digital health technologies. The recovery
journey described by our participants confirms the applicability
of the TTM [55] to support behavior change and well-being
amongst young people in the context of eHealth. Despite
international health policies increasingly placing well-being at
their center [60], no agreement exists as to what constitutes
well-being. The definitions presented in this paper, grounded
in participants’ complex personal accounts can assist with the
development of policies and guidance for well-being and
recovery interventions, regardless of the delivery method.

While there is a vast number of health apps targeting a range
of users and issues, many lack theoretical grounding, quality,
reliability, and applicability to key stakeholders. This paper
offers an insight into health app development through in-depth
phenomenological research, co-design, adherence to app quality
principles, and the involvement of diverse expertise.

Conclusion
We hope that Niggle will help young people access useful
resources and support to increase their well-being. As of
November 2019, version 1 of the app is freely available on
Australian app stores. In the first year it was used by 12,823
individuals. Global release is planned once data privacy and
security standards for international transfer and management
have been carefully implemented.
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Abstract

Background: Regular aerobic physical activity (PA) is an important component of healthy aging. However, only 27%-40% of
African American women achieve national PA guidelines. Available data also show a clear decline in PA as African American
women transition from young adulthood (ie, 25-44 years) into midlife. This decline in PA during midlife coincides with an
increased risk for African American women developing cardiometabolic disease conditions, including obesity, type 2 diabetes,
and cardiovascular disease. Thus, effective efforts are needed to promote PA among sedentary African American women during
midlife.

Objective: This study aims to examine the acceptability and feasibility of a culturally tailored, smartphone-delivered PA
intervention, originally developed to increase PA among African American women aged 24-49 years, among a slightly older
sample of midlife African American women aged 50-65 years.

Methods: A single-arm pretest-posttest study design was implemented. In total, 20 insufficiently active African American (ie,
≤60 min per week of PA) women between the ages of 50-65 years participated in the 4-month feasibility trial. The Smart Walk
intervention was delivered through the study Smart Walk smartphone app and text messages. Features available on the Smart
Walk app include personal profile pages, multimedia PA promotion modules, discussion board forums, and an activity tracking
feature that integrates with Fitbit activity monitors. Self-reported PA and social cognitive theory mediators targeted by the
intervention (ie, self-regulation, behavioral capability, outcome expectations, self-efficacy, and social support) were assessed at
baseline and at 4 months. Feasibility and acceptability were assessed using a postintervention satisfaction survey that included
multiple-choice and open-ended questions evaluating participant perceptions of the intervention and suggestions for intervention
improvement. Wilcoxon signed-rank tests were used to examine pre- and postintervention changes in the PA and social cognitive
theory variables. The effect size estimates were calculated using the Pearson r test statistic.

Results: Participants increased moderate-to-vigorous PA (median 30 minutes per week increase; r=0.503; P=.002) and reported
improvements in 2 theoretical mediators (self-regulation: r=0.397; P=.01; behavioral capability: r=0.440; P=.006). Nearly all
participants (14/15, 93% completing the satisfaction survey) indicated that they would recommend the intervention to a friend.
Participants’ suggestions for improving the intervention included enhancing the intervention’s provisions of social support for
PA.
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Conclusions: The results provide preliminary support for the feasibility of the smartphone-based approach to increase PA among
midlife African American women. However, before larger-scale implementation among midlife African American women,
enhancements to the social support components of the intervention are warranted.

Trial Registration: ClinicalTrials.gov NCT04073355; https://clinicaltrials.gov/ct2/show/NCT04073355

(JMIR Mhealth Uhealth 2021;9(4):e27383)   doi:10.2196/27383
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Introduction

Background
African American women are disproportionally burdened by
cardiometabolic diseases. Overall, 55% of African American
women are obese [1], 57% have cardiovascular disease [2], and
13% have diabetes [3]. These cardiometabolic diseases affect
African American women at higher rates than White and
Hispanic women (ie, among non-Hispanic White women, 38%
are obese, 43% have cardiovascular disease, and 7% have
diabetes; prevalence rates among Hispanic women are 51%,
43%, and 12%, respectively). The high rates of these conditions
among African American women contribute to their relatively
high cardiovascular mortality rate, which is 2 times greater than
that of non-Hispanic White and Hispanic women [4].

Recent data from 3 national data sets (ie, Behavioral Risk
Factors Surveillance System, National Health and Nutrition
Examination Survey, and National Health Interview Survey)
indicate that only 27%-40% of African American women meet
national aerobic physical activity (PA) guidelines (ie, 150 min
per week of moderate-intensity PA, 75 min of vigorous PA, or
an equivalent combination of durations and intensities [5,6]).
These data also show a decline in PA as African American
women transition from young adulthood (ie, 25-44 years) into
midlife and older age [6]. The decline of PA among African
American women during midlife is particularly concerning,
given physiological changes associated with menopause (eg,
decreased estrogen and progesterone production) that further
increase a woman’s risk of developing cardiometabolic diseases
[7-9]. Thus, intervening to promote PA among sedentary African
American women during midlife is critical to reducing
cardiometabolic health disparities in this population.

Evidence accumulated over the past decade has shown that PA
interventions delivered through mobile and smartphone devices
(commonly referred to as mobile health [mHealth] PA
interventions) are effective for promoting PA [10-12]. However,
few mHealth PA interventions have focused on African
American women [13-16], and even fewer have included midlife
or older African American women [14,15]. This represents a
missed public health opportunity, given the low PA levels, high
cardiometabolic disease burden, and high level of smartphone
use among African American women (recent data show that
79% of adults between the ages of 50 and 65 years own a
smartphone, with limited or no differences by sex, race, or
ethnicity [17]).

In a previous study, we developed Smart Walk, a 4-month
culturally tailored, social cognitive theory (SCT)—based

smartphone-delivered intervention designed to increase PA and
reduce cardiometabolic disease risk among African American
women aged 24 to 49 years (ClinicalTrials.gov NCT02823379)
[18]. Smart Walk was initially developed for women aged 24
to 49 years because it allowed us to tailor the PA intervention
to the social, cultural, and behavioral characteristics of young
to midlife African American women, who, at the time when the
project was conceived (ie, in 2013), were the most likely age
group to own a smartphone [19]. However, since Smart Walk
was funded in 2015, smartphone use among midlife and older
adults has increased substantially [17]. Similarly, recruitment
efforts for the original Smart Walk pilot trial resulted in
numerous women aged >50 years contacting our research team
and expressing the desire to participate in the research study,
indicating a demand for smartphone-delivered health promotion
research among African American women aged ≥50 years.

Objectives
This study aims to examine the feasibility and acceptability of
the Smart Walk intervention among African American women
aged 50-65 years. We hypothesized that data collected from the
study would support the acceptability and feasibility of the
approach and provide information on how the intervention can
be refined to meet the social, cultural, and behavioral norms
and preferences of women in this age group.

Methods

Study Design and Participants
This study was registered with ClinicalTrials.gov identifier
NCT04073355. A single-arm pretest-posttest design was
implemented. In total, 20 insufficiently active African American

women with obesity (ie, BMI≥30 kg/m2) aged between 50 and
65 years were recruited to participate in the 4-month
smartphone-delivered PA intervention. Inclusion criteria were
as follows: (1) self-identifying as African American and female,

(2) aged 50-65 years, (3) having a BMI ≥30 kg/m2, (4)
performing ≤60 minutes per week of moderate- to vigorous-
intensity physical activity (MVPA) according to the 2-item
Exercise Vital Sign Questionnaire [20], and (5) no self-reported
ambulatory issues associated with moderate-intensity walking.
Exclusion criteria included (1) concurrent participation in
another PA, nutrition, or weight loss program at the time of
enrollment or any time during the 4-month study and (2)
indication of a potential contraindication of exercise according
to the 2015 PA Readiness Questionnaire [21], unless a physician
note allowing participation was provided. All study procedures
were approved by the Institutional Review Board of Arizona
State University.
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Description of the Smart Walk Intervention
Smart Walk is a culturally tailored, SCT—based 4-month PA
intervention delivered through the Smart Walk smartphone app
and text messages. The behavioral PA goal of the intervention
was for participants to meet national guidelines of 150 minutes
per week of at least moderate-intensity PA, with walking
emphasized as the primary behavior to achieve this goal. An
overview of the Smart Walk intervention is given below. Recent
publications by our research team present in-depth descriptions
of the development process [22] and design of the intervention
[18].

Smart Walk Smartphone App
The Smart Walk app includes 4 main features designed to
promote daily PA: (1) personalized profile pages, (2) multimedia
PA promotion modules delivered on a weekly basis in the form
of brief videos and electronic text with images, (3) discussion
boards for participants to discuss the weekly PA modules and
give or receive social support, and (4) a PA self-monitoring or
tracking tool that integrates with Fitbit (Fitbit Inc) activity
monitors. Screenshots of app features were present in a study
by Joseph et al [18].

Personal Profile Pages
This feature was designed to be similar to profile pages available
on commercial social media websites (eg, Facebook and Twitter)
and provided participants with a platform to share select
biographical information (ie, picture name, age, neighborhood
or local area of residence, and brief biographical narrative) with
other study participants. Profiles were designed to help facilitate
building of a web-based community and social support network
for PA.

Multimedia PA Promotion Modules
Weekly multimedia video and text-based modules were the
primary delivery channels for the educational and behavioral
components of the program. These modules consisted of text-
and image-based PA promotion materials written at less than
eighth-grade reading level and brief 3- to 7-minute videos,
narrated by the study’s African American spokesperson (an
African American woman in her mid-30s). Table 1 lists the
module topics for the PA promotion program. During the first
3 months of the intervention, new PA promotion modules were
delivered weekly. During month 4, new modules were presented
every 2 weeks and focused on the maintenance of PA after the
active intervention phase.

Table 1. Weekly physical activity topics covered during the intervention.

Module topic—PAa groupModule numberWeek number

Introduction to the national PA guidelines and the health benefits of PA11

Overview of PA-related health disparities among African American women and the importance of being
a PA role model

22

Time management and strategies for incorporating 30 min of PA into the day33

PA goal setting44

Overcoming general barriers to PA55

Tips for increasing daily PA66

Overcoming hair care barriers to PA77

Creating a social support network for PA88

Trying new types of activities99

Reducing sedentary time1010

Dietary behaviors to complement PA1111

Muscle strengthening and stretching activities to complement aerobic PA1212

N/AN/Ab13

Dealing with setbacks1314

N/AN/A15

Review of previous modules and maintenance of PA after the active intervention phase1416

aPA: physical activity.
bN/A: not applicable.

Discussion or Message Boards
Weekly PA promotion modules were accompanied by relevant
discussion forum topics to encourage participants to reflect on
the information presented in the multimedia PA promotion
modules, share their personal experiences about PA, and give
and receive social support for PA. The discussion board feature

also included a general Community Board forum and a Meet-up
forum, where participants could share information and/or discuss
topics that may not clearly align with the weekly module topics
and discuss or coordinate group-based exercise activities. The
dialog on these discussions was a primary mechanism through
which social support for PA was fostered among participants.
Push notifications were sent to study participants when other
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participants posted on the discussion boards. Example module
discussion board topics are as follows: “Why do you want to
be physically active?” and “What are ways you add more
physical activity into your day?”

PA Self-Monitoring or Goal Setting Feature
Participants received a wrist-worn Fitbit Inspire HR (Fitbit Inc)
activity monitor to wear throughout the study. Data collected
from the Fitbit integrates with the Smart Walk app to allow
participants to view and track the minutes of MVPA performed
during the study. The criterion used to define MVPA, as
measured by the Fitbit, was walking at a cadence of 100 steps
per minute [23,24] for at least 1 minute. Activity not meeting
this intensity-duration criterion was not registered as MVPA
on the Smart Walk app. For activities not recorded by the activity
monitor (eg, stationary cycling, water aerobics, and swimming),
participants could manually enter the activity via the app’s
tracking feature. Fitbits were registered to a research study
account to allow for staff to monitor PA progress and
troubleshoot any device-related issues experienced by
participants.

PA Promotion Text Messages
Participants received 3 PA promotional text messages each
week. These text messages provided participants with
inspirational quotes, reminders, and tips for increasing daily
PA. Message content was developed through our formative
research with African American women [25,26]. Example text
messages are as follows: “Commit to being fit. It’s never too
late to achieve your physical activity goals.” and “Be an active
role model to those around you!”

Theoretical Basis of the Intervention
SCT [27] served as the theoretical framework for the
intervention. Developed by Bandura [27], SCT posits that human
behavior is a result of the reciprocal and dynamic interaction
of personal factors and the social environment. Intervention
components were designed to engage 5 constructs of SCT:
behavioral capability, social support, self-efficacy, outcome
expectations, and self-regulation. Textbox 1 provides a brief
description of each of these constructs and how the intervention
was designed to leverage each construct to promote PA.
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Textbox 1. Social cognitive theory constructs targeted by the intervention.

Behavioral capability—knowledge and skill to perform a physical activity (PA)

• Multimedia modules provide information on:

• Definitions of PA and exercise

• Different types of PA (ie, aerobic vs muscle strengthening)

• National PA guidelines and the types of PA that can be performed to achieve the PA guideline

• How to determine the intensity of PA performed

Social support—extent to which significant referents approve, encourage, and/or influence performance of PA

• Discussion board prompts facilitate and encourage participants to give and receive emotional support for PA

• Multimedia modules and text messages:

• Provide participants with encouragement and empowerment for PA

• Emphasize PA is a form of self-care and that African American women are worthy of self-care activities

• Encourage participants to reflect on why they should be physically active

• Include talking points and negotiation strategies to facilitate social support for PA

Self-efficacy—confidence in oneself to take action and overcome barriers. Self-efficacy is derived through 4 main sources: (1) Mastery experiences
(ie, first-hand experience with performing a behavior), (2) Social modeling (ie, seeing other similar to ourselves successfully perform a behavior), (3)
Emotional arousal (ie, improving emotional states by reducing stress or anxiety and by promoting positive emotions), and (4) Verbal persuasion (ie,
verbal encouragement to engage in a behavior):

• Participants track PA using the activity tracking feature, allowing participants to enact PA strategies encouraged by the intervention and track
their increases or decreases in PA (ie, mastery experiences)

• Multimedia modules:

• Illustrate African American women engaging in various types of aerobic PA and include testimonials from African American women
describing how and why they are physically active (ie, social modeling)

• Reinforce the idea that PA does not have to be structured or difficult by encouraging walking and providing tips on how more walking can
be incorporated into day (ie, emotional arousal)

• Multimedia modules and text messages encourage participants to be active by providing words of encouragement and empowerment for PA (ie,
verbal persuasion)

• Discussion boards and weekly prompts provide a venue for participants encourage each other to be physically active (ie, verbal persuasion)

Outcome expectations—anticipated outcomes of engaging in PA

• Weekly video and text modules provide participants with the health and social outcomes associated with being physically activity, including:

• Reduced risk for heart disease and type 2 diabetes

• Weight maintenance

• More energy to perform daily activities

• Improved quality and quantity (ie, years) of life

• Being a good role model to others

Self-regulation—ability to manage social, cognitive, and motivational processes to achieve a desired goal

• Participants use Fitbit activity monitor and Smart Walk PA self-monitoring feature to track daily and weekly PA.

• Intervention materials encouraged to achieve the static goal of 150 min per week of moderate- to vigorous-intensity PA. In addition, the week 4
module encourages participants to create short- and long-term goals associated with PA performance.

• The week 4 module encourages participants to create self-rewards for achieving previously established PA goals.

Cultural Tailoring of the Intervention
Cultural tailoring of the intervention was informed through an
extensive review of the literature and our formative focus group

research with adult African American women (mean age of
focus group participants was 38.5 years, SD 7.8). The
intervention was designed to be sensitive to, and to leverage,
the lived experiences, sociocultural norms, and familial and
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societal expectations of African American women for the
successful promotion of PA. On the basis of the cultural tailoring
framework by Resnicow et al [28], the intervention addressed
both surface and deep-structure cultural characteristics of
African American women. Surface-level cultural tailoring refers
to the most basic level of cultural tailoring and includes
matching the characteristics and packaging of a promotion to
the overt social and behavioral characteristics of the intended
population [28]. Surface-level cultural tailoring of the Smart
Walk was achieved through (1) evidential statistics emphasizing
the low levels of PA and high prevalence of cardiometabolic
disease conditions among African American women (eg, “Only
36% of African American women meet the National PA
Guidelines” and “Almost half (49%) of African American

women over the age of 20 have heart disease”), (2) images of
African American women with diverse physical characteristics
(body shapes, hairstyles, and skin tones) performing PA
throughout PA module text, and (3) having a local African
American woman serve as the study spokesperson in the video
modules. Deep-structure cultural tailoring involves recognizing
sociocultural norms and values, beliefs, and behaviors of a group
and using these characteristics to motivate behavior change
[28]. Deep-structure cultural tailoring efforts focused on 3 key
concepts: (1) collectivism or ethics of care, (2) physical
appearance norms (ie, hair care or body shape concerns), and
(3) racial pride or role modeling. Table 2 describes each cultural
consideration and how the intervention was designed to
influence these characteristics to promote PA.

Table 2. Deep-structure cultural tailoring characteristics of the intervention.

How the cultural characteristic was addressed in the interventionBrief descriptionCultural consideration

Intervention materials:Prioritizing the needs and well-being of
others (ie, family or friends) over the needs
and well-being of oneself. This can con-
tribute to African American women report-
ing lack of time, energy, or resources for

PAa. Although this perspective has been
reported among women of other races or
ethnicities, previous research, including our
own pilot work, suggests this phenomenon
may be more accentuated in the African
American community.

Collectivism

• recognized the importance of caretaking in the value system of
African American women.

• emphasized PA is an investment in the health and well-being of
African American women and not a competing interest with caretak-
ing, familial, or other responsibilities.

• portrayed regular PA as a key behavior to help participants perform
their caretaking, familial, and community responsibilities with more
energy and for a longer duration throughout the life span.

Intervention materials highlighted that physically active African American
women are positive role models to other members of the African American
community, which can encourage others in their community (ie, family
and friends) to adopt a physically active lifestyle.

Awareness and interest in how one’s behav-
ior can contribute the collective health and
well-being of the African American commu-
nity.

Racial pride or role model-
ing

Intervention materials:Some African American women are hesitant
to engage in PA because

Physical appearance prefer-
ences • included hairstyling strategies to help reduce the negative effects of

perspiration (ie, use of hair wraps and dry shampoo strategies).• perspiration or sweat negatively im-
pacts their hairstyle. • encouraged women to adopt hairstyles that are less impacted by per-

spiration (ie, braids and natural hairstyles).• they perceive PA will alter their de-
sired body shape. • informed participants that engaging in PA at the levels recommended

by the study (ie, 150 min per week) will not substantially change
their body shape unless they also change their dietary habits.

• emphasized health benefits of PA independent of weight loss (ie, re-
duced cardiometabolic disease risk, weight maintenance, and in-
creased energy).

aPA: physical activity.

Measures

Demographic Characteristics
Demographic characteristics (age, education, income, ethnicity,
number of children in household, and marital or relationship
status) were assessed using a self-administered questionnaire.

Anthropometrics
Weight, height, and waist circumference were measured by a
member of the research team in a private room while wearing
light clothing but no shoes. Body weight was measured in
kilograms using the Tanita TBF-300A (Tanita Corporation)
digital scale. Height was measured in centimeters using a Seca
213 portable stadiometer. BMI was calculated as weight in
kilograms divided by height squared (in meters).

PA Outcomes
Self-reported weekly minutes of MVPA was assessed using the
2-item Exercise Vital Sign Questionnaire [20], and weekly
energy expenditure was assessed using the REGICOR
questionnaire [29]. The Exercise Vital Sign Questionnaire
assesses the frequency (days per week) and duration (min per
day) of MVPA performed (eg, a brisk walk) during the past
week. The questionnaire is scored by multiplying the days by
minutes per day of PA to generate an estimate of minutes per
week of MVPA. This measure has been validated against
population-based surveillance surveys [20] and accelerometers
for the accurate assessment of PA [30]. The REGICOR
questionnaire is a 16-item questionnaire that assesses
leisure-time PA (including time spent in active transportation
to work, walking, climbing stairs, and playing sports), time
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sedentary behaviors, and a ranking of occupational PA. This
provides an estimation of total energy expenditure as well as
energy expended in light-intensity (<4 metabolic equivalent
[MET]), moderate-intensity (4-5.5 MET), and vigorous-intensity
(>5.5 MET) activities. Energy expenditure for leisure-time PA
is expressed as MET-minute obtained by multiplying the MET
intensity level by minutes reported for the activities. The scoring
algorithm was described by Molina et al [29]. Here, we only
report the results for leisure-time PA, as the study was not
designed to target sedentary behavior or occupational PA. The
REGICOR has high test-retest reliability for assessing MVPA
(interclass correlation=0.79 and 0.95 for moderate- and
vigorous-intensity PA, respectively), is sensitive to assessing
changes in PA over time, and has been validated against
accelerometers [29].

SCT Outcomes
SCT constructs were assessed using a series of questionnaires
developed and tested in previous research. Self-efficacy for PA
was assessed using the 12-item Exercise Confidence Survey
[31]. Social support for exercise was evaluated using the 20-item
Social Support for Exercise Survey [32]. This scale consists of
separate 10-item measures of family support and friend support.
Self-regulation for PA was measured using the 10-item
Self-Regulation Scale from the Health Beliefs Survey [33,34].
Outcome expectations for PA were assessed using the 9-item
Outcome Expectation Scale for Exercise [35]. Behavioral
capability for PA was measured using a 5-item scale developed
by our research team, adapted from previous research [36,37]
to assess knowledge of national PA guidelines and the health
benefits of PA.

Acceptability and Feasibility
Acceptability and feasibility were assessed by examining
objectively measured indices of Fitbit wear, app use, and text
message delivery and by evaluating self-reported treatment
acceptance via a consumer satisfaction survey. Fitbit wear was
assessed by examining the daily Fitbit wear. The criterion used
to indicate daily wear was modeled after work by Hartman et
al [38] and required participants to accumulate at least 1 minute
of light- or moderate-intensity PA (as classified via Fitbit’s
tracking algorithm) on a given day. This criterion was selected
because participants were instructed to wear the activity monitor
to track their activity, as opposed to wear the device all day.
Accordingly, achieving 1 minute of activity would indicate that
the activity monitor was worn for at least part of the day. App
use was assessed using analytic tracking software built into the
app during development. Specific data points (events) recorded
by this software included (1) when a participant loaded a PA
module on her phone, (2) when a participant played a module,
and (3) when a participant posted in a discussion board forum.
Weekly text messages were sent to participants using Twilio,
a commercial cloud-based communication platform, which
integrated with the smartphone app platform. The app platform
recorded the time and date when a text message was delivered
to a participant. In the event that a text message was not
delivered, an error note was sent to the research team. Treatment
acceptance was assessed using a 37-item consumer satisfaction
survey adapted from previous research [13,39]. This survey

included both multiple-choice and open-ended questions
evaluating participants’ perceptions of the intervention,
including content and app usability, and suggestions for how
the research team could improve the intervention. Example
questions include “Overall, how helpful did you find the weekly
videos and text modules to promote physical activity?” and “If
we were to do the program again, what do you recommend we
change, add, or remove from the program?”

Procedures
Community-based recruitment strategies were used to recruit
participants, including social media posts, newspaper
advertisements, in-person recruitment at community events,
and word-of-mouth. Women interested in study participation
contacted the research team via email, telephone, or the study
website (which was included in recruitment materials) and
completed an eligibility screening survey by telephone or via
the internet. Eligible women were scheduled to attend an
in-person study orientation session held on the downtown
campus of Arizona State University. This orientation session
was designed to provide detailed information about the study
activities and allow participants to have any questions regarding
the study answered by the study staff. At the conclusion of the
orientation session, women who indicated a desire to participate
provided written informed consent; completed paper-based
baseline surveys; and had their resting blood pressure, height,
and weight assessed by study staff. To reduce participant wait
time between baseline assessments and initiation of the
intervention, participants were enrolled in 3 separate cohorts:
cohort 1 included 9 participants who received the intervention
from October 2019 to February 2020, cohort 2 included 5
participants enrolled from November 2019 to March 2020, and
cohort 3 included 6 participants who received the intervention
from December 2019 to April 2020. Before the start of each
cohort, a member of the study team provided participants with
a Fitbit activity monitor to wear on their nondominant wrist
during the intervention and assisted each participant with
downloading the Smart Walk app. Study staff proactively
followed up participants every 2 weeks during the intervention
to identify any issues participants may have with the Smart
Walk app or Fitbit activity monitor. This contact also served as
an opportunity to remind participants to wear the Fitbit daily.

Follow-up study assessment procedures were designed to be
similar to baseline. Specifically, participants were expected to
attend in-person assessments to complete the study surveys and
have their weight and resting blood pressure assessed. However,
in-person assessments were not possible for cohorts 2 and 3
because of safety concerns associated with the transmission of
SARS-CoV-2 (COVID-19). Accordingly, participants in these
2 cohorts were mailed the 4-month survey packet. After
completing the surveys, participants were asked to return the
study materials to the research team using a prepaid mailer.
However, several participants reported that they were unable
to mail the study packet to the research team because they either
lived in residences that did not have a mailbox large enough to
place the prepaid mailing envelope and/or were unable to access
a postal service dropbox. For these individuals, a member of
the research team coordinated a no-contact pick-up of the survey
and accelerometer at the participant’s residence. Due to the
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remote nature of follow-up data collection procedures for
cohorts 2 and 3, blood pressure and anthropometric data were
not collected for these participants. Accordingly, these data are
not presented at follow-up because of the large amount of
missing data at the 4-month assessment. Participants were
provided US $50 for study participation (US $25 after the
baseline assessment and US $25 after the 4-month assessment)
and were allowed to keep the Fitbit provided to them during
the intervention.

Sample Size Considerations
This study focused on examining the feasibility of the
smartphone-delivered intervention among a sample of midlife
African American women, rather than efficacy testing. We
selected a sample size of 20 because it would yield sufficient
information regarding the feasibility of implementing the
intervention with a sample of midlife African American women
and allow for a preliminary examination of pre- versus
postintervention differences in outcomes.

Statistical Analysis
Descriptive statistics (mean, median, percentage, and frequency)
were used to summarize demographic characteristics and
postintervention consumer satisfaction survey responses. Due
to the small sample size and concerns about data not meeting
distributional assumptions for parametric statistical tests,
nonparametric techniques were used to examine baseline to
4-month changes in SCT and PA outcomes. With baseline values
carried forward for missing data at follow-up, Wilcoxon
signed-rank tests were used to examine pre- versus
postintervention changes in study outcomes, and correlation
coefficients were used to characterize the magnitude of change.
Statistical significance was set at a P value of <.05; however,
P values are provided for reference only, as the study was not
powered to detect significant changes in study outcomes.
Qualitative data provided by participants on the consumer

satisfaction survey were analyzed using direct content analysis
[40]. For this analysis, participants’ responses to open-ended
survey questions were initially coded based on the specific
intervention component of the qualitative narrative referenced
(multimedia modules, discussion boards, Fitbit, activity tracker,
and text messages). Narratives not focused on a specific
intervention component were coded into a category broad
category entitled overall satisfaction with the intervention.

Next, narratives within each code were reviewed, and repetitive
themes emerging from the coded data were used to reflect
participant sentiments regarding the overall intervention as well
as specific intervention components. A qualitative analysis was
performed by one member of the research team (RPJ).

Results

Participant Flow and Baseline Characteristics
Recruitment efforts resulted in 329 women being screened for
eligibility. Of these, 96 women were eligible, and 21 provided
informed consent to participate in the study. The low recruitment
rate (22%) from eligibility to enrollment was due to individuals
completing the web-based eligibility screening survey advertised
on social media but not responding to follow-up inquiries from
the research team for enrollment. One participant withdrew
from the study before receiving the intervention, citing a lack
of time to participate, resulting in 20 women receiving the
intervention. In total, 16 participants provided follow-up data
at 4 months (ie, 80% retention), with 1 participant’s completed
follow-up data forms being lost by the project staff. The reasons
for withdrawal at follow-up included loss of contact (n=2) and
personal issues limiting study participation (n=2). Figure 1
provides detailed information regarding participant flow
throughout the study, including reasons for ineligibility and
withdrawal from the study.
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Figure 1. CONSORT (Consolidated Standards of Reporting Trials) diagram illustrating participant flow. AA: African American; MVPA: moderate-
to vigorous-intensity physical activity.

Participants who began the intervention (n=20) had a mean age

of 56.2 (SD 4.3) years and a mean BMI of 40.0 (SD 8.6) kg/m2.
Overall, 45% (9/20) of women were married (n=8) or living in
a marriage-like relationship (n=1), 30% (6/20) were either
divorced (n=5) or separated (n=1), and 25% (5/20) were never
married (n=5). In addition, 40% (8/20) of women attended some
college or technical school, 35% (7/20) had a bachelor’s degree,
and 25% (5/20) had a master’s degree. One participant reported
an annual household income of <US $25,000, 30% (6/20)
reported annual household incomes of US $25,000-US $50,000,
45% (9/20) reported incomes of US $50,001-US $100,000, and
20% (4/20) reported incomes >US $100,000.

PA Outcomes
The PA outcomes are presented in Table 3. On the basis of
Exercise Vital Sign Questionnaire, self-reported minutes per
week of MVPA increased from a median of 20 minutes per
week at baseline to 50 minutes per week at 4 months (r=0.503;
P<.001). Weekly estimated energy expenditure assessed by the
REGICOR indicated comparable increases for total weekly
energy expenditure (baseline median=58.04 MET-min per week;
4-month median=265.91 MET-min per week; r=0.407; P=.008),
with changes in light-intensity (r=0.423; P=.005) and
moderate-intensity activities (r=0.512; P<.001) accounting the
majority of this change.
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Table 3. Self-reported physical activity outcomes.

Effect sizebP valuea4 monthsBaselineVariable

Median (range)Mean (SD)Median (range)Mean (SD)

0.503c<.00150.00 (0-200)65.50 (61.43)20 (0-90)27.00 (26.57)Exercise vital sign (min per
week)

0.423e.00555.94 (0-268.07)84.15 (71.86)37.30 (0-111.89)36.83 (27.64)REGICOR light energy expendi-

ture (METd-min per week)

0.512c<.00167.02 (0-267.07)86.66 (84.17)0 (0-268.07)27.39 (60.18)REGICOR moderate energy ex-
penditure (MET-min per week)

0.114f.509.03 (0-480.42)93.46 (135.64)6.12 (0-512.82)78.05 (140.91)REGICOR vigorous energy ex-
penditure (MET-min per week)

0.407e.008265.91 (41.96-732.17)264.26 (199.62)58.04 (0-585.08)142.27 (178.20)REGICOR total energy expendi-
ture (MET-min per week)

aWilcoxon signed-rank P value for baseline to 4-month change.
bPearson r effect size estimate.
cEffect size: large (0.50-1).
dMET: metabolic equivalent.
eEffect size: medium (0.30-0.49).
fEffect size: small (0.10-0.29).

SCT Outcomes
Pre-post intervention changes in SCT constructs targeted by the
intervention are presented in Table 4. The results showed
enhancements in self-regulation (r=0.397; P=.01) and behavioral
capability (r=0.440; P=.004) for PA over the 4-month

intervention period. An unexpected decrease in exercise
self-efficacy for PA was also observed (r=−0.364; P=.02). No
pre- and postintervention changes were observed for outcome
expectations (r=−.029; P=.87), social support from family
(r=0.103; P=.55), or social support from friends (r=0.083;
P=.62).

Table 4. Social cognitive theory outcomes.

Effect sizecP valueb4 monthsBaselineRangeaVariable

MedianMean (SD)MedianMean (SD)

−0.029.874.614.41 (0.49)4.614.30 (0.89)1-5Outcome expectations

0.397d.012.402.49 (0.89)2.01.96 (0.46)1-5Self-regulation

−0.364d.023.633.64 (0.49)3.863.95 (0.57)1-5Self-efficacy

0.083.6217.018.00 (9.64)16.016.53 (9.92)8-40Social support from friends

0.103e.5515.017.63 (7.47)15.017.25 (7.91)10-50Social support from family

0.440d.0044.03.40 (1.19)2.502.30 (1.13)1-5Behavioral capability

aPotential range for each survey measure.
bWilcoxon signed-rank P value for changes from baseline to 4 months.
cPearson r effect size estimate.
dEffect size: medium (0.30-0.49).
eEffect size: small (0.10-0.29).

Acceptability and Feasibility

Fitbit Wear and Activity Tracking Feature
The median number of days participants wore the Fitbit device
was 101.2 of the 112-day intervention period (ie, 91% of
intervention days). Half of the sample (n=10) wore the device

on more than 90% of intervention days, 3 participants wore the
Fitbit between 75% and 90% of intervention days, 2 participants
wore the device between 50% and 75% of intervention days,
and 25% (5/20) of participants wore it for less than 50% of the
intervention days. Daily Fitbit wear over time is presented in
Figure 2, which shows a trend for decreasing Fitbit wear as the
intervention period progressed.
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Figure 2. Fitbit wear by day and study cohort.

Self-reported feedback regarding the activity tracking feature
and the Fitbit activity monitor was generally favorable. Overall,
87% (13/15) of the sample indicated that the combined use of
the Fitbit and activity tracking feature available on the app was
very motivating (n=2), motivating (n=7), or somewhat motivating
(n=4) for increasing PA; 2 participants reported that these
features were not motivating. The majority of participants also
indicated that the activity monitor was very comfortable (n=8)
or somewhat comfortable (n=5) to wear; 1 participant reported
that it was a little comfortable, and 1 indicated that it was not
comfortable. With regard to frequency of accessing the activity
tracking feature, 47% (7/15) of participants reported viewing
the activity tracking feature more than 7 times per week, 7%
(1/15) participant reported viewing the tracker 4-6 times per
week, 27% (4/15) participants indicated viewing this feature

2-3 times per week, and 20% (3/15) participants reported
viewing the feature no more than 1 time per week.

Multimedia PA Promotion Modules
Among the 20 participants enrolled in the study, the median
number of weekly multimedia intervention modules viewed
was 4 (out of 14 possible). However, among participants who
completed the intervention (n=16), the median number of
modules viewed was 7. As illustrated in Figure 3, module
viewing decreased as the 4-month study progressed. Videos
embedded in these multimedia modules were viewed at a lower
rate, with only 8 participants pressing the play video on these
videos. Among these 8 participants, 3 viewed at least 75%
(10/14) of the module videos, 1 viewed 50% (7/14) of the
videos, and 4 viewed less than 50% (7/14) of the videos.
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Figure 3. Module views by week and study cohort.

Participant feedback regarding multimedia modules indicated
that 80% (12/15) of the participants found the modules to be
very helpful (n=3), helpful (n=4), or somewhat helpful (n=5) for
promoting PA. Three participants indicated that they were not
helpful for promoting PA. In addition, 87% (13/15) of the
participants indicated that they were motivated (n=4) or
somewhat motivated (n=9) to be physically active as a result of
weekly video and text modules; 2 participants said they were
not motivated.

Discussion Board Features
The number of discussion board posts varied by cohort and by
week and is shown in Table 5 and graphically displayed in
Figure 4. Similar to the trends observed for Fitbit wear and
module viewing, discussion board posts decreased as time
progressed. Participants reported accessing the message boards
at varying frequencies: 20% (4/20) reported viewing the
discussion boards 4-6 times per week, 20% (4/20) reported
viewing 2-3 times per week, 15% (3/20) reported viewing 1
time per week, and 20% (4/20) reported viewing less than 1
time per week. Self-reported feedback from participants
indicated that although the discussion boards were easy to use
(12 of 15 participants indicated they did not have any difficulties
using the discuss boards), their utility for encouraging PA was
somewhat limited, as only 60% (9/15) of participants indicated
the discussion boards were helpful (n=5) or somewhat helpful
(n=4) for promoting PA; 40% (6/20) reported they were not
helpful. Qualitative narratives indicated that participants felt

that the discussion boards lacked interactivity and that additional
activities were needed to enhance the discussion board feature
and the social support components of the intervention. Quotes
provided on the satisfaction survey illustrating the lack of
interactivity among participants on the discussion boards
included:

low interaction on the discussion board.

lack of camaraderie [on the discussion boards]
among participants.

lack of interaction [on the discussion boards] with
the group.

Participant narratives describing how we can improve the
discussion boards and provisions of social support provided by
the intervention included:

[have a member of the study team] encourage
reaching out, connecting and partaking in the
discussions.

[have] a discussion led by the program.

require a check-in [from study staff] 2-3 times per
week and setup group exercise activities.

[have] a monthly meeting or web chat for participants
or perhaps weekly.

maybe have [a study team member organize] a
meet-up or challenge.
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Table 5. Discussion board posts by cohort.

Cohort 3 (n=6)Cohort 2 (n=5)Cohort 1 (n=9)Week

Frequency of partici-
pants posting

Total number partic-
ipant posts

Frequency of partici-
pants posting

Total number partic-
ipant posts

Frequency of partici-
pants posting

Total number partic-
ipant posts

00008271

47455132

11244123

4611234

5723225

2200226

4400347

0025388

0000229

220021010

22001111

00112312

N/AN/AN/AN/AN/AN/Aa13

23003414

N/AN/AN/AN/AN/AN/A15

11004916

aN/A: not applicable.

Figure 4. Discussion board posts by week and study cohort.
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Text Messages
Text message delivery software indicated that text messages
were delivered with a high level of fidelity. These data showed
that all study text messages were delivered to 19 of the 20
participants. One text message was not delivered to one study
participant (ie, sent but received an undeliverable response from
Twilio). The research team was unable to identify the reason
for this message not being deliverable, as the issue self-resolved,
and the participant received all other study text messages.
Feedback regarding the text messages indicated that 80% (12/15)
of participants thought the text messages were very helpful
(n=2), helpful (n=2), or somewhat helpful (n=8) for promoting
PA.

Additional Feedback From Participants Regarding
Acceptability and Feasibility of the Intervention
Among participants completing the satisfaction survey (n=15),
13 (87%) reported gaining knowledge about PA or exercise
from the smartphone-delivered intervention and 14 (93%)
indicated that they would recommend the intervention a friend.
The one participant indicating she would not recommend the
study to a friend stated that the intervention, “didn’t allow for
building fitness connections.” This feedback, along with
participant suggestions on how we can improve the discussion
board features and social support components of the
intervention, indicated the need to enhance the intervention to
further promote connectedness and camaraderie among
participants. Specifically, qualitative narratives provided by
participants on the satisfaction survey suggested the need for a
member of the study team or a PA coach to actively engage
with participants and facilitate group-based social support for
PA. Despite meaningful feedback provided by participants on
how to improve the intervention, many participants expressed
appreciation and positive sentiments, supporting the feasibility
of the approach. Quotes illustrating this included:

I gained a lot and will continue to walk more and
more.

Thank you! I really needed this. I was in a slump.

I like that it [the intervention] was interactive.

I enjoyed the study. It helped me keep moving.

keep all things [referring to the multiple components
of the intervention], as everyone is different and [you]
never know what motivates a person.

Discussion

Principal Findings
This study evaluated the acceptability and feasibility of a
smartphone-delivered PA intervention among African American
women. The results indicated that the smartphone-delivered
approach increased self-reported PA and enhanced the
theoretical mediators of intervention effects, including
behavioral capability and self-regulation for PA. Objectively
measured metrics of app use and intervention receipt, along
with postintervention feedback from participants, highlighted
several areas in which the intervention should be refined before
larger-scale implementation of the intervention. The results add

to the limited body of research on the use of mHealth PA
interventions among midlife to older African American women.

The analyses showed a median increase of approximately 30
minutes of self-reported MVPA per week. Similar increases
were also reported for the total weekly estimated energy
expenditure. Effect size estimates for self-reported PA were
comparable with those for self-reported PA outcomes reported
in a previous eHealth and mHealth intervention of similar
duration targeting African American women [41] as well as
eHealth and mHealth PA interventions among obese women
[42]. Evaluation of the SCT constructs targeted by the
intervention showed enhancements in behavioral capability and
self-regulation. We anticipate that these findings were related
to the high level of module viewership during the early weeks
of the intervention (ie, weeks 1-3; Figure 3), which largely
included content focused on enhancing these psychosocial
processes for the successful promotion of PA promotion (Table
1 shows the module content). These findings speak favorably
for the intervention increasing knowledge and skill for PA and
for participants enacting behavioral strategies to incorporate
more PA into daily routine. An unexpected outcome was the
decrease in self-efficacy. We speculate that participants may
have been overly optimistic regarding their ability to increase
PA at baseline, and once they attempted to increase PA, they
realized that increasing their activity levels was not as easy as
expected. Several participants alluded to this through comments
provided on the satisfaction survey, including:

The program was good. It may have just been a bad
time for me as it relates to the time commitment of
working out.

I wish I had been as active as I inspired[sic] to be.

I work full-time and care for my mom after work, so
time is precious.

In addition, although not specifically mentioned by participants
in the satisfaction survey, we anticipate that the onset of the
SARS-CoV-2 pandemic during the latter stages of intervention
delivery for cohorts 2 and 3 also played a role in this outcome.
The findings suggest the need to further explore how the
intervention can be refined to leverage sources of self-efficacy
for the successful promotion of PA.

The lack of changes from pre- to postintervention for outcome
expectations may be a result of a ceiling effect, as participants
reported relatively high scores on this measure (median scores
of 4.61 out of 5, indicating favorable outcome expectations for
PA) at both time points. Weak pre- versus postintervention
changes in social support from family or friends were
unsurprising, considering the lack of engagement in the app’s
discussion board feature and qualitative feedback provided by
participants. Together, these outcomes highlight a key area for
intervention refinement. When originally developed, the purpose
of the discussion board feature was to provide a venue for
participants to interact with each other and to provide and
receive social support. Weekly prompts provided on the
discussion boards were included to initiate conversations among
participants. However, our data show that these activities were
not sufficient to promote social support for PA or engagement
among participants on the Smart Walk app. Participants desired
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synchronous, more frequent, and interactive engagement with
the study staff and other study participants. In particular,
participants suggested that a member of the research team
actively engage with them, provide frequent one-on-one
check-ins for support and accountability, and organize group
exercise sessions. Given that this is one of the first studies to
examine an exclusively technology-mediated PA intervention
among previously sedentary midlife to older African American
with obesity, the findings provide important insights for
researchers developing interventions for this population.

Objectively measured app use provided a great deal of insight
regarding the feasibility and acceptability of the
smartphone-delivered approach. The relatively high adherence
to Fitbit wear, self-reported viewing of the activity tracking
feature, and favorable outcomes regarding the motivation
provided by these combined features suggest that it is feasible
to provide midlife African American women with a Fitbit and
allow them to track their activity. Nonetheless, we observed a
decrease in Fitbit wear over the course of the study. In future
trials, we will incorporate additional strategies to increase
adherence to this study component, particularly among
participants who demonstrate a decline in wear during the latter
stages of intervention delivery. We were also able to deliver
text messages to participants with a high degree of fidelity.
However, a limitation of the study was that we did not include
an item on the satisfaction survey assessing how many of the
text messages participants read. Such information would have
yielded greater insight into the receipt of the study text messages
and will be incorporated into future studies.

Analytic tracking software showed that participants completing
the intervention viewed half of the available weekly multimedia
PA promotion modules, with a trend for decreased module
viewing as the study progressed. Although decreased app use
over time is a common issue reported in the mHealth literature
[43], these outcomes may indicate the need to revise the modules
to make them more interactive and to identify strategies to entice
viewership (ie, reminders to view the modules for participants
who have not viewed them). Identifying effective strategies to
increase module viewing will increase the dose of the
intervention received by participants, which, in theory, is
expected to further enhance PA outcomes. However, this is not
definitive. Additional work is needed to identify the optimal
amount of intervention receipt needed to promote meaningful
changes in PA.

Limitations and Strengths
Limitations of the study include the small sample size and lack
of a control group. Given the purpose of this study was to
examine the feasibility of the intervention, rather than efficacy
testing, the design was appropriate. Similarly, the
multicomponent nature of the intervention does not allow us to
draw conclusions as to whether one component is more effective

than another for promoting PA. To answer this type of research
question, a multiphase optimization strategy design may be
warranted. Other limitations include the use of self-reported PA
measures as study outcomes and that the latter stages of
intervention delivery for cohorts 2 and 3 coincided with the
early stages of the COVID-19 pandemic (February to April
2020). Given that this time was characterized by disruptions of
daily routines, uncertainty regarding how the novel coronavirus
was transmitted and the likelihood of being infected, and
enhanced psychological stress [44,45], these issues likely
impacted participants’ PA patterns, psychosocial outcomes
(particularly self-efficacy for PA), app use, and attrition (3 of
the 4 women lost to follow-up were enrolled in these cohorts).
Likewise, safety concerns associated with virus transmission
inhibited in-person data assessments at 4 months for participants
in these 2 cohorts, limiting our ability to examine BMI and
blood pressure outcomes among participants. Finally, we
originally planned to include wrist-worn
accelerometer-measured PA as an outcome measure. However,
the collection of these data proved challenging among
participants completing their 4-month follow-up assessments
during the pandemic. Participants indicated limited interest in
wearing the device due to COVID-19–related stress and ongoing
disruptions of their daily activities. This resulted in less than
half of the participants providing valid wear at the 4-month
follow-up. Owing to the high rate of missing accelerometer
data, objectively measured PA was not reported here.

Despite these limitations, this study has several strengths. This
is one of the few studies to test a mHealth PA intervention
among midlife to older African American women. These
findings provide important insights into the use of mHealth
technology to promote PA among this population at high risk
for cardiometabolic diseases. Other strengths include the use
of cultural tailoring and behavioral theory in the intervention
design. Cultural tailoring is believed to enhance the salience
and behavioral outcomes of a behavior change intervention
[28,46,47], and numerous studies have shown that theoretically
based behavior change interventions are more effective than
those that are atheoretical [48-51]. These design considerations
address the weaknesses noted in previous reviews of the PA
promotion literature among African American women [41,52].

Conclusions
The results provide preliminary support for the feasibility of
the smartphone-based approach to increase PA among
insufficiently active midlife to older African American women.
However, before larger-scale implementation, several
refinements to the intervention are necessary, including
enhancing the social support components of the intervention.
The findings will be used to inform future research using
smartphone-based approaches to promote PA among midlife
African American women.
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Abstract

Background: Mindfulness meditation smartphone apps may improve mental health but lack evidence-based behavioral strategies
to encourage their regular use for attaining mental health benefits. In October 2019, the Calm mindfulness meditation app
introduced a mood check-in feature, but its effects on participation in meditation have yet to be tested.

Objective: The objective of this study was to investigate how a mood check-in feature impacts meditation behavior in Calm
app subscribers.

Methods: This was a retrospective longitudinal analysis of mobile app usage data from a random sample of first-time subscribers
to the Calm app (n=2600) who joined in summer 2018 or summer 2019. The mood check-in feature allows users to rate their
mood using an emoji after completing a meditation session and displays a monthly calendar of their past mood check-ins.
Regression analyses were used to compare the rate of change in meditation behavior before and after the introduction of mood
check-ins and to estimate how usage of mood check-ins was associated with individuals’ future meditation behavior (ie,
intent-to-treat effects). Additional regression models examined the heterogenous effect of mood check-ins between subscribers
who were active or inactive users prior to the introduction to mood check-ins (ie, above or below the median number of weeks
with any meditation within their cohort). In order to confirm the specific associations between mood check-ins and meditation
engagement, we modeled the direct relationship between the use of mood check-ins in previous weeks and subsequent meditation
behavior (ie, treatment on the treated effects).

Results: During the first 9 months of their subscription, the 2019 cohort completed an average of 0.482 more sessions per week
(95% CI 0.309 to 0.655) than the 2018 cohort; however, across both cohorts, average weekly meditation declined (–0.033 sessions
per week, 95% CI –0.035 to –0.031). Controlled for trends in meditation before mood check-ins and aggregate differences between
the 2018 and 2019 samples, the time trend in the number of weekly meditation sessions increased by 0.045 sessions among the
2019 cohort after the introduction of mood check-ins (95% CI 0.039 to 0.052). This increase in meditation was most pronounced
among the inactive subscribers (0.063 sessions, 95% CI 0.052 to 0.074). When controlled for past-week meditation, use of mood
check-ins during the previous week was positively associated with the likelihood of meditating the following week (odds ratio
1.132, 95% CI 1.059 to 1.211); however, these associations were not sustained beyond 1 week.

Conclusions: Using mood check-ins increases meditation participation in Calm app subscribers and may be especially beneficial
for inactive subscribers. Mobile apps should consider incorporating mood check-ins to help better engage a wider range of users
in app-based meditation, but more research is warranted.

(JMIR Mhealth Uhealth 2021;9(4):e27106)   doi:10.2196/27106
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Introduction

There are an estimated 20,000 mental health smartphone apps
currently available for download [1]. Mindfulness meditation
apps are a popular type of mental health app, with over 290
available for download [1]. To date, Headspace and Calm are
the leading mindfulness meditation apps with 65 and 100 million
total downloads, respectively [2,3]. Interventions using
mindfulness meditation apps indicate small- to medium-sized
effects on improvements in depression and anxiety, life
satisfaction, and positive affect [4], and greater engagement
with mental health apps is associated with larger reductions in
mental health symptoms [5]. Thus, mindfulness meditation apps
are easily accessible, feasible, and cost-effective tools for
promoting mental health and well-being on a large scale [4].
Despite the potential benefits of using these apps, not everyone
remains engaged [5], and existing mobile Health strategies to
increase mindfulness meditation app engagement have yet to
identify techniques that can increase participation, both among
subscribers who are active users (ie, currently using an app on
a regular or semiregular basis) and those who are inactive users
(ie, those who subscribed to an app but did not or no longer use
it).

Lack of engagement is a well-documented barrier confronting
mobile app interventions. A recent systematic review and
meta-analysis [5] reported that participation in mental health
app-based interventions consistently decreased over time, and
percentages of participants who adhere to all prescribed sessions
vary widely between studies and found that, in studies targeting
depression, anxiety, or stress, average intervention adherence
rates were 34%, 36%, and 41%, respectively. Adherence
reported in studies [6,7] testing the Calm meditation app were
similar. For example, in an 8-week intervention to improve
stress in college students, only 22% of participants adhered to
the prescribed meditation schedule (10 minutes per day) through
the completion of the intervention [6]. In a study [7] to improve
cancer-related symptoms (eg, fatigue, pain, anxiety, sleep
disturbance) in patients with blood cancer, meditation
participation decreased from an average of 86 minutes per week
to 53 minutes per week over the course of the 4-week
intervention period (a 38% decline). In both studies [6,7],
adherence declined despite high initial motivation and high rates
of satisfaction with the meditation app and perceived benefits
of using apps to meditate. In real-world settings (eg,
noninterventions), rates of app usage also decline rapidly; 71%
of users stop using commercially available apps within 3 months
of starting a subscription despite having sufficient initial interest
and motivation to purchase an app subscription (which range
from US $20 to $70) [8,9]. There is a limited understanding of
how to re-engage meditation app subscribers after long periods
of inactivity or after stopping app use entirely [10]. Identifying
strategies to increase mobile app use among subscribers who
are active or inactive is particularly important for developers
of mindfulness meditation apps that are associated with large
improvements in mental health only among subscribers who
are highly active users [5].

Self-tracking app usage is a common component of existing
mental health apps [11]. In general, apps that utilize behavioral

self-tracking features have less usage reduction and a lower
likelihood of abandonment compared to apps without these
features [12]. Mood check-ins (ie, assessing and documenting
one’s mood after meditation) may be a particularly useful
self-tracking strategy to improve engagement in subscribers
who are active users or re-engage subscribers who are inactive
users of app-based meditation for several reasons. First, tracking
one’s mood may help users better recognize the immediate
benefits of meditation. Second, mood check-ins may increase
emotional self-awareness, which may further improve mental
health symptoms [11]. Third, mood check-ins align with several
constructs from social cognitive theory, which suggests that
mood check-ins may encourage behavior change by increasing
positive reinforcement for meditation, self-efficacy, and
self-regulation (ie, self-monitoring, judgment, affective reaction)
[13,14]. Finally, as meditation requires continued practice in
order to develop mindfulness skills and attain the corresponding
mental health benefits, meditation may not always provide clear
and immediate feedback [15]; therefore, mood check-ins may
provide tangible feedback to the user regarding their mental
health in the moment and over time. This feedback increases
the salience of both the immediate and future benefits of
meditation, and thus, may increase meditation engagement by
combatting myopic loss aversion, a decision-making bias
commonly noted by behavioral economists, in which short-term
preferences lead people to undervalue health behaviors (eg,
meditation) that produce future benefits [16]. Mood check-ins,
therefore, have a strong theoretical justification for improving
app engagement; however, their effect on active and inactive
subscribers’ app-based meditation practices has not yet been
evaluated.

In October 2019, the Calm mindfulness meditation app
introduced a mood check-in feature that is based on constructs
of social cognitive theory [13,14]. Therefore, the purpose of
this study was to use app usage data from Calm subscribers to
determine whether the introduction of mood check-ins within
the Calm app increased meditation engagement.

Methods

Overview
We used an event-study design (or difference-in-differences
model) to measure the change in meditation use after the
introduction of mood check-ins among a random sample of
users who had subscribed 3 months before mood check-ins were
introduced, and compared that difference to the change in
meditation use among a random sample of users who subscribed
in the same month the year prior (ie, intent-to-treat effects). We
also used this framework to examine whether mood check-ins
had a heterogeneous effect on meditation engagement across
subscribers in our sample who were active and inactive users
prior to the introduction of mood check-ins (ie, above or below
the median number of weeks with any meditation within their
cohort). To confirm that it was specifically mood check-ins that
increased engagement, we modeled the direct relationship
between use of mood check-ins during the previous weeks and
subsequent meditation behavior (ie, treatment on the treated
effects). These findings may help to design future behavioral
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interventions for promoting mindfulness meditation app
engagement and thus improving subscribers’ mental health
outcomes.

Ethics
This was a retrospective longitudinal analysis of mobile app
usage data and was approved by the Arizona State University
institutional review board (STUDY 00011292). Consent for use
of data was provided by subscribers who agreed to the Calm
privacy policy, which states that user information may be used
for research and shared with third parties in anonymous or
aggregate form.

Participants and Data Source
Usage data were compiled from a random sample of 2600
first-time Calm app subscribers who joined in June or July 2018
(n=1300) or in June or July 2019 (n=1300). Subscribers were
eligible for selection based only on the date of their initial paid
subscription to the Calm app and were chosen using a
randomization function in SQL. The Calm app introduced the
mood check-in feature in October 2019; therefore, users who
joined in 2018 had not been exposed to mood check-ins over
the first 15 to 16 months of their subscription (ie, control group),
whereas those who subscribed in 2019 were introduced to mood
check-ins between 3 and 4 months after subscribing. No other
major changes were introduced in the app during these time
periods. Data for both groups were restricted to the first 9
months of app use to avoid analyzing usage patterns during the
COVID-19 pandemic (February 2020) among the group that
joined in 2019.

The Calm App
The Calm app is a meditation app that is commercially available.
Calm provides general guided meditation (eg, 10-minute Daily
Calm, various individual and series meditations, and
sleep-specific meditations) grounded in mindfulness-based
stress reduction [17] and Vipassana meditation [18] and Sleep
Stories, grounded in sensory immersion and present moment
awareness. The Daily Calm meditations are 10 minutes in length
and include topics that change daily targeted for both the
beginner and advanced meditator (eg, karma, distraction,
self-compassion). The individual and series meditations include
3- to 30-minute meditations with topics such as stress, self-care,
and anxiety (and include meditations for beginners). The series
meditations are designed to be practiced daily for 7 days and
include topics such as “7 Days of Soothing Pain,” “7 Days of
Managing Stress,” or “7 Days of Calming Anxiety.” The
sleep-specific meditations are intended to sooth the body and
mind into sleep through deep, progressive relaxation. Finally,
the Sleep Stories are designed to help users fall asleep while
listening to a variety of stories including fiction or nature-based.

Calm recently added a mood check-in feature which allows
participants to rate their mood using an emoji after completing
a meditation session; users then receive preset feedback
messages related to their mood selection (eg, let negative
thoughts be, let them go) and a monthly calendar of past mood
check-ins that is displayed after checking-in. This feature is
consistent with behavioral strategies (eg, reinforcement,

self-monitoring [13,14]) that may help individuals participate
in and maintain health behaviors.

Statistical Analyses

Cohort Effects of the Introduction of the Mood Check-In
Feature (Intent to Treat)
App usage data (number of meditation sessions completed, total
minutes of meditation with the app, and likelihood of completing
any meditation session) were aggregated by week over the first
9 months of users’ subscriptions. To estimate the overall effect
of mood check-ins on meditation behavior over time, we used
linear regression analyses. We compared the rate of change in
meditation behavior measures in the 2019 cohort before and
after the introduction of mood check-ins with those of the 2018
cohort during the corresponding time period in the previous
year. We used a difference-in-differences approach, in which
estimations of changes in meditation behavior were allowed to
differ linearly for the periods before and after the mood check-in
feature was introduced to determine the intent-to-treat effect.
Outcomes were regressed on to a linear measure of weeks since
starting to use the app, an indicator variable equal to 1 for the
2019 sample, and an indicator variable equal to 1 for the weeks
after the mood check-in feature became available in 2019
(evaluated for the same week in both the 2018 and 2019 cohort),
as well as all 2-way and 3-way interactions between the three
variables. The model coefficient of interest was the estimated
parameter for the change in weekly time trend after mood
check-ins became available to the 2019 cohort—the variable
weeks×2019 cohort×mood check-ins. All analyses were
conducted using Stata software (version 16.1; StataCorp LLC).

To investigate whether the effects of mood check-ins were
similar for active versus inactive users, we created separate
models for active and inactive subscribers. Active and inactive
status was defined by the number of weeks in which a subscriber
completed at least 1 meditation session during the first 17 weeks
of their subscription (corresponding to the period before mood
check-ins were introduced in 2019). Users were classified as
active subscribers if they were above the median number of
weeks with any meditation within their cohort or as inactive
subscribers if they were below the median number of meditation
weeks threshold within their cohort. Thresholds were 2 and 3
weeks, respectively, for the 2018 and 2019 cohorts.

Association Between Using Mood Check-ins and Future
Meditation Behavior (Treatment on the Treated)
To confirm the specific direct relationship between using mood
check-ins and meditation engagement (treatment on the treated
effect), we examined associations between an individual’s use
of mood check-ins during the previous week and that person’s
future meditation behavior by creating a second set of linear
models regressing (1) the likelihood of any meditation during
the week and (2) the weekly number of meditation sessions on
the number of mood check-ins during the prior week (ie, a 1-unit
lag). For these analyses, weekly app usage data were assessed
for a 16-week period—8 weeks prior to and following the
release of the mood check-in feature in October 2019. We
created models for the entire 2019 cohort, active subscribers,
and inactive subscribers. To control for differences in aggregate
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meditation behavior between subscribers who did and did not
use the mood check-in feature, the models controlled for
estimated meditation behavior during the prior week. To
examine the duration of associations between using mood
check-ins and future meditation behavior, we created models
predicting subsequent weekly meditation using mood check-ins
and meditation behavior measured over the previous 7 weeks.

Results

Introduction of the Mood Check-in Feature
(Intent-to-Treat Effect)
Summary statistics for weekly meditation practices using the
Calm app between the 2018 and 2019 cohorts show significantly
greater meditation usage among those who joined in 2019 versus
2018 (Table 1). Compared to users who joined Calm in the
summer of 2018, those who joined in the summer of 2019 were
0.122 percentage points more likely to meditate with the Calm
app in a given week (P<.001), meditated for an average of 0.587
more sessions per week (P<.001), and meditated for

approximately 7.761 more minutes per week (P<.001). Similar
patterns were observed among the active and inactive
subscribers (Table 1).

The difference-in-differences model (Figure 1) shows that there
were negative linear time trends in weekly meditation sessions
occurring at an equal rate in both cohorts prior to the
introduction of mood check-ins. This equivalence in trends prior
to the introduction of the mood check-in feature for the 2019
cohort satisfies the parallel trends assumption (see Figure S1,
Multimedia Appendix 1 for trends among active and inactive
subscribers). An increase in meditation sessions occurred
following the introduction of the mood check-in feature (Model
1, Table 2): across both cohorts, average weekly meditation
sessions declined (–0.033 sessions per week, 95% CI –0.035 to
–0.031), and in general, the 2019 cohort completed an average
of 0.482 more sessions per week (95% CI 0.309 to 0.655) than
the 2018 cohort completed. Importantly, the weekly change in
meditation sessions significantly increased by 0.045 sessions
per week (95% CI 0.039 to 0.052) in the 2019 cohort after the
introduction of the mood check-in feature.

Table 1. Calm app usage between 2018 and 2019 cohorts during the full study period.

P valueDifferencec2019 cohortb (n=1300), mean (SD)2018 cohorta (n=1300), mean (SD)Subscriber meditation characteristics

All subscribersd

<.001–0.1220.34 (0.48)0.22 (0.42)Any weekly meditatione

<.001–0.5871.45 (3.28)0.87 (2.49)Weekly meditation sessions

<.001–7.76118.79 (46.14)11.03 (35.54)Weekly meditation minutes

Active subscribersf

<.001–0.1780.57 (0.50)0.39 (0.49)Any weekly meditation

<.001–0.9572.51 (4.05)1.56 (3.19)Weekly meditation sessions

<.001–12.64832.48 (57.69)19.83 (46.12)Weekly meditation minutes

Inactive subscribersg

<.001–0.0520.07 (0.26)0.02 (0.14)Any weekly meditation

<.001–0.1290.16 (0.94)0.03 (0.30)Weekly meditation sessions

<.001–1.7082.11 (12.72)0.40 (3.77)Weekly meditation minutes

aThose who subscribed to the Calm app in June or July of 2018.
bThose who subscribed in either June or July of 2019.
cDifference between 2018 and 2019 cohort weekly averages.
d39,000 and 39,000 observations for the 2018 and 2019 cohorts, respectively.
eAny weekly meditation describes the estimated likelihood that a meditation session was completed during a given week.
f21,330 and 21,420 observations for the 2018 and 2019 cohorts, respectively.
g17,670 and 17,580 observations for the 2018 and 2019 cohorts, respectively.
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Figure 1. Average weekly meditation sessions for the 2018 and 2019 cohorts along with the estimated trend before and after the introduction of the
mood check-in feature in October 2019.

Because the trends in weekly meditation sessions are not
accurately described by a linear time trend over the study period,
we focused our analyses on the 8-week periods before and after
mood check-ins were introduced to the 2019 cohort and the
same time period in the 2018 cohort (Model 2). The estimated
effect of mood check-ins on weekly meditation sessions is
attenuated but remains positive and statistically significant
(Table 2). Specifically, the time trend in the number of weekly
meditation sessions significantly increased by 0.012 over this
period (95% CI 0.005 to 0.018). Based on this increased time
trend, the cumulative effect of 8 weeks of mood check-ins was

an estimated increase of approximately 1 meditation session.
Similar time trends and statistically significant differences in
app usage were observed when estimating the effect on weekly
meditation minutes, resulting in an estimated increase of 5.1
minutes over the 8 weeks of mood check-ins (Table S1 and
Figure S2-S3, Multimedia Appendix 1).

Table 2 shows that the primary effect of mood check-ins on
meditation behavior was experienced by inactive subscribers.
Specifically, the cumulative effect of 8 weeks of mood check-ins
was an estimated increase of 1.7 weekly sessions for the inactive
subscribers.

Table 2. Effect (ordinary least squares estimates) of the introduction of the mood check-in feature on average weekly meditation sessions.

Model 2: 8 weeks before and afterModel 1: full study periodSubscriber variables

P valueCoefficient (95% CI)P valueCoefficient (95% CI)

All subscribersa

<.001–0.006 (–0.009, –0.003)<.001–0.033 (–0.035, –0.031)Subscription week

<.0010.623 (0.455, 0.791)<.0010.482 (0.309, 0.655)2019 cohort

<.0010.012 (0.005, 0.018)<.0010.045 (0.039, 0.052)Week×2019 cohort×mood check-ins

Active subscribersb

<.001–0.014 (–0.019, –0.008)<.001–0.060 (–0.063, –0.056)Subscription week

<.0011.061 (0.781, 1.341)<.0010.811 (0.528, 1.094)2019 cohort

.460.004 (–0.007, 0.015)<.0010.063 (0.052, 0.074)Week×2019 cohort×mood check-ins

Inactive subscribersc

.0030.003 (0.001, 0.005).20–0.001 (–0.002, 0.000)Subscription week

.0040.082 (0.026, 0.138)<.0010.070 (0.034, 0.107)2019 cohort

<.0010.021 (0.017, 0.026)<.0010.026 (0.023, 0.029)Week×2019 cohort×mood check-ins

a78,000 and 49,400 observations for model 1 and model 2, respectively.
b42,750 and 27,075 observations for model 1 and model 2, respectively.
c32,250 and 22,325 observations for model 1 and model 2, respectively.
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Association Between Using Mood Check-Ins and
Future Meditation Behavior (Treatment on the
Treated)
Table 3 presents the average weekly meditation behavior

between those among the 2019 cohort who did and did not use
the mood check-in feature. Compared to nonusers, subscribers
who used the feature were more likely to meditate, completed
more meditation sessions, and spent more time meditating in a
given week.

Table 3. Meditation behavior of users of mood check-ins vs nonusers of mood check-ins.

P valueDifferenceaUsers, mean (SD)Nonusers, mean (SD)Subscriber meditation characteristics

All subscribersb

<.001–0.1220.37 (0.48)0.21 (0.40)Likelihood of any weekly meditationc

<.001–0.5871.66 (3.25)0.75 (2.93)Weekly meditation sessions

<.001–7.76120.91 (44.85)10.37 (44.48)Weekly meditation minutes

Active subscribersd

<.001–0.1780.52 (0.50)0.42 (0.49)Likelihood of any weekly meditation

<.001–0.9572.45 (3.78)1.55 (4.04)Weekly meditation sessions

<.001–12.64830.97 (52.94)21.31 (62.48)Weekly meditation minutes

Inactive subscriberse

<.001–0.0520.13 (0.34)0.05 (0.22)Likelihood of any weekly meditation

<.001–0.1290.36 (1.32)0.16 (1.48)Weekly meditation sessions

<.001–1.7084.41 (16.67)2.43 (20.78)Weekly meditation minutes

aDifference between nonuser and user weekly averages.
b4660 and 8340 observations for nonusers and users, respectively.
cAny weekly meditation describes the likelihood that a meditation session was completed during a given week.
d1960 and 5180 observations for nonusers and users, respectively.
e2700 and 3160 observations for nonusers and users, respectively.

To examine the association between using mood check-ins and
future meditation behavior, we estimated the relationship
between using mood check-ins during the prior week and the
likelihood of any meditation during the subsequent week for
the 8 weeks after mood check-ins were introduced. The results
are presented in Table 4. All models control for the aggregate

trends in the likelihood of any weekly meditation both before
and after the introduction of mood check-ins, as well as an
indicator for any weekly meditation during the previous week.
Using the mood check-ins in the previous week increased the
odds of meditating by 1.132 (95% CI 1.059 to 1.211). This
pattern was similar across active and inactive subscribers.

Table 4. Effect (logistic panel regression estimates) of past mood check-ins on the likelihood of weekly meditation.

Inactive subscribers (n=34,075)Active subscribers (n=41,325)All Subscribers (n=75,400)Predictor

P valueOR (95% CI)P valueOR (95% CI)P valueORa (95% CI)

.331.005 (0.995, 1.015)<.0010.957 (0.953, 0.961)<.0010.963 (0.959, 0.966)Subscription week

<.0013.269 (2.697, 3.963)<.0012.055 (1.813, 2.330)<.0012.286 (1.949, 2.681)2019 cohort

<.0011.047 (1.022, 1.073)<.0011.024 (1.012, 1.037)<.0011.041 (1.030, 1.053)Week×2019 cohort×mood check-ins

<.0011.043 (1.038, 1.047)<.0011.038 (1.037, 1.040)<.0011.040 (1.038, 1.041)Lagged 1-week meditation minutes

.031.147 (1.011, 1.301).0011.127 (1.047, 1.213)<.0011.132 (1.059, 1.211)Lagged 1-week total mood check-ins

aOR: odds ratio.

To examine the long-term relationship between past mood
check-ins and subsequent meditation behavior, we estimated
associations between 7 weeks of lagged mood check-ins and
future meditation engagement (Table S3, Multimedia Appendix
1). Each model also controlled for aggregate trends in the
likelihood of any weekly meditation among each cohort over
the sample period. The results showed that any past meditation
was significantly associated with greater odds of meditation in

a given week, but importantly, the magnitude of this positive
relationship declined for meditation that occurred further in the
past. The predictive relationship between using the mood
check-in feature and the odds of future meditation was not
sustained beyond 1 week.
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Discussion

To our knowledge, this is the first study to examine if the
introduction of a mood check-in feature within a mindfulness
meditation app increased meditation engagement. Our findings
demonstrate that users were more likely to participate in
meditation after mood check-ins were available (ie, 0.045 more
weekly sessions 2019 subscribers following the introduction of
mood check-ins compared to 2018 subscribers during the
corresponding time period) and that this effect was stronger for
inactive subscribers than for active subscribers. Additionally,
we found that use of mood check-ins specifically increased the
likelihood of future meditation engagement, even when
controlling for past meditation behavior and aggregate trends
in meditation patterns over time. Use of mood check-ins during
the previous week was positively associated with likelihood of
meditating the following week; however, use of mood check-ins
beyond 1 week prior was not predictive of future meditation.

The 2019 cohort had an estimated cumulative increase in
meditation of approximately 1 session (or 5 minutes), 8 weeks
after the introduction of mood check-ins, compared to that of
the 2018 cohort. Additionally, subscribers who used mood
check-ins (compared to those who did not use mood check-ins)
were more likely to meditate, completed more meditation
sessions, and spent more time meditating on a given week.
Importantly, these associations were strongest among previously
inactive users. These data highlight the potential for mood
check-ins to help subscribers participate in meditation after a
period of low engagement. Existing literature suggests mood
self-tracking helps app users increase their awareness of their
mood patterns and, as such, helps with self-regulation and
emotional well-being [19]. The mood check-in feature was also
designed to increase the salience of immediate meditation
benefits. The mood check-in calendar display may help users
better visualize the long-term benefits of meditation and perhaps
maintain meditation behavior by improving self-efficacy or
even acting as a behavioral reinforcement [14]. Additionally,
the increased salience of future long-term mental health benefits
may help users overcome present-biased time preferences,
allowing users to better evaluate the merits of mindfulness
meditation and thus increase their meditation practice. However,
to the authors’ knowledge, no studies have disentangled the
potential mechanisms through which mood check-ins impact
the use of a consumer-based meditation app. Future research
should further examine how meditation and health outcomes
are impacted by mood check-ins and investigate the behavioral
channels that underlie these effects. Additional studies are also
needed to investigate the use of mood check-ins over longer
periods of time to see if and how improvements in meditation
habits are maintained.

The effect of mood check-ins was greater for inactive
subscribers (ie, cumulative effect of 8 weeks of mood check-ins
increased their meditation practice by an estimated 1.7 sessions)
than it was for active subscribers (ie, practices did not change).
To our knowledge, there is no research evaluating app-based
meditation behaviors and factors that influence continued
engagement. According to the Transtheoretical Model and the
Stages of Change, there is a distinction between people in the

precontemplation or contemplation stages and those in the action
or maintenance stages [20]. Those in the action stage are actively
involved in taking steps to practice a health behavior, while
those in the maintenance stages have ongoing practice of a
health behavior and are less likely to relapse [20]. In our data,
inactive subscribers may be those in the precontemplation or
contemplation stages and may benefit from reinforcement
management (such as mood check-ins) to help them move into
the action stage, while active subscribers may already be in the
maintenance stage, working toward sustaining a behavior rather
than increasing their efforts. Interventions using mobile apps
may consider evaluating stages of change and incorporating
specific reinforcement strategies, such as mood check-ins, to
move participants from the action to the maintenance stage.

We were not able to determine whether the benefits of mood
check-ins come from individuals consciously deciding to
meditate based on their mood or if this effect occurs on a
subconscious level. If occurring subconsciously, the meditation
behavior may be a byproduct of improvements in mental health
that are associated with better health behaviors [21-23].
Alternatively, mood check-ins may increase the perceived
benefit of meditation, and thus increase performance of the
behavior. Although testing the mechanisms of mood check-ins
on meditation behavior was beyond the scope of this paper, this
is an important area that warrants additional research. Future
studies may benefit from deeper investigation into individuals’
experiences related to mood check-ins, such as the potential
effects of positive and negative emotions, expectancies about
mood regulation [24], self-efficacy, and use of self-feedback to
alter thoughts, feelings, and behavior [25,26].

Limitations
Although this is one of the first studies to assess the effects of
mood check-in on participation in meditation, there are
important limitations to be noted. First, we did not have any
information about subscribers in the current sample beyond
their subscription data and app usage patterns. Thus, we did not
have information on potentially important covariates that may
relate to app usage and meditation behavior and that may modify
the effect of mood check-ins on meditation engagement. Future
studies are encouraged to collect information on demographics
(ie, gender, age, income, education, etc), mental health, and
other theoretically important subscriber characteristics to assess
the possible confounding impacts of these variables on the
relationship between mood check-ins and meditation
engagement. Second, we did not assess how users engaged with
other behavioral strategies already embedded within the Calm
app (ie, tracking time spent meditating, reminders, sharing
meditation stats); therefore, it is unknown if mood check-ins
operate alone or in tandem with these other features when
promoting greater meditation behaviors. Future studies should
evaluate the interaction of these behavioral strategies with mood
check-ins and their combined effect on participation in
app-based meditation. Also, this study analyzed changes in app
usage during the first 9 months of users’ subscriptions with
Calm, but these results may not be generalizable to potential
changes in meditation behavior that would occur at other points
in a user’s subscription. Finally, the cumulative effect of 8 weeks
of mood check-ins was an increase of approximately 1
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meditation session or 5 minutes of meditation. These findings
were statistically significant (both P<.001), but it is unclear
whether small increases in meditation over an extended period
of time constitute meaningful changes associated with clinically
significant health benefits. Given the dearth of literature related
to meditation dosage, future research is warranted to determine
the frequency and duration of meditation optimally needed to
convey benefits to participants and whether effects of this
magnitude relate to future behavior and health outcomes.

Conclusions
Using mood check-ins increased meditation participation (in
sessions or minutes) and the likelihood of meditation in general,
having the greatest benefit for inactive meditators. Mobile apps
aiming to encourage better health behaviors should incorporate
evidence-based strategies such as mood check-ins to sustain
behavior or increase meditation participation, but more research
is warranted to examine mechanisms and confirm the findings
presented herein. Mobile app developers may also utilize this
information to better engage inactive subscribers in an effort to
sustain their consumer base.
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Abstract

Background: Mobile health (mHealth) apps can provide support to people living with a chronic disease by offering resources
for communication, self-management, and social support. PositiveLinks (PL) is a clinic-deployed mHealth app designed to
improve the health of people with HIV. In a pilot study, PL users experienced considerable improvements in care engagement
and viral load suppression. To promote its expansion to other HIV clinics, we developed an implementation strategy consisting
of training resources and on-demand program support.

Objective: The objective of our study was to conduct an interim analysis of the barriers and facilitators to PL implementation
at early adopting sites to guide optimization of our implementation strategy.

Methods: Semistructured interviews with stakeholders at PL expansion sites were conducted. Analysis of interviews identified
facilitators and barriers that were mapped to 22 constructs of the Consolidated Framework for Implementation Research (CFIR).
The purpose of the analysis was to identify the facilitators and barriers to PL implementation in order to adapt the PL implementation
strategy. Four Ryan White HIV clinics were included. Interviews were conducted with one health care provider, two clinic
managers, and five individuals who coordinated site PL activities.

Results: Ten common facilitators and eight common barriers were identified. Facilitators to PL implementation included PL’s
fit with patient and clinic needs, PL training resources, and sites’ early engagement with their information technology personnel.
Most barriers were specific to mHealth, including access to Wi-Fi networks, maintaining patient smartphone access, patient
privacy concerns, and lack of clarity on how to obtain approvals for mHealth use.

Conclusions: The CFIR is a useful framework for evaluating mHealth interventions. Although PL training resources were
viewed favorably, we identified important barriers to PL implementation in a sample of Ryan White clinics. This enabled our
team to expand guidance on identifying information technology stakeholders and procuring and managing mobile resources.
Ongoing evaluation results continue to inform improvements to the PL implementation strategy, facilitating PL access for future
expansion sites.

(JMIR Mhealth Uhealth 2021;9(4):e19163)   doi:10.2196/19163
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Introduction

People living with HIV achieve positive health outcomes more
effectively when they establish and maintain primary HIV care
and have high adherence to their antiretroviral therapy [1-3].
Mobile health (mHealth) apps can support chronic disease
self-management in this population by providing a platform for
communication, self-monitoring, and social support. Improved
outcomes have been reported for mHealth users with chronic
diseases including asthma, diabetes, and HIV [4-8]. Because of
their potential for improving health outcomes, health systems
are beginning to leverage mHealth interventions to engage
people with HIV in self-management behaviors [9].
Accordingly, there is an unmet need for implementation
strategies to support bidirectional mHealth use by people living
with HIV and their primary care teams.

PositiveLinks (PL) is a clinic-based mHealth intervention that
was designed in partnership with people living with HIV to
increase engagement in care and improve clinical outcomes
[10]. PL consists of a smartphone app for patients that includes
features, such as appointment reminders, a virtual community
board, and daily queries of mood, stress, and medication
adherence, with graphical feedback of behavioral patterns
(Figure 1) paired with a suite of tools for clinics and providers.
Following app development, PL was piloted at the University
of Virginia’s Ryan White Clinic in a single arm prospective
study. We found considerable improvements in engagement in
care and in key clinical laboratory markers (CD4 count and HIV
viral suppression), measures of immune system recovery, and
cessation of HIV viral replication. The app was subsequently
adopted as usual care at this site [11].

Figure 1. Positive Links screen shots: patient app.

PL is administered by the HIV primary care clinic. At the
University of Virginia, PL is coordinated by a dedicated team
member who enrolls patients and HIV care team members in
the program, issues smartphones and payments for smartphone
services to patients, provides patient training on use of the app’s
features, manages app content, and assists with phone and app
troubleshooting. Selected clinical laboratory results and other
medical information are directly imported from the electronic
medical record to PL for patient viewing within the app.
Referrals to the program are made by clinical and nonclinical
members of the HIV care team. HIV care team members access
PL as needed to exchange messages with patients in a
password-protected environment and, if desired by team
members, to monitor their patients’ self-reported medication
adherence. Patients are asked to complete daily check-ins on
their HIV medication use, moods, and stress, and have
unrestricted access to all app features.

In 2017, PL was made available to other HIV service providers.
The primary targets for PL expansion were HIV clinics that
were funded under the Health Resources and Services
Administration’s Ryan White HIV/AIDS Program. The
objectives of this study were to describe an interim rapid
evaluation of PL implementation determinants at early adopting

Ryan White clinics using the Consolidated Framework for
Implementation Research (CFIR) and to describe the process
for refining our PL implementation support program based on
the study findings.

Methods

Setting
The University of Virginia Institutional Review Board approved
this study. The setting for this study was four Ryan White clinics
that pursued PL implementation in 2018. Ryan White clinics
provide HIV primary medical care, medications, and essential
support services for people living with HIV who are low income,
uninsured, and underserved [12]. The clinics implementing PL
varied in their location and organizational structure. They
included three health system-affiliated Ryan White clinics in
Virginia and one in Texas. All four clinics were located in cities,
with the two largest clinics serving primarily an urban
population and the two remaining clinics reaching a catchment
area that included both urban and rural regions. At the time of
this evaluation, of the four sites, one ceased participation in PL
before enrolling patients due to difficulties with leadership
buy-in, one was unable to obtain information security approvals
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for PL use within the parent health system, and two progressed
to the implementation stage and began enrolling patients.

All sites received PL implementation support from the
University of Virginia PL implementation team that incorporated
evidence-based interventions from an implementation research
taxonomy [13]. Implementation support included a
comprehensive training package consisting of a training manual,
onsite PL training for HIV care team members, a PL learning
management system accessible directly from PL’s
clinic/provider tool suite, and ongoing and on-demand program
support from an experienced PL coordinator.

We anticipated that successful implementation of PL would
require processes and infrastructure on multiple levels. At the
individual level, PL members (individuals living with HIV)
must download and install the app and interact with the app for
self-monitoring. At the interpersonal level, PL members
communicate with the implementation site–specific PL
coordinator and their care team. PL coordinators at the sites
also interact with the University of Virginia PL implementation
team for training and support. PL workflow must be integrated
into the clinic site and processes developed for allocation of
phone resources, member enrollment, and support and
engagement for members and providers. At the organizational

level, the PL program requires leadership approval and
information technology (IT) infrastructure to support it.

Recruitment and Study Participants
Purposive sampling was used to recruit employees from the
Ryan White clinics that expressed intent to adopt the PL
program. Intent to adopt PL was ascertained from direct email
inquiries, personal contact with the investigators, or requests
for information on the PL website. The PL implementation
coordinator at the University of Virginia tracked these clinics
in their progression toward PL implementation. Figure 2 displays
the stages of the implementation pathways from information
exchange when potential sites contact PL to learn about the
program to preimplementation after the decision is made to
implement PL and then to either implementation or failed to
progress. Sites were included in the evaluation when the clinic
made the decision to adopt PL (preimplementation). The
evaluation team was notified to initiate interview recruitment
activities and received contact information for the individual
confirming intent to implement PL. This individual was
contacted by phone or email and asked to identify primary
stakeholders involved with the PL implementation process at
the site. The individuals were then approached to participate in
the study via email.

Figure 2. Stages of implementation. Interviews occurred during the stages shaded in blue.

We specifically targeted clinic managers, PL coordinators, and
PL providers for interviews. PL coordinators were the point
people for PL at each site; they were responsible for enrollment
and support of PL members. We defined PL providers as
physicians, nurses, psychologists, social workers, case managers,
community health workers, or any other staff members who
were end-users of the PL platform.

Implementation Framework Selection
An implementation science determinants framework informed
the interview guide development and analysis, and it allowed
for consideration of the multilevel factors that may contribute
to implementation success [14,15]. The CFIR [16] captures a
broad range of constructs that fit the goals of this evaluation
and provides interview guides and codebook templates that
facilitate the application of this framework to evaluation projects
[17]. At the time of our evaluation, the CFIR was being used

widely in health-related implementation research [18-27] but
had a smaller presence in the field of mHealth [28-31].

The CFIR consists of the following five domains: intervention
characteristics, outer setting, inner setting, characteristics of
individuals, and implementation process. Across the primary
domains are 39 specific constructs corresponding to factors of
successful implementation [16,17]. The CFIR is designed to be
flexible in its use, with users able to determine which constructs
are most relevant to their project’s implementation.

Two sources guided the selection of specific CFIR constructs
for inclusion in the evaluation. The University of Virginia PL
implementation team reviewed and identified all five domains
and six priority constructs (innovation source, evidence strength
and quality, patient needs and resources, self-efficacy, and
engaging opinion leaders) as most relevant to the PL
implementation based on their experiences with early adopting
sites. Additionally, a 2016 systematic review summarized factors
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that influence the implementation of all types of eHealth
interventions [31]. We used findings from the systematic review
to select CFIR constructs most relevant to mHealth
interventions. Unlike mHealth interventions described in the
report by Ross et al [31], cost was not anticipated to be a barrier
to initial PL implementation. All four Ryan White clinics had
received grant funding to support their PL programs. In total,
22 CFIR constructs were included in the analysis. The chosen
constructs with their PL-specific operational definitions are
included in Table 1. We also included an additional code for
technology because the mHealth aspect of the intervention was
particularly salient to our implementation, and we wanted to be
sure that there was a code to quickly capture all data related to
this theme.

Interview Guide Development
We developed three interview guides to permit tailoring of
questions to clinic managers, PL coordinators, and PL providers.
PL coordinators were asked questions about the PL program at
two time points (before implementation and during
implementation) using the same interview guide. PL providers
were asked questions about the PL program during
implementation only (ie, after the clinic began enrolling patients
in the PL program). Interview guides incorporated questions
associated with 22 CFIR constructs (Table 1). For each
construct, we began by adapting questions suggested by the
CFIR developers [17] and added questions as necessary for our
particular project needs.
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Table 1. Included Consolidated Framework for Implementation Research constructs and their operationalization.

During implementationBefore implementationConstruct

ProviderCoordinatorCoordinator

Innovation characteristics

YesNoNoInnovation source

“Who developed PLa? Why is PL being implemented in
your clinic?”

YesNoNoEvidence strength and quality

“What evidence are you aware of that shows whether
PL will work in your clinic?”

NoNoYesAdaptability

“What changes will you need to make to PL so it works
in your clinic?”

YesNoNoComplexity

“How complicated is PL?”

YesYesNoDesign quality and packaging

“What is your perception of supporting materials,
packaging and bundling of PL?”

Outer setting

YesYesNoPatient needs and resources

"How well does PL meet the needs of your patients?
How do patients respond to PL?”

NoNoYesExternal policy and incentives

"What local, state, national policies or guidelines influ-
enced your decision to implement PL?”

Inner setting

YesNoYesCompatibility

“How does PL fit with the values and norms in your
clinic? How does PL fit into clinic processes and work-
flow?”

NoYesYesLeadership engagement

“What kind of support for PL have you seen from leaders
in your clinic?”

YesNoYesAvailable resources

“What resources do you need to implement PL? Do you
have those resources?”

YesNoYesAccess to knowledge and information

“What kind of training is planned for you and your col-
leagues?”

Characteristics of individuals

YesNoYesKnowledge and beliefs about the intervention

“Do you think PL will be effective? How do you feel
about your plan to implement PL?”

YesNoYesSelf-efficacy

“How confident do you feel about implementing PL?”

YesNoYesOther personal attributes

“Tell me about yourself and your role with PL”

Implementation process

NoYesYesPlanning

“To what extent is there a plan in place to implement
PL? Who is involved? What role has your plan played
in implementation?”
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During implementationBefore implementationConstruct

ProviderCoordinatorCoordinator

NoYesYesEngaging opinion leaders

“Who are key individuals to get on board? What are
they saying about PL?”

NoNoYesEngaging formally appointed internal implementation
leaders

“Who will lead PL implementation? How did your
clinic get involved in PL?”

NoNoYesEngaging champions

“Are there people who go above and beyond what might
be expected?”

YesNoNoEngaging key stakeholders

“What steps are taken to encourage participation in
PL?”

YesNoNoEngaging innovation participants

“How do you communicate PL to patients?”

YesYesNoExecuting

“Has PL been implemented according to plan?”

NoYesYesReflecting and evaluating

“What kind of information do you collect as you imple-
ment PL? How do you assess progress toward your
goals?”

aPL: PositiveLinks.

Interviews
Recruitment began at all clinics on February 15, 2018.
Interviews were completed between March 1, 2018, and July
10, 2019. All participants verbally provided their informed
consent to participate and were allowed to discontinue
participation at any time after giving consent. Interviews were
conducted over the phone and were audio recorded and
professionally transcribed. Interview lengths differed based on
the guide used, ranging from 30 to 60 minutes. Interviewers
were trained members of the evaluation team, and they were
not involved with PL implementation at the clinics. This was
done to promote candid and honest responses from the interview
participants when asked to describe their experiences. Interviews
were stored as audio files on a secure drive labeled by study ID
number. Individual interviews were not discussed with the entire
team to preserve confidentiality.

Eight interviews were completed, including three interviews
that occurred during the preimplementation stage and five
interviews that occurred after the clinics began enrolling patients
in their PL programs. Six of the interviews were contributed by
two clinics that successfully implemented PL during the study
period. The remaining clinics were unable to implement PL as
of June 30, 2019. Each of these clinics contributed a single
interview. One of the clinics experienced difficulties in garnering
leadership buy-in for PL use. The other clinic was unable to
obtain information security approvals for PL use within the
parent health system.

Because only two sites progressed to enrolling patients in PL,
PL providers were only eligible to participate in interviews at

two sites. Of 13 providers we attempted to recruit via email,
two declined interviews, one was lost to follow-up, nine did not
respond, and one successfully completed the interview.

Analysis
An analytical template was used by trained personnel (WC, CC,
JS, and TEF) using the CFIR codebook [17], which provided
operational definitions for CFIR constructs along with example
inclusion and exclusion text. We restricted the codebook to
those constructs selected for inclusion as described above, with
the addition of the technology code as previously described.
Transcripts were independently coded by two investigators who
then worked together to achieve consensus on the coded content.
Coding and analyses were performed using Dedoose Version
8.2.14 [32].

After reaching consensus on the coded content, the two coders
independently summarized the barriers and facilitators that
emerged from each interview. These summaries also underwent
consensus discussions. The summaries were used to generate
a master list of PL implementation determinants. Each
determinant was listed with its corresponding CFIR
construct–specific examples from the interviews and potential
action items to report to the implementation team. Facilitators
were evaluated by the team to assess whether there were
corresponding actions that would enhance or strengthen the
facilitator and enable future clinics to benefit from explicit
recommended actions.

The master list of PL implementation determinants, including
facilitators and barriers, was updated and shared with the
implementation team as each determinant summary was
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completed. This rapid evaluation process enabled iterative
changes to the implementation model prior to study completion.
The median time from interview completion to determinant
summary completion was 131 days and ranged from 36 to 228
days. All information presented to the implementation team
was delivered in a deidentified and aggregated manner.

Results

Facilitators
Based on our analyses, nine CFIR constructs were associated
with 10 facilitators. A summary of facilitators and recommended
action items is shown in Table 2. PL compatibility was an
important facilitator to its implementation. Components of fit
included alignment between (1) PL and clinic needs, and (2)
PL and clinic goals and values. The intersection between patient
needs and resources and compatibility constructs was notable.
For example, the respondents mentioned that accessing the
clinic was a challenge for some of their patients. Having a phone
and connectivity to the clinic through PL helped to address this
barrier. The following two action items arose from findings
related to PL compatibility: (1) remind sites that it is important
to budget for cell phones for their most at risk patients and (2)

help sites identify their own needs and articulate how PL
addresses those needs during preimplementation.

Engaging key stakeholders was also identified as an important
facilitator of PL implementation. First, stakeholder engagement
with PL implementation activities contributed to leadership and
end-user excitement for the program. Second, stakeholder input
during implementation planning prepared teams to integrate PL
into their existing workflows. Encouraging sites to include clinic
staff in implementation planning was identified as an action
item.

The planning and engaging innovation participants constructs
identified useful strategies for boosting engagement by PL
providers and users. Action items included proactive planning
for these engagement strategies and timing marketing of PL
features that are dependent on group participation. The
remaining CFIR constructs (and their associated facilitators)
highlighted aspects of the implementation process that were
going well and did not require additional action. Examples
include accessibility and quality of PL training materials, ease
of PL use, and PL’s ability to be adapted to clinic needs. For
these facilitators, the evaluation team recommended that the
implementation team continue current practices.
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Table 2. Facilitators to PositiveLinks implementation.

Action itemExampleCFIRa domain and construct: facilitator

Outer setting

Needs and resources of those served: Per-
ceived match between needs of clients and

PLb features

• Remind sites of the importance of bud-
geting for cell phones for most at risk
patients

• PL perceived as meeting patient needs for en-
gagement, communication, support, medica-
tion adherence, appointments, and lab tracking

• Help sites identify their own needs and
then discuss how PL can address these

• Staff believe PL can help patients who have
difficulty getting to the clinic

needs• Phones help patients stay in touch with the
clinic and family/friends

Inner setting

Compatibility: PL meets the needs of the
clinic/staff

• Emphasize that PL might make it easier
for staff to do what they are already do-
ing

• PL is supporting what staff are already doing
to engage patients in care

• Incorporating PL into clinic operations and
quality management plans • Remind sites that this tool was devel-

oped to meet the needs identified by• PL perceived as helping to overcome commu-
nication-related gaps in engagement clinicians

Compatibility: PL alignment with clinic goals
and values

• Ask clinics to identify their values and
goals, for example, setting targets for
retention-in-care or viral suppression

• Good alignment between goals of the clinic
and PL: connecting to clients, medication ad-
herence, and patient-centered focus

rates that may be improved by PL use.

Access to knowledge and information: Qual-
ity of PL training materials

• No action indicated• Positive impression of training, materials, and
support for both learning the program and
navigating through the approval process

• Plan for training is well developed, occurs at
an appropriate time, and is delivered to the
right staff

Innovation characteristics

Complexity: Ease of PL use • No action indicated• Simplicity and user friendliness of the patient-
facing app

• Web portal viewed as simple and easy; made
it easier for staff to use PL

• Web portal includes metrics desired by the
clinic for the tracking program

Adaptability: Ability to adapt PL to unique
clinic workflows

• No action indicated• Ability to tailor PL, such as who receives PL
messages

• Ability to adapt the web portal to show desired
information

Implementation process

Engaging key stakeholders: Function and
roles of the clinic team

• Consider creating an opportunity for
coordinators at different sites to interact
with each other and share their experi-

• Leadership at the clinic (CEO and clinic super-
visor) is committed to the program

• Teamwork within the site to identify clients
likely to benefit from PL and prioritize their ences in order to build engagement as a

community of practiceenrollment
• Evolution of roles over time, that is, the super-

visor has more responsibility during the ap-
proval phase and then responsibility transfers
to coordinators
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Action itemExampleCFIRa domain and construct: facilitator

• Plan for clinician and other clinic staff
engagement by asking for their input for
program improvement

• Teams feel better prepared for PL implemen-
tation when having a plan of who to enroll
first, who will manage PL, and how PL will
fit into their workflow

• Proactive engagement with information tech-
nology security, anticipating the need for key
approvals and proactively seeking them

• Soft launch with trial run, including mock pa-
tients and messages, to get clinic staff engaged
and comfortable

• Create plans with milestones and timelines

Planning: Planning

• Emphasize individual-level features first
(check-ins, resources) and phase in the
community board when there are enough
participants to make it engaging

• Early success during implementation (clini-
cians buy-in; clients loving it)

Engaging innovation participants: Initial
success of rollout

Characteristics of individuals

• No action indicated• Positive attitudes toward PL and its implemen-
tation by the PL coordinator, providers, and
other staff

Knowledge and beliefs about the innovation:
Perceptions of PL

aCFIR: Consolidated Framework for Implementation Research.
bPL: PositiveLinks.

Barriers
Six CFIR constructs were associated with eight common
barriers. A summary of those barriers and their recommended
action items are shown in Table 3. Barriers associated with PL
compatibility were common (n=3) and related to mHealth
technology either directly or indirectly. Specific examples
expressed by the respondents included not being able to get
Wi-Fi in the clinic to download PL on their phones and the
release of laboratory results on PL prior to review by the medical
provider, which was in opposition to some clinic’s usual
workflows.

The remaining barriers were associated with different CFIR
constructs. Policy and incentives represented a single barrier
related to privacy concerns, both from clients and administrators

concerned about regulatory compliance. Issues in
implementation planning arose in relation to obtaining
institutional approvals for PL use, in part because of unclear
internal review processes. Barriers associated with available
resources focused on phone availability and staffing effort to
manage the PL program. PL’s adaptability by clinics created
potential barriers to uptake, with suggestions for allowing
tailoring of the PL platform appearance to appeal to unique
clinic populations. To address these barriers, the team developed
the following action items: (1) create a document that helps
sites anticipate potential IT challenges with tips on how to
address in advance and (2) provide examples from other sites,
including stories or case studies related to how sites addressed
common problems and how long their implementation process
took.
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Table 3. Barriers to PositiveLinks implementation.

Action itemExampleCFIRa domain and construct: barrier

Outer setting

External policy and incentives: Privacy • Create a document with suggestions to
help sites prepare for anticipated chal-

• Privacy concerns from information privacy
officers

lenges. Include tips such as figuring out• Clients are concerned about privacy issues
who key decision makers are, what per-
missions are needed, and identifying all
the people the team will likely need on
board (eg, privacy, security, and clinical)

Inner setting

Compatibility: Information technology • PLc prioritizes EMR integration• Wi-Fi access at enrollment locations
• Phone related (permission to trust app, trou-

bleshooting phone technology)
• PL not integrated with EMRb

Compatibility: Mismatch of goals/priorities • Develop new strategies for communicat-
ing among site stakeholders about goals

• Clinicians focused on benefits to patients; may
not be aware of PL goals set by an external

and prioritiesdecision maker
• Mismatch between desire of the clinic director

to implement PL and the buy-in from staff
carrying out the implementation

Compatibility: Clinic workflow/structure • Allow sites to tailor the lab feed to meet
their own needs; consider only releasing

• Concern about patients seeing their lab results
in PL before their appointment

lab values after provider review• Competing priorities for clinic staff
• Emphasize that clinics consider multiple

responsibilities of staff and discuss ways
to fit PL into existing workflow based
on their unique processes

Available resources: Resources • Continue sharing the reference docu-
ment outlining the different phone ser-

• Acquiring cell phones and coordinating cell
phone payments

vice providers and how to pay them• Limited resources to handle enrollments,
manual entry of lab results, and appointments • Create a learning module specific to cell

phone payments; provide a customizablein PL
template for sites• Staffing numbers and capacity to successfully

enact an mHealth intervention • Re-emphasize staffing needs, including
that needs may change over time

Implementation process

Planning: Preimplementation approvals • Provide examples from other sites• Unclear how to initiate internal approval pro-
cesses • Consider writing stories/case studies

about implementation processes that• Decisions to adopt PL disconnected from PL
users have succeeded at other sites, including

• Initial concern over the mechanics and length
of time needed to implement PL

how long it takes to go through each step
of the process
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Action itemExampleCFIRa domain and construct: barrier

• Consider providing literature on
provider engagement

• Remind coordinators that PL can still
be beneficial to patients if providers do
not engage in the app

• Clearly articulate that “providers” can
include other staff roles, not only doc-
tors

• Consider retraining providers if there is
uneven engagement or high turnover

• Consider involving the “frontline” staff
in early implementation decision making
and planning to improve engagement,
motivation, and compatibility

• Set realistic goals for PL participation;
provide guidance on what goals to aim
for and how to track goals

• Doctors see PL as “another thing to do”
• Coordinator unsure of the level of buy-in from

all staff including nurses
• Coordinators need targeted engagement

strategies to keep clients and providers using
the app

Engaging key stakeholders: Buy-in

Innovation characteristics

• Anticipate needing to adapt PL from one
clinic population to another; seek more
input from the clinic staff up front about
their clients’ needs

• Ensure that app updates and upgrades
continue on an ongoing basis following
feedback from users

• PL is developed externally by a site that is
different than the expansion site

• Some PL features do not meet the preferences
of clients (older patients may have difficulty
or lack of interest in a mobile app; younger
patients may prefer a more upgraded interface)

Adaptability: Adaptability and design of PL

aCFIR: Consolidated Framework for Implementation Research.
bEMR: emergency medical record.
cPL: PositiveLinks.

Discussion

Principal Findings
This work demonstrates the feasibility of applying the CFIR to
the evaluation of mHealth implementations. Rapid evaluation
methods using a determinants framework were deemed ideal
for interim analysis, simultaneously providing for rigorous
assessment of PL implementation processes, identification of
specific barriers and facilitators of implementation, and timely
refinement of our implementation support program [14].

One of the goals of this analysis was to determine if CFIR could
adequately capture the important factors in mHealth
implementation. We found that the constructs within CFIR are
sufficient to pick up mHealth-specific considerations that may
impact successful implementation. Although most content
captured within our functional technology code was also coded
with a CFIR construct, its inclusion in our final codebook
enabled more rapid data reduction and analysis to identify
instances of delayed or stalled PL uptake due to the clinic’s or
health system’s technology-related barriers. Technology played
a role in each of the CFIR domains. The addition of a functional
code for technology allowed the evaluation team to extract
segments of interviews specific to technology aspects of the
implementation support program. This enabled us to target our
rapid analysis; however, CFIR alone is suitable to cover the
concepts arising in mHealth intervention-related interviews.

Preliminary results from the first four PL expansion sites
identified compatibility, engaging key stakeholders, and

innovation participants and planning as important CFIR
constructs associated with early PL implementation. The primary
barriers identified in our early results were related to technology
and mHealth. mHealth interventions require support from a
broad range of stakeholders, including clinic leadership and
administration, clinic staff, security and privacy officers, and
IT personnel. One recommendation that emerges from this
finding is that sites intending to implement an mHealth
intervention should engage their security and technology leaders
and staff early in the process to streamline implementation and
help to avoid or minimize technology-related barriers, such as
multiple levels of review and permissions that can be required
by large systems. Further, mHealth interventions are unique in
their need for continuous updates following their initial
implementation. Unlike more discrete interventions, mHealth
interventions are not complete once they are implemented but
instead require ongoing technological maintenance and support.
We identified a useful application of the CFIR for identifying
barriers and facilitators at PL sites while PL implementation
processes were underway. This enabled us to provide specific
action items for the PL implementation team, and it resulted in
iterative refinement of our PL implementation strategy. The
evaluation was successful in providing interim CFIR-informed
feedback to implementation stakeholders rather than waiting
for the end of implementation to assess its success. This model
could be useful in other implementations that occur on a rolling
or ongoing basis.

The results of our evaluation led to revisions in a detailed
implementation manual that is provided to new expansion sites.
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This manual includes information about the PL program itself,
including a detailed description of all app features and
components of the web portal. Revisions to the implementation
manual included (1) a description of important milestones in
the implementation process including developing a budget and
IT flows, (2) information about gathering necessary security
and privacy approvals, and (3) phone logistics. This manual is
essential to the successful implementation of PL at new sites
and is continually updated based on feedback learned from the
implementation interviews using the rapid feedback approach
taken by the evaluation and implementation teams.

Rapid evaluation was critical to providing timely feedback to
the implementation team and expansion sites. Because the
implementation team is continuously implementing PL and
working to meet the immediate needs of expansion sites, it is
important to plan regular communication between the evaluation
and implementation teams. The frequency of communication
should be based on timing of interviews and the emergence of
new sites. Both teams should establish an integrated flow that
allows for two-way channels of communication from the
implementation team to the evaluators regarding the status of
pending sites, as well as from the evaluators to the implementers
regarding recommended changes to the implementation process.

The results of this rapid interim evaluation suggest that health
systems looking to adopt new mHealth apps to improve patient
engagement and outcomes will need to consider adopting a
streamlined approach to decision making and IT infrastructure,
including security, to have successful mHealth implementation.
Our findings are consistent with other recent evaluations of
mHealth interventions [33,34] that used CFIR to identify factors
influencing implementation, including characteristics of the
innovations themselves, as well as the local and institutional
contexts in which they are being adopted. Scale-up of
technological innovation is a challenging process and can be
inhibited by organizational factors external to the intervention.

Future work will include incorporating interviews with patients
who represent another important stakeholder group in the

implementation of mHealth. Additional next steps will include
incorporating the CFIR valence attribution as the number of
sites increase and we become able to identify the positive and
negative attributions of each implementation.

Limitations
One of the main limitations of this evaluation was the lack of
provider interviews. Our provider recruitment experience echoes
others in the implementation literature, requiring perseverance
of our PL evaluation team and considerably longer recruitment
times than predicted [35]. Providers represent a key stakeholder
group in mHealth chronic disease interventions, and their
participation in the evaluation of such interventions is critical.
For interventions like PL that are designed to improve
connections between users with chronic medical conditions and
members of their health care teams, intervention effectiveness
is dependent on provider uptake. Engaging providers in
evaluations of PL implementation is essential for the recognition
of and response to the unique barriers to PL use.

Conclusion
This study describes the use of the CFIR to guide iterative
refinement of an implementation strategy to facilitate
dissemination of our mHealth intervention. Our findings
highlight the unique characteristics of mHealth interventions
and the multilevel factors that must be considered when planning
for their implementation in health care settings. The flexibility
and comprehensiveness of CFIR appear to be sufficient to
capture concepts within the interviews that we conducted and
likely would be applicable to the evaluation of other mHealth
interventions. Strategies for rapid evaluation may be particularly
important in the realm of mHealth, where the field can move
quickly. Rapid evaluation methods that are rigorous and
responsive to the experiences of early mHealth adopters can
better inform best practices for mHealth implementation.
Increasing provider feedback will also enable more impactful
and utility-focused evaluation.
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Abstract

Background: Smoking rates are significantly higher among young people experiencing homelessness than in the general
population. Despite a willingness to quit, homeless youth have little success in doing so on their own, and existing cessation
resources tailored to this population are lacking. Homeless youth generally enjoy the camaraderie and peer support that group-based
programs offer, but continuous in-person support during a quit attempt can be prohibitively expensive.

Objective: This study aimed to assess the feasibility and acceptability of an automated text messaging intervention (TMI) as
an adjunct to group-based cessation counseling and provision of nicotine patches to help homeless youth quit smoking. This paper
outlines the lessons learned from the implementation of the TMI intervention.

Methods: Homeless youth smokers aged 18 to 25 years who were interested in quitting (n=77) were recruited from drop-in
centers serving homeless youth in the Los Angeles area. In this pilot randomized controlled trial, all participants received a
group-based cessation counseling session and nicotine patches, with 52% (40/77) randomly assigned to receive 6 weeks of text
messages to provide additional support for their quit attempt. Participants received text messages on their own phone rather than
receiving a study-issued phone for the TMI. We analyzed baseline and follow-up survey data as well as back-end data from the
messaging platform to gauge the acceptability and feasibility of the TMI among the 40 participants who received it.

Results: Participants had widespread (smart)phone ownership—16.4% (36/219) were ineligible for study participation because
they did not have a phone that could receive text messages. Participants experienced interruptions in their phone use (eg, 44%
[16/36] changed phone numbers during the follow-up period) but reported being able to receive the majority of messages. These
survey results were corroborated by back-end data (from the program used to administer the TMI) showing a message delivery
rate of about 95%. Participant feedback points to the importance of carefully crafting text messages, which led to high (typically
above 70%) approval of most text messaging components of the intervention. Qualitative feedback indicated that participants
enjoyed the group counseling session that preceded the TMI and suggested including more such group elements into the
intervention.

Conclusions: The TMI was well accepted and feasible to support smoking cessation among homeless youth. Given high rates
of smartphone ownership, the next generation of phone-based smoking cessation interventions for this population should consider
using approaches beyond text messages and focus on finding ways to develop effective approaches to include group interaction
using remote implementation. Given overall resource constraints and in particular the exigencies of the currently ongoing
COVID-19 epidemic, phone-based interventions are a promising approach to support homeless youth, a population urgently in
need of effective smoking cessation interventions.
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Introduction

National data indicate that 19% of people aged 18 to 25 years
in the United States are current (past 30 day) cigarette smokers
[1]. However, rates of smoking among young people
experiencing homelessness are significantly higher, with several
studies indicating that up to 70% of the population are current
smokers [2-4]. They also spend a higher fraction (about 30%)
[5] of their monthly income on cigarettes, compared with about
20% spent by homeless adult smokers [6]. In addition, most
homeless youth who smoke report engaging in one or more
high-risk smoking practices that heighten their exposure to
toxins such as smoking shared cigarettes (96%), smoking
discarded butts (71%) and filters (46%), and blocking filter
vents (39%) [7]. Despite the high prevalence of smoking and
high-risk smoking behaviors negatively impacting the health
of homeless youth who smoke, evidence-based smoking
cessation programs specifically designed for this population are
lacking.

This paper is based on our previous research that focused
specifically on young homeless smokers and supported the need
for cessation programs adapted to this population. We found
high willingness to quit smoking among this population but
little success in doing so on their own or when using existing
available cessation resources [5,8-10]. In a sample of nearly
300 young homeless smokers, almost half (43%) were motivated
to quit in the next 30 days and, of those, 76% were interested
in using a nicotine replacement product (eg, nicotine patches)
and/or smoking cessation counseling to help them quit. The
participants reported attempting to quit an average of nearly 10
times in the past year, and two-thirds of them had quit for at
least 24 hours before relapsing. Most participants (79%) who
had tried to quit smoking did so on their own (ie, without
counseling or medication), reflecting the lack of readily available
smoking cessation services for this population. As many of
these young people are not connected to the formal health care
sector, we identified drop-in centers as a low barrier, “come as
you are” point of service entry for young homeless smokers.
These centers represent an ideal setting to reach young homeless
smokers who may not seek services elsewhere, and we therefore
recruited the sample for this study in this setting.

We also found that homeless youth who are interested in quitting
enjoy the camaraderie and peer support that group-based
programs offer [8]. Therefore, we decided to use a group format
to deliver a brief in-person smoking cessation counseling session
at the beginning of the intervention as described below. While
there is no clear consensus on the cost effectiveness of mobile
health (mHealth) behavioral interventions [11,12], in this case,
continued in-person contact during a quit attempt is prohibitively
time- and cost-intensive, and instead support must be provided

in a way that is low cost and low burden for both service
providers and their clients. A text messaging-based intervention
(TMI) for cessation support circumvents some of these barriers
and offers a tailored approach that can be accessed anywhere
and anytime. Given widespread cell phone ownership among
homeless youth, phone-based support holds great potential for
behavior change [13]. Although TMIs for behavior change have
not been evaluated in this population, a recent study using text
messaging for daily data collection among young homeless
smokers found it to be both acceptable and feasible [14].
Systematic reviews of text messaging services for adolescents
have shown the general acceptability and feasibility as well as
improvements in preventive behaviors and adherence to
medication in the case of chronic health conditions [15,16].
Furthermore, nearly all of the homeless youth in our previous
study expressed interest in using their phone to receive ongoing
text messages to help them quit [10]. Phone-based smoking
cessation interventions have been found to be feasible and
effective in other populations, as a recent meta-analysis of 22
studies found that smokers who received a TMI were more
likely to abstain from smoking relative to controls across a
number of outcomes, including 7-day point prevalence (odds
ratio [OR] 1.38, 95% CI 1.22-1.55) and continuous abstinence
(OR 1.63, 95% CI 1.19-2.24) [17]. TMIs hold great potential
(even more so in the age of COVID-19) for offering ongoing
support for behavior change as an adjunct to face-to-face
services.

In this paper, we report on our experiences implementing the
first TMI targeted at smoking cessation among homeless youth
as a part of a pilot evaluation that found promising results of
the TMI on smoking reduction. We lay out the lessons learned
in designing appropriate and effective text messages and
implementing the technical aspects of the intervention and report
on the feedback from the participants regarding different aspects
of the intervention. We conclude with a discussion of what
worked well and what could benefit from improvement with
the hope that our lessons can be of value to other, much-needed
TMIs for this particularly vulnerable population.

Methods

Study Design and Participants
The findings reported here are from a pilot study of 77 current
smokers aged 18 to 25 years who desired to quit and were
recruited from 3 drop-in centers serving homeless youth in the
Los Angeles area. The unit of analysis was the individual, but
individuals were assigned to groups (standard care alone vs
TMI adjunct) based on the drop-in center where they were
seeking services during recruitment hours. The intervention was
carried out in a cluster cross-over randomized controlled design
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such that each drop-in center alternated between serving as an
intervention or control site by phase across the field period.
After formative work with 26 participants [18], we settled on
a study design that provided a brief group counseling session
based on the 5 As (ask, advise, assess, assist, and arrange) [19]
and nicotine patches to all participants, and those in the TMI
condition were then sent automated text messages. The study
flow is shown in Figure 1, and a detailed description of the
intervention design has been published elsewhere [20]; here we
focus on aspects related to the text messaging component.

Enrollment and intervention delivery occurred between May
30, 2019, and February 25, 2020, with follow-up data collection
occurring approximately 90 days later. The sample was 81%
male (62/77), 71% heterosexual (55/77), and 13% non-Hispanic
White (10/77). Mean age was 22.61 (SD 1.84) years. All study
materials and procedures were approved by the study’s
institutional review board, and a certificate of confidentiality
was obtained from the National Institutes of Health. The study
was registered at ClinicalTrials.gov [NCT03874585].

Figure 1. Study flow.

Description of TMI
The project team generated 174 text messages to send to all
TMI participants (see previous work [20] for example texts by
the 5 main foci of the TMI program as well as TMI time point
[ie, pre–quit day texts, quit day texts, early post-quit texts, later
post-quit texts]). Text message content was informed by our
prior work with homeless smokers to identify key factors
associated with motivation to quit, consultation with the text
messaging literature, and review of text messages included in
other public domain smoking cessation programs (eg, Text2Quit
[21] and SmokefreeTXT [22]). The majority of texts address 1
of the 5 main foci of the intervention that are based on factors
identified in our prior work associated with motivation to quit
among young homeless smokers [5]: strategies for getting
support for quitting (“Check in with your friends and let them
know how you’re doing with staying smoke-free. If you need
support from them, ask for it!”); calculations for the amount of
money saved by quitting (“Quitting smoking can save you some
big $$! If you’re curious about how much you can save by
quitting, check out this link: [link to external website]”);
presentation of health and social benefits of quitting (“Sniping
discarded butts might be free tobacco, but it can also make you
sick from germs on the ground or from the person who smoked
it first. Not worth it.”); strategies for dealing with cravings and

negative moods (“Don’t lose the progress you’ve made. Ride
through cravings by chewing gum, walking it off, or taking 10
deep breaths. And text CRAVE for more support anytime”);
and tips for staying motivated (“Say out loud ‘I’m a nonsmoker.’
It seems cheesy, but it can remind you of all the changes you’ve
made and help you stay strong through the cravings”). Given
the provision of nicotine patches in this study, some texts
included reminders to use the nicotine patches. Other text
messages included periodic check-ins to see if they were still
reading the texts (“We just want to know that you got this text.
Please text back: YES”) and occasional fun content (eg,
encouraging messages, emojis, or funny memes). Similar to
other text messaging programs (eg, SmokefreeTXT), participants
could text CRAVE, MOOD, or SLIP at any time for additional
support in dealing with cravings, negative mood, or a smoking
lapse, respectively; an additional 72 text messages (24 for each
text type) were developed for these purposes.

It was important to ensure that the content of the text messages
reflected the unique circumstances of young people experiencing
homelessness. In addition, to make messages more effective
we used recent insights from behavioral economics in the design
of the messages [23,24], such as using gain/loss framing
(“Increase your chances of success by starting to use the nicotine
patches tomorrow morning”), employing social norms (“You’re
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not alone in wanting to be smoke-free. Most people your age
don’t smoke...and most people that do smoke want to quit.”),
appealing to participants’ self-identity (“Look in the mirror and
tell yourself: I am a nonsmoker! Thinking of yourself as a
‘nonsmoker’ instead of an ‘ex-smoker’ can make staying
smoke-free easier.”), and providing progress information to
keep the salience of the quitting behavior high (“You’ve worked
really hard for almost 2 weeks to get where you are now. Don’t
lose this energy!”). The program was named CRUSH IT! in
this spirit as well.

Given that TMIs have not been previously implemented for
behavior change among young homeless smokers, there is little
guidance from the existing literature regarding the frequency
and timing of text messages for this population. Therefore, we
conducted several focus groups with a total of 18 homeless
smokers and elicited usability testing feedback with a separate
sample of 10 homeless smokers recruited from the drop-in
centers [18]. During these groups we also reviewed the content
of texts with participants and made sure that receiving texts
would be feasible for this population to inform decisions about
the optimal content (eg, what types of messages would likely
be most effective in dealing with cravings) and wording (eg,
how to word the text message so that it motivates homeless
youth to stay quit). During conceptualization of the TMI, we
decided to use the online text messaging platform Telerivet to
deliver the intervention. Telerivet is a free online web service
that one of the authors used in previous studies [25-27]. Telerivet
also offers a paid version with additional features that we made
use of in our intervention. For instance, the paid version allows
users to create multiple (up to 20) polls. These polls are useful
for asking questions to the participants and setting up automated
responses while also logging the participants’ responses. We
had polls set up to occasionally check in with the participants
to see if they had smoked that day and to respond with words
of appreciation or encouragement based on their responses.
Early on, we also used these polls to log their reason for wanting
to quit smoking and sent it to them later on during the
intervention to remind them of what they had said. The paid
version of the platform also allows for a larger degree of
automation and backend data to be collected. Since the TMI
had a different start date for each intervention group,
reprogramming the platform with all the messages every time
would have been prohibitively labor intensive. Instead, we used
Telerivet features to completely automate this process using
triaged scheduling relative to the start date of each group.
Telerivet also allows for a great degree of customizability to
create functionalities beyond the preprogrammed options. For
example, we programmed a feature allowing us to create
keywords that users could send in order to get automatic
supportive texts if they were tempted to smoke due to a craving
or negative mood or if they had slipped and smoked a cigarette.
We were also able to automate the process for allowing
participants to delay the start of the intervention by a few days
or stop it altogether.

Surveys
The results in the following section come from two surveys.
The first was a baseline survey that was administered when
participants were first recruited for the TMI before the
counseling session. This survey asked respondents for
information such as demographics, phone use, smoking behavior
at baseline, and other substance use. Three months after the
baseline survey (and hence about 6 weeks after the end of the
intervention phase), all participants received a follow-up survey
that asked for information similar to that at baseline; those in
the TMI condition were asked additional questions on their
experience with the TMI. The baseline survey was administered
in a group setting immediately prior to the group counseling
session. We used self-administered paper-pencil forms, which
was the most feasible option in our field setting. The follow-up
surveys were administered either in person or via phone
interview. Survey response forms were then scanned and
checked for accuracy. While staff were available to assist
participants in completing the surveys, no one required such
assistance. Participants received $20 for the baseline survey and
$40 for the follow-up survey. The baseline survey had 77
participants while the follow-up survey had 66 participants due
to attrition.

Results

Lesson 1. Young Homeless Smokers Had Widespread
(Smart)phone Ownership
In Table 1, we present the descriptive statistics regarding phone
ownership and other phone-related parameters of participants
in the standard and TMI conditions. Randomization appeared
successful as there were no statistically significant differences
between the two groups; although given the pilot nature of this
study, we were not powered to find statistically significant
differences. A key eligibility criterion was having a phone with
them at the recruitment visit that could receive text messages.
Confirming our assertion that we expected widespread phone
ownership, of the youth who were asked about having a phone,
only 16.4% (36/219) reported that they did not have one with
them that could receive text messages. In addition, 3 who had
a phone reported that they did not want to receive text messages
(for a total of 39/219 (17.8%). Smartphone ownership was
high—84% (31/37) in the standard condition and 73% (29/40)
in the TMI condition owned smartphones. A majority of
participants—62% (23/37) in the standard condition and 78%
(31/40) in the TMI condition—had unlimited minutes. More
importantly for our TMI, a majority also had unlimited
texts—68% (25/37) in the standard condition and 80% (32/40)
in the TMI condition. About half of the participants—40%
(15/37) in the standard condition and 55% (22/40) in the TMI
condition—had unlimited data. Many had obtained their phone
through a benefits program such as the Lifeline program, which
gives low-income Americans free cell phones, voice minutes,
and texting—32% (13/37) in the standard condition and 52%
(21/40) in the TMI condition.
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Table 1. Participant cellphone characteristics at baseline.

TMIa condition (answered yes;
n=40), n (%)

Standard condition (answered yes;
n=37), n (%)

Variables

34 (85)32 (86)It is my own phone

6 (15)5 (13)It is a phone owned by a friend, partner, or relative

21 (52)13 (32)It is a phone obtained through a benefits program

29 (73)31 (84)It is a smartphone

31 (78)23 (62)I have unlimited minutes on this phone

32 (80)25 (68)I have unlimited texts on this phone

22 (55)15 (40)I have unlimited data on this phone

27 (67)27 (73)I can view webpages on this phone because I have a data plan

20 (50)15 (40)I can only view webpages on this phone when I’m connected to the Wi-Fi

aTMI: text messaging–based intervention.

Lesson 2. Young Homeless Smokers Experienced
Interruptions in Their Phone Use But Were Able to
Receive the Majority of Messages
As can be seen in Figure 2, there were phone-related challenges
that could influence the effectiveness of a TMI smoking
cessation program. Almost half (31/66, 47%) of the sample
changed phone numbers in the approximately 3 months between
recruitment and the follow-up survey (15/30 [50%] in the
standard condition and 16/36 [44%] in the TMI condition).
Some (24/66, 37%) participants reported having their phone
stolen during this period (11/30 [37%] in the standard condition
and 13/36 [36%] in the TMI condition). However, based on
feedback from the interviewers, a majority of participants who
reported getting a new number did so between the end of the
6-week TMI period and the follow-up survey in month 3 (ie,
outside of the intervention period). In addition, for participants
in the TMI condition, a majority (26/36, 72%) had trouble
charging their phones at least sometimes, and 33% (12/36) had
no reception at some point during that 3-month period.

Despite the frequent occurrence of phone loss and switching of
numbers, 81% (29/36) of TMI participants reported not having

problems receiving the texts. Further, 72% (26/36) had no
trouble accessing the hyperlinks provided in some of the text
messages, allowing them to access supplemental information
(see Table 2). Moreover, backend Telerivet data indicated a
95% message sending success rate (ie, about 95% of messages
were successfully delivered to the participants on average). The
reason for nondelivery of messages was either because
participants’ phones were switched off for an extended period
or potentially due to service issues with the carrier. A total of
55% (20/36) of TMI participants responded to at least one
prompt over the 6-week period, and 11% (4/36) texted one of
the unprompted keywords such as MOOD or CRAVE. Three
participants proactively reached out to us to report having gotten
a new phone number (participants were told at enrollment that
they would receive a $5 incentive for providing updated contact
information); others who got new numbers were successfully
contacted using social media or other means for purposes of
follow-up survey data collection. Consequently, the sample
sizes between Table 1 and Figure 2 differ since follow-up data
was collected for 30 standard condition and 36 TMI condition
participants.

Figure 2. Cell phone and number retention at follow-up (n=66).
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Table 2. Intervention delivery metrics.

Always, n (%)Often, n (%)Sometimes, n (%)Never, n (%)Metric

3 (8)6 (17)17 (47)10 (28)Trouble keeping phone battery charged

2 (6)2 (6)3 (8)29 (80)Ran out of messages and couldn’t get messages

4 (11)2 (6)4 (11)26 (72)Trouble accessing hyperlinks on phone

1 (3)1 (3)10 (28)24 (66)Did not have cellphone reception

Lesson 3. Carefully Crafting Text Messages Led to
High Approval of Most Text Messaging Components
Among the Participants
Table 3 presents the opinions of participants about different
TMI components. Most participants somewhat or strongly
agreed that they would recommend the program to a friend
interested in quitting (30/36, 83%); liked being able to text
CRAVE, MOOD, or SLIP at any time to get additional support
(26/36, 72%); and found that the messages helped when they
were experiencing a craving (25/36, 69%). Taken together, these
findings indicate participants felt that the intervention provided
appropriate support for alleviating or navigating the temptation
to smoke. Nearly three-quarters (26/36, 72%) of participants
found the text messages helpful and said the hyperlinks provided
them with useful information. Further, it appears that
customizing the intervention to cater to this population was also

well received—66% (24/36) reported liking the tone of the
message, 78% (28/36) liked that the messages were personalized
(such as by including names or referring to previous responses),
and 75% (27/36) liked the use of memes and emojis in the
messages. A significant proportion of participants (14/36, 44%)
reported receiving the messages late because their phone was
switched off or had bad reception. Further, we had open-ended
questions to allow for more detailed feedback on what they
liked most and least about CRUSH IT! Participants mentioned
appreciating the attention to detail, the resources provided in
the text messages, and the positive tone of the messages. In
terms of areas for improvement, the most consistent feedback
was wanting more of a group component to the ongoing support,
which was mentioned by several participants. In addition, 2
participants remarked on the timing of the messages, one noted
the lack of a real person for support and questions, and one
thought that too many messages were sent.

Table 3. Intervention acceptability metrics.

Strongly
agree, n (%)

Somewhat
agree, n (%)

Somewhat dis-
agree, n (%)

Strongly dis-
agree, n (%)

Metric

The text messages:

8 (23)17 (49)6 (17)4 (11)helped when I was experiencing a craving

8 (23)14 (41)9 (27)3 (9)helped when I was having trouble staying quit

15 (43)11 (31)6 (17)3 (9)helped keep me motivated to quit

22 (63)4 (11)3 (9)6 (17)provided me information that I could use

I liked:

19 (53)7 (20)4 (11)5 (14)being able to text a keyword for extra support

17 (49)10 (29)4 (11)4 (11)the memes and emojis that were sent

17 (50)11 (32)2 (6)4 (12)that the text messages were personalized

12 (35)12 (35)4 (12)6 (18)the tone of the text messages

9 (27)14 (41)5 (14)6 (18)when the messages asked me to respond

5 (14)9 (27)5 (14)14 (41)I received text messages late because my phone wasn’t charged, or I had bad
reception

16 (47)10 (29)3 (9)5 (14)Hyperlinks to websites provided information I could use

23 (64)7 (19)1 (3)4 (12)I would recommend the CRUSH IT! program to a friend who is trying to quit
smoking

Discussion

Principal Findings
In this paper, we discussed the development of a smoking
cessation TMI for young homeless smokers and reported lessons
learned regarding intervention components such as development
of the messages, (smart)phone ownership, technical challenges

with the intervention, and feasibility (such as whether messages
were received) and acceptability (ie, feedback about what
intervention aspects the participants liked).

Regarding message development, we found that conducting
focus groups with young homeless smokers and pilot testing
with participants before rolling out the intervention were crucial
steps to successfully tailoring the content, tone, and frequency
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of messages to the target population. Participants preferred
messages that provided information specific to their current
living situation, were light in tone rather than being preachy,
and contained fun elements such as emojis and memes. We then
programmed the messages developed with the participants’
input using a web-based text messaging platform that allowed
for automatized sending of messages and categorization of
participant responses for subsequent sending of appropriate
follow-up messages, which minimized human resources required
for implementation and guaranteed that messages were sent out
with a high success rate.

As would be expected based on other research showing
widespread cell phone ownership among individuals
experiencing homelessness [28-30], we found that we had to
exclude only a small percentage of young people experiencing
homelessness from participating due to not having a phone that
could receive text messages; indeed, most participants had
smartphones, unlimited text and call plans, and a significant
portion even had unlimited data plans. Taken together, these
results suggest that phone and even smartphone-based
interventions are feasible for this highly mobile population.
Reflecting the challenges of cell phone ownership among
individuals experiencing homelessness reported previously [31],
during the intervention we realized that a large fraction of
participants either had their phone stolen or switched numbers
and most had trouble keeping their phone consistently charged.
However, based on participant feedback they still received a
majority of text messages, speaking to their resilience in the
face of technical difficulties but also to the relatively short
intervention duration of 6 weeks during which most participants
may not have yet experienced these problems (the data were
collected several weeks after the intervention ended and may
have picked up difficulties arising after the intervention period).

Last, similar to prior research finding high acceptability among
young people experiencing homelessness for using text
messaging for daily data collection [14], we found high
acceptability of our text message support for quitting smoking,
with a majority of participants indicating that they would
recommend the TMI to a friend trying to quit. Participants found
the messages to contain information useful to them and they
liked the light tone we tried to convey and the fun elements
such as emojis and memes, demonstrating that the formative
work and piloting of the intervention we performed before
rolling it out to all participants were important to hit the right
content and tone. Given increasing evidence of technology
fatigue and the failure of many individuals to either take up or
keep engaged with mHealth interventions [32], this is an
important lesson for future such interventions. Overall, our
results show that text message–based interventions can be a
valuable approach to support smoking cessation efforts of
homeless youth who are highly mobile and difficult (and costly)
to reach with traditional means, and that the specific needs and
preferences of this population need to be taken into account in
the design and implementation of such an intervention.

Strengths and Limitations
Our study has significant strengths such as being the first TMI
for smoking cessation support for homeless youth and
implementation at 3 sites in the Los Angeles area, which allowed
for testing in different contexts. However, it also had limitations.
For example, results may not generalize to homeless youth in
other geographic areas or to those younger than age 18 years.
Due to the study being a pilot, we were intentionally not
powered to evaluate statistical differences between the standard
and TMI conditions. Future studies should test the promising
results of this pilot in a fully powered trial ideally in several
different locations to test for generalizability of our results. In
addition, it is a limitation that we did not collect qualitative data
(eg, debriefing interviews) with the homeless youth who used
the TMI at the end of the study, which might have identified
additional strengths and weaknesses of this approach that could
inform future research efforts in this area. Clearly, our study
contributes to a growing evidence base that TMIs for smoking
cessation can be effectively implemented even for highly
transient and resource-constrained populations such as homeless
youth, but that adaptation to their specific needs (including
conducting appropriate formative work) is needed to render the
TMI acceptable.

In terms of future directions, one specific recommendation we
got from participant feedback is that they really enjoyed the
group cessation counseling session prior to receiving the TMI
and wanted more group elements incorporated into the
intervention. Going forward, future smoking cessation
interventions for this population should consider using
approaches making full use of smartphone capabilities, including
virtual approaches to leverage group interaction not requiring
in-person meetings such as using social media chatrooms. Given
their low costs and low requirements for human resources
(particularly given the currently ongoing COVID-19 epidemic),
(smart)phone-based interventions are a promising approach to
support homeless youth, a population urgently in need of
effective smoking cessation interventions.

Conclusions
In conclusion, we find that most young homeless smokers have
cell phones that allow mHealth interventions, with many being
in possession of smartphones that typically have unlimited
minutes and texts. Given that almost half also have unlimited
data plans, it seems that in the near future internet-based
interventions requiring smartphones will also be feasible in this
population. In line with widespread concern in the literature,
we find that homeless youth reported frequent occurrence of
phone loss and switching of numbers. However, despite these
difficulties the majority of participants reported not having
problems receiving the study texts, and engagement with the
different intervention components was generally high. We hope
that the lessons derived from this pilot intervention serve as
useful inputs for future mHealth studies for this population in
need of smoking cessation interventions.
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Abstract

Background: In March 2020, Text4Hope—a community health service—was provided to Alberta residents. This free service
aims to promote psychological resilience and alleviate pandemic-associated stress, anxiety, and depression symptoms during the
COVID-19 pandemic.

Objective: This study aimed to evaluate the feedback, satisfaction, experience, and perceptions of Text4Hope subscribers and
to examine any differences based on gender after subscribers received 6 weeks of daily supportive text messages. Additionally,
this study examined subscribers’ anticipated receptivity to technology-based medical services that could be offered during major
crises, emergencies, or pandemics.

Methods: Individuals self-subscribed to Text4Hope to receive daily supportive text messages for 3 months. Subscribers were
invited to complete a web-based survey at 6 weeks postintervention to provide service satisfaction–related information. Overall
satisfaction was assessed on a scale of 0-10, and satisfaction scores were analyzed using a related-measures t test. Likert scale
satisfaction responses were used to assess various aspects of the Text4Hope program. Gender differences were analyzed using
one-way analysis of variance (ANOVA) and Chi-square analyses.

Results: A total of 2032 subscribers completed the baseline and 6-week surveys; 1788 (88%) were female, 219 (10.8%) were
male, and 25 (1.2%) were other gender. The mean age of study participants was 44.58 years (SD 13.45 years). The mean overall
satisfaction score was 8.55 (SD 1.78), suggesting high overall satisfaction with Text4Hope. The ANOVA analysis, which was
conducted using the Welch test (n=1716), demonstrated that females had significantly higher mean satisfaction scores than males
(8.65 vs 8.11, respectively; mean difference=0.546; 95% CI 0.19 to 0.91; P<.001) and nonsignificantly lower satisfaction scores
than other gender respondents (mean difference=−0.938; 95% CI −0.37 to 2.25; P=.15). More than 70% of subscribers agreed
that Text4Hope helped them cope with stress (1334/1731, 77.1%) and anxiety (1309/1728, 75.8%), feel connected to a support
system (1400/1729, 81%), manage COVID-19–related issues (1279/1728, 74%), and improve mental well-being (1308/1731,
75.6%). Similarly, subscribers agreed that messages were positive, affirmative, and succinct. Messages were always or often read
by 97.9% (1681/1716) of respondents, and more than 20% (401/1716, 23.4%) always or often returned to messages. The majority
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of subscribers (1471/1666, 88.3%) read the messages and either reflected upon them or took a positive action. Subscribers
welcomed almost all technology-based services as part of their health care during crisis or emergency situations. Text4Hope was
perceived to be effective by many female subscribers, who reported higher satisfaction and improved coping after receiving text
messages for 6 weeks.

Conclusions: Respondents affirmed the high quality of the text messages with their positive feedback. Technology-based
services can provide remotely accessible and population-level interventions that align with the recommended physical distancing
practices for pandemics. Text4Hope subscriber feedback revealed high satisfaction and acceptance at 6 weeks postintervention.
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Introduction

Background
On March 11, 2020, the World Health Organization declared
COVID-19 a global pandemic [1]. By March 23, 2020, there
were 332,930 COVID-19 cases worldwide and 14,509 deaths
attributed to the pandemic [2]. On this date, Alberta Health
Services (the provincial health authority in Alberta, Canada)
launched Text4Hope—a free, mobile, community mental health
service that aims to support mental well-being and resilience,
improve coping mechanisms, and safeguard against
pandemic-associated thoughts in Alberta residents [3]. The
service was advertised on the Alberta Health Services and
Text4Hope funders’ websites and was launched on March 23,
2020. Thousands of people have signed up for the service, and
enrollment continues to increase to date. Text4Hope is a
text-based mental health support program that involves daily,
evidence-based, cognitive behavioral therapy–derived text
messages. These messages were carefully designed to
accompany a rapidly evolving health crisis and to be scalable,
remotely deliverable, and accessible. They were also designed
to be cost-effective for funding organizations and free to
subscribers [4]. The Text4Hope program was developed based
on lessons from the Text4Mood and Text4Support programs
[5,6]. Similar to the Text4Mood program, individual Text4Hope
self-subscribers receive daily text messages. However, while
the Text4Mood messages were crafted to mainly address
anxiety, depression, and general well-being among residents of
Northern Alberta, the Text4Hope messages were crafted to
predominantly address COVID-19–related stress, anxiety, and
depression among all Albertans. In contrast to both Text4Mood
and Text4Hope, Text4Support was specifically designed to
provide support for the eight most commonly observed addiction
and mental health concerns in the Edmonton Zone [6]. In this
program, a mental health therapist or psychiatrist sorts clients
into 1 of the 8 categories, and patients are enrolled by a
coordinator inputting the patients’ mobile phone numbers into
a web-based program. Text4Hope fills a service gap in Alberta,
as social distancing measures may have resulted in high-risk
individuals (from a health perspective) not being able to access
addiction and mental health services during the early stage of
the pandemic. Text4Hope also offers mental health support to
those who might not feel comfortable with in-person contact.

During similar crises, the effective and efficient mobilization
of community resources was strongly encouraged to support
and properly meet mental health needs and avoid future adverse
mental health consequences [7]. During pandemics, negative
thoughts accompanied by growing uncertainties can pose a
threat to personal health and mental well-being. The
transmissibility of SARS-CoV-2 has been shown to exceed that
of similar viruses (eg, MERS-CoV [Middle East respiratory
syndrome coronavirus], H1N1, and SARS-CoV [severe acute
respiratory syndrome coronavirus]) [8]. As such, strict policies
and regulations were enforced to contain viral spread, including
physical distancing, self-isolation, quarantine, travel restrictions,
the closure of public schools, and disinfection protocols.
However, these measures have likely contributed to mental
strain and psychological distress during the COVID-19
pandemic [9,10]. Other iterations of texting programs were
developed to support patients with major depressive disorders
[11] and alcohol use disorder [12,13]. Individuals in these
programs reported an improvement in depression scores and
felt better supported in their attempts to quit drinking alcohol
after receiving text messages [12,14]. Supportive text messaging
services can be tailored to meet the needs of diverse populations.
For example, Text4baby and Quit4baby are two services that
are provided to pregnant women in the United States [15,16],
while Text4Mood and Text4Support are mental health services
that are provided to people in Canada [5,6]. Ultimately, such
services provide people with hopefulness and support and aim
to close the psychological treatment gap in health care systems
[5].

To make the best use of resources and enhance the use of texting
technology as part of routine practice in health care, it is
essential to assess user satisfaction and better understand
subscribers’ experiences. The assessment of user satisfaction
is a quality method that affects client retention and clinical
outcomes [17]. In the customer service industry, relative
satisfaction and customer expectations are considered critical
components for guaranteeing customer loyalty [18]. In health
care systems, self-reported continuity of care strongly correlates
with client satisfaction. A recent study has demonstrated that a
7.2% reduction in the frequency of reporting “at least good
overall satisfaction” was associated with a 1% increase in
hospital bed occupancy [17]. Generally, asynchronous
web-based and text-based services have been accepted by an
increasing number of individuals who perceive such services
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as supportive and promising [19]. Most of these programs have
usually stated that more than 85% of text message recipients
report high satisfaction, high convenience, easy use, and better
control over life activities, while above 90% report increased
life productivity after receiving text messages [20,21].
Additionally, telephone services are frequently associated with
having lower attrition rates than face-to-face services, which is
likely due to the accessibility provided by technology that
removes geographical barriers. This is especially helpful to
those who are tentative about seeking medical attention or
require medications [22]. Agyapong and colleagues [5], who
evaluated Text4Mood, found that 80% of participants agreed
that asynchronous supportive text messages should be provided
during follow-up care, and approximately 50% of participants
agreed to the use of videoconferencing consultations. A number
of variables may affect users’ satisfaction with texting services,
such as sociodemographic characteristics, health status, and
disease severity. Similarly, one's gender identity may be an
important determinant of service acceptability and satisfaction.
However, it should be noted that inconsistent findings have
been reported for gender identity effects. Although females are
highly accepting of surveys and have a high desire to respond
to surveys that are delivered to them via a texting service [23],
in a feasibility study, the high fidelity of a texting service
program was also reported when the program was provided to
a group of disadvantaged men at risk of substance or alcohol
abuse [24]. In yet another study, authors found no difference
between male and female university students in terms of their
satisfaction with texting services for alcohol use intervention
[14]. Additionally, the initial reports of our program revealed
that a majority of our subscribers reported their gender as female
(86.9%). This overrepresentation of females in text messaging
services has necessitated investigations into user satisfaction
and anticipated agreement to receiving technology-based
medical services based on gender. Such investigations will allow
targeted gender-based interventions to be developed in
accordance with user preferences.

This study occurred in Alberta, the Canadian Province where
the Text4Hope program was launched. As of July 1, 2020,
Alberta had a population of 4,421,876 people, with 68% of the
population aged between 15 and 64 years. Alberta has
consistently consisted of more males than females (101 males
per 100 females), mainly due to the large proportion of
working-age males migrating to the province [25]. In 2006, the
racial and ethnic composition of Alberta was 80.3% White
Canadians, 13.9% visible minority groups, and 5.8% Indigenous
groups (3% First Nations, 2.6% Metis, and 0.1% other
Indigenous groups). Visible minority groups included the
following: Chinese (3.7%), South Asian (3.2%), Filipino (1.6%),
Black (1.4%), Southeast Asian (0.9%), Latin American (0.8%),
Arab (0.8%), Korean (0.4%), West Asian (0.3%), and Japanese
0.3% [26]. In 2016, more than half (54%) of Canadians aged
25-64 years had either college or university qualifications (an
increase from the 48.3% in 2006) [27]. Alberta's gross domestic
product at basic prices was CAN $334.5 billion (US $265.2
billion) in 2019 (largely unchanged from Alberta’s gross
domestic product in 2018) [28].

Objective
The aim of this study was to evaluate subscribers’ overall
satisfaction with Text4Hope; obtain feedback about subscribers’
experiences and the impact of the texting intervention; explore
the perceptions of subscribers about their anticipated receptivity
toward diverse, technology-based medical services that are
offered as a part of their health care during major crises,
emergencies, or pandemics (such as the COVID-19 pandemic);
and examine any differences that are based on gender after
subscribers received 6 weeks of daily supportive text messages.

Hypotheses
Based on previous Text4Mood research [5], our hypotheses
were as follows: (1) the mean overall satisfaction level with
Text4Hope would be at least 7.5 (75%) and (2) at least 75% of
subscribers would express anticipated agreement with receiving
diverse, technology-based medical services during crises or
emergencies. Additionally, we believed that there would be a
difference in the satisfaction measure based on the self-declared
gender identity of the respondents.

Methods

Study Design
This cross-sectional study assessed subscribers’ satisfaction and
experiences with Text4Hope and their perceptions of
technology-based support after they received 6 weeks of daily
text messages.

Data Collection

The data collection methods were fully described in the study
protocol [29]. In summary, subscribers joined the Text4Hope
program [3] and received daily supportive text messages for 3
months by texting the word “COVID19HOPE” to a short code
number. The messages were in line with a cognitive behavioral
framework that addressed the aspects of potential stresses,
anxiety, and depression, and the content was written by mental
health professionals. Text message delivery was unidirectional
and not specifically tailored to the end users. The following are
examples of the messages that were sent:

When bad things happen that we can’t control, we
often focus on the things we can’t change. Focus on
what you can control; what you can do to help
yourself (or someone else) today. [Example 1]

What lies behind you and what lies before you are
tiny matters compared to what lies within you. Have
faith in yourself and success can be yours. [Example
2]

Set goals for today, even if they are small. Goals
should be “SMART”: Specific, Measurable,
Achievable, Realistic, and Timely. [Example 3]

The messages were uploaded to a web-based platform, which
delivered automated messages at 9 AM. The first message
welcomed subscribers to the service and invited them to
voluntarily complete a web-based baseline survey, which was
used to capture demographic and clinical information that
primarily pertained to anxiety, stress, depression, and
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self-isolation. At 6 weeks postintervention, subscribers were
invited (via a text message link) to complete a follow-up
web-based survey.

The 6-week survey included standardized scales that were used
for the Text4Hope baseline assessments [30,31] as well as an
adopted version of the Text4Mood user satisfaction survey [5].
Each survey took 5-10 minutes to complete. No incentives were
offered to respondents for completing the baseline or 6-week
surveys. Consent was implied if participants clicked on the
survey links and submitted their responses.

Participation in the program was voluntary, and the receipt of
supportive text messages was not contingent on survey
completion. Subscribers could opt out of Text4Hope at any time
by texting the word “STOP” to a short code number.

Six-week satisfaction data were collected between May 31 and
July 12, 2020. Figure 1 depicts a subscriber flowchart, which
indicates the number of subscribers who completed the
web-based surveys at each time point.

The study protocol [29] was approved by the Research and
Ethics Board of the University of Alberta (approval number:
Pro00086163).

Figure 1. Subscription flowchart.

Outcome Measures
The primary outcome measure was subscribers’ overall
satisfaction with the Text4Hope daily supportive text messages.
Overall satisfaction at 6 weeks postintervention was based on
an 11-point Likert scale (0=very dissatisfied; 5=neither satisfied
nor dissatisfied; 10=very satisfied). This overall satisfaction
score allowed us to determine whether people liked
texting-based services. If people are satisfied with the
population-based services they receive, then the services are
potentially feasible and can aid in future service planning during
pandemics. The satisfaction scale has been used to compare
service satisfaction across all addiction and mental health
services in the Edmonton Zone. The reliability and validity of
this scale has not been tested, although it has been in use for
several years.

Secondary outcomes included the perceived impacts of and
subscribers’ feedback for the daily supportive text messages at
6 weeks postintervention as well as subscribers’ anticipated
receptivity to diverse, technology-based medical services (eg,
telephone, videoconferencing, and email for health care) during
the COVID-19 pandemic. Gender differences in both primary
and secondary measures constituted the exploratory outcome
measures.

Sample Size Considerations
In total, 44,019 individuals were subscribed to Text4Hope in
May 31, 2020. We estimated that a sample size of 1775 was
needed to estimate the overall mean satisfaction rate (based on
an 11-point scale from 0 to 10) for the entire population with a
3% margin of error and 99% confidence.

Analysis
Data were analyzed using SPSS Statistics for Windows, version
26 (IBM Corporation) [32]. Demographic characteristics were
summarized as raw numbers and percentages. We measured
subscribers’ overall satisfaction on an 11-point Likert scale
(0=very dissatisfied; 5=neither satisfied nor dissatisfied; 10=very
satisfied) and analyzed responses by using the related sample t
test. We explored gender differences in satisfaction, which was
measured on the same scale, by using one-way analysis of
variance (ANOVA) tests. A Bonferroni-corrected, two-tailed
criterion (α<.002) was used to determine statistical differences.
Likert scale satisfaction responses to various aspects of
Text4Hope and anticipated receptivity to technology-based
interventions (web-based counseling, telephone counseling, text
and email messaging, telephone consultations for physical and
mental health, and video consultations for physical and mental
health) were summarized as frequency counts of response
categories and percentages. We compared gender differences
in satisfaction and preferences for technology-based
interventions by using the Fisher exact test with two-tailed,
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Bonferroni-corrected criteria for 23 variables (α<.002) to
determine statistical differences. There was no imputation for
missing data, and the results were based on completed survey
responses.

Between May 31 and July 12, 2020, 39,672 active Text4Hope
subscribers were invited to complete the 6-week survey. Of

these subscribers, 3611 completed the survey, yielding a
response rate of 9.1%. Of the 2032 subscribers who had
available demographic information from their baseline survey
and were included in further analysis, 1788 (88%) were female,
219 (10.8%) were male, and 25 (1.2%) were other gender. Table
1 provides a descriptive analysis of the demographics of
respondents.

Table 1. Demographic and clinical characteristics of respondents at 6 weeks postintervention.

Overall (N=2032), n (%)Other gender (n=25), n (%)Female (n=1788), n (%)Male (n=219), n (%)Variables

Age (years)

173 (8.6)7 (28)151 (8.6)15 (7)≤25

555 (27.7)12 (48)490 (27.7)53 (24.8)26-40

1000 (49.9)4 (16)891 (50.5)105 (49.1)41-60

277 (13.8)2 (8)234 (13.3)41 (19.2)>60

Ethnicity

1688 (83.5)19 (76)1492 (83.9)177 (81.2)White

60 (3)0 (0)54 (3)6 (2.8)Indigenous

106 (5.2)1 (4)90 (5.1)15 (6.9)Asian

167 (8.3)5 (20)142 (8)20 (9.2)Other

Education

44 (2.6)2 (8.7)35 (2.3)7 (4)Less than a high school diploma

117 (6.9)1 (4.3)102 (6.8)14 (8)High school diploma

1523 (89.9)19 (82.6)1349 (90.2)155 (88.1)Postsecondary education

10 (0.6)1 (4.3)9 (0.6)0 (0)Other education

Employment status

1191 (70.9)12 (52.2)1059 (71.5)120 (69)Employed

206 (12.3)3 (13)177 (11.9)26 (14.9)Unemployed

176 (10.5)2 (8.7)151 (10.2)23 (13.2)Retired

80 (4.8)5 (21.7)71 (4.8)4 (2.3)Student

26 (1.5)1 (4.3)24 (1.6)1 (0.6)Other

Relationship status

1110 (65.5)11 (47.8)987 (66)112 (63.3)Married/cohabiting/partnered

169 (10)1 (4.3)154 (10.3)14 (7.9)Separated/divorced

41 (2.4)1 (4.3)37 (2.5)3 (1.7)Widowed

358 (21.1)9 (39.1)303 (20.3)46 (26)Single

17 (1)1 (4.3)14 (0.9)2 (1.1)Other

Housing status

1171 (69.8)12 (52.2)1037 (70.1)122 (69.7)Own home

150 (8.9)4 (17.4)132 (8.9)14 (8)Living with family

343 (20.5)5 (21.7)300 (20.3)38 (21.7)Renting

13 (0.8)2 (8.7)10 (0.7)1 (0.6)Other
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Results

Demographic and Clinical Characteristics
Table 1 displays subscribers’demographic characteristics based
on different genders. The data indicated that most respondents
were aged between 26 and 60 years (1555/2032, 77.6%); were
White (1688/2032, 83.5%); were married, cohabiting, or
partnered (1110/2032, 65.5%); reported the completion of
postsecondary education (1523/2032, 89.9%); were employed
(1191/2032, 70.9%); and owned their own home (1171/2032,
69.8%).

Primary Outcome Measure
Respondents were asked to rate their overall satisfaction with
the daily supportive text messaging (Text4Hope) service on a
scale of 0-10, in which 0 represented “very dissatisfied,” 5

represented “neither satisfied nor dissatisfied,” and 10
represented “very satisfied.” Respondents’ (n=2940) mean
overall satisfaction score was 8.55 (SD 1.78), suggesting that
overall, respondents’ satisfaction with the Text4Hope program
was high. The ANOVA analysis, which was conducted using
the Welch test (n=1716), demonstrated that females had
significantly higher mean satisfaction scores than males (8.65
vs 8.11, respectively; mean difference=0.546; 95% CI 0.19 to
0.91; P<.001) and nonsignificantly lower satisfaction scores
than other gender respondents (mean difference=−0.938; 95%
CI −0.37 to 2.25; P=0.15).

Secondary Outcome Measures
In Table 2, we show subscribers’ level of agreement regarding
Text4Hope benefits. This table displays the perceived impact
of Text4Hope messages after subscribers received daily text
messages for 6 weeks.
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Table 2. Gender differences in the perceived impact of daily messages at 6 weeks postintervention.

Total, n (%)P valueaOther gender, n (%)Female, n (%)Male, n (%)Perceived impact of daily messages from
Text4Hope

Helped subscribers cope with stress related to the COVID-19 pandemic

1334 (77.1).0513 (61.9)1177 (77.4)144 (75.8)Agree

322 (18.6)N/Ab5 (23.8)284 (18.7)33 (17.4)Neutral

75 (4.3)N/A3 (14.3)59 (3.9)13 (6.8)Disagree

Helped subscribers cope with anxiety related to the COVID-19 pandemic

1309 (75.8).0514 (66.7)1162 (76.5)133 (70.4)Agree

345 (20)N/A4 (19)297 (19.6)44 (23.3)Neutral

74 (4.3)N/A3 (14.3)59 (3.9)12 (6.3)Disagree

Helped subscribers cope with depression related to the COVID-19 pandemic

968 (56.1).049 (42.9)856 (56.4)103 (54.5)Agree

633 (36.7)N/A9 (42.9)561 (37)63 (33.3)Neutral

126 (7.3)N/A3 (14.3)100 (6.6)23 (12.2)Disagree

Helped subscribers cope with loneliness related to the COVID-19 pandemic

837 (48.5).019 (42.9)757 (49.9)71 (37.4)Agree

686 (39.7)N/A9 (42.9)592 (39.1)85 (44.7)Neutral

204 (11.8)N/A3 (14.3)167 (11)34 (17.9)Disagree

Made subscribers feel connected to a support system during the COVID-19 pandemic

1400 (81).0514 (66.7)1242 (81.8)144 (75.8)Agree

248 (14.3)N/A4 (19)211 (13.9)33 (17.4)Neutral

81 (4.7)N/A3 (14.3)65 (4.3)13 (6.8)Disagree

Made subscribers feel hopeful about managing issues related to the COVID-19 pandemic

1279 (74).0912 (57.1)1133 (74.7)134 (70.5)Agree

376 (21.8)N/A6 (28.6)324 (21.4)46 (24.2)Neutral

73 (4.2)N/A3 (14.3)60 (4)10 (5.3)Disagree

Improved subscribers’ overall mental well-being

1308 (75.6).0613 (61.9)1159 (76.2)136 (71.6)Agree

332 (19.2)N/A5 (23.8)289 (19)38 (20)Neutral

91 (5.3)N/A3 (14.3)72 (4.7)16 (8.4)Disagree

Enhanced subscribers’ quality of life

1057 (61.7).1112 (60)941 (62.5)104 (55)Agree

547 (31.9)N/A5 (25)474 (31.5)68 (36)Neutral

110 (6.4)N/A3 (15)90 (6)17 (9)Disagree

aBonferroni-corrected, two-tailed criteria for significance (α<.002).
bN/A: not applicable.

The results in Table 2 indicate that about three-quarters of
respondents agreed that the daily text messages helped them
cope with stress (1334/1731, 77.1%) and anxiety (1309/1728,
75.8%) as well as manage COVID-19–related issues (1279/1728,
74%), while about half of the respondents agreed that the
messages helped them cope with depression (968/1727, 56.1%)
and loneliness (837/1727, 48.5%). About 80% of respondents
agreed that they felt connected to a support system due to
receiving the daily messages (1400/1729, 81%), a little over

70% of respondents agreed that the daily messages helped to
improve their mental well-being (1308/1731, 75.6%), and about
60% of respondents agreed that the daily messages helped to
enhance their quality of life (1057/1714, 61.7%). Overall,
compared to males and respondents of other gender identities,
a higher proportion of females agreed with all Text4Hope
benefits; however, there were no statistically significant gender
differences in the levels of agreement expressed for all areas
assessed.
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Table 3 describes subscribers’ opinions about Text4Hope
messages after they received 6 weeks of daily text messages.
The data indicated that about three-quarters of respondents
always found the Text4Hope text messages to be positive
(1336/1732, 77.1%), affirmative (1231/1727, 71.3%), and
succinct (1254/1722, 72.8%). More than 80% of respondents
(1505/1753, 87.4%) indicated that the messages were always
or often relevant. Again, compared to males and respondents
of other gender identities, a higher proportion of females
reported that they found the messages to be always positive,
affirmative, succinct, and relevant (P<.001 for each posthoc
comparison using z-scores).

Most respondents (1531/1716, 89.2%) indicated that they always
read the text messages, and about 20% of respondents indicated

that they always or often returned to read the text messages
(401/1716, 23.4%). Neither factor indicated gender differences
upon analysis. Table 3 data shows that slightly more than 70%
respondents (1270/1666, 76.2%) indicated that they read and
reflected on the text messages, while about 10% of respondents
indicated that they took positive or beneficial actions after
reading the text messages (201/1666, 12.1%). Although not
statistically significant (P=.003), compared to males and
respondents of other gender identities, a higher proportion of
females indicated that they read the text messages, reflected on
the messages, and took positive or beneficial actions after
reading the messages. No subscribers indicated that they read
the messages and took a negative action.

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e24184 | p.312https://mhealth.jmir.org/2021/4/e24184
(page number not for citation purposes)

Shalaby et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Table 3. Gender differences in the feedback about Text4Hope messages at 6 weeks postintervention.

Total, n (%)P valueaOther gender, n (%)Female, n (%)Male, n (%)Feedback

Text4Hope text messages were positive

1336 (77.1)<.00112 (57.1)1193 (78.4)131 (68.9)Always

352 (20.3)N/Ab6 (28.6)291 (19.1)55 (28.9)Often

40 (2.3)N/A2 (9.5)35 (2.3)3 (1.6)Sometimes

4 (0.2)N/A1 (4.8)2 (0.1)1 (0.5)Rarely

0 (0)N/A0 (0)0 (0)0 (0)Never

Text4Hope text messages were affirmative

1231 (71.3)<.0019 (42.9)1104 (72.7)118 (62.8)Always

414 (24)N/A10 (47.6)347 (22.9)57 (30.3)Often

70 (4.1)N/A1 (4.8)58 (3.8)11 (5.9)Sometimes

9 (0.5)N/A0 (0)8 (0.5)1 (0.5)Rarely

3 (0.2)N/A1 (4.8)1 (0.1)1 (0.5)Never

Text4Hope text messages were succinct

1254 (72.8).0912 (57.1)1114 (73.7)128 (67.7)Always

354 (20.6)N/A5 (23.8)300 (19.8)49 (25.9)Often

108 (6.3)N/A4 (19)92 (6.1)12 (6.3)Sometimes

6 (0.3)N/A0 (0)6 (0.4)0 (0)Rarely

0 (0)N/A0 (0)0 (0)0 (0)Never

Text4Hope text messages were relevant

1052 (61.1)<.00112 (57.1)945 (62.4)95 (50.5)Always

453 (26.3)N/A3 (14.3)386 (25.5)64 (34)Often

186 (10.8)N/A3 (14.3)163 (10.8)20 (10.6)Sometimes

28 (1.6)N/A2 (9.5)19 (1.3)7 (3.7)Rarely

4 (0.2)N/A1 (4.8)1 (0.1)2 (1.1)Never

Subscribers’ frequency of reading messages

1531 (89.2).6119 (90.5)1351 (89.8)161 (84.7)Always

150 (8.7)N/A2 (9.5)125 (8.3)23 (12.1)Often

30 (1.7)N/A0 (0)25 (1.7)5 (2.6)Sometimes

3 (0.2)N/A0 (0)2 (0.1)1 (0.5)Rarely

2 (0.1)N/A0 (0)2 (0.1)0 (0)Never

Subscribers’ frequency of returning to messages

80 (4.7).470 (0)73 (4.9)7 (3.7)Always

321 (18.7)N/A1 (4.8)287 (19.1)33 (17.4)Often

724 (42.2)N/A13 (61.9)635 (42.2)76 (40)Sometimes

377 (22)N/A4 (19)327 (21.7)46 (24.2)Rarely

214 (12.5)N/A3 (14.3)183 (12.2)28 (14.7)Never

Actions taken by subscribers after reading text messages

201 (12.1).0031 (5)186 (12.7)14 (7.7)Read text and took a positive or
beneficial action

1270 (76.2)N/A13 (65)1119 (76.5)138 (75.4)Read text and reflected on the mes-
sages

169 (10.1)N/A6 (30)138 (9.4)25 (13.7)Read the text and took no action
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Total, n (%)P valueaOther gender, n (%)Female, n (%)Male, n (%)Feedback

0 (0)N/A0 (0)0 (0)0 (0)Read text and took a negative or
harmful action

4 (0.2)N/A0 (0)2 (0.1)2 (1.1)Did not read the text

22 (1.3)N/A0 (0)18 (1.2)4 (2.2)Other

aBonferroni-corrected, two-tailed criteria for significance (α<.002).
bN/A: not applicable.

We explored subscribers’ anticipated receptivity to welcoming
diverse, technology-based services as part of their health care
during crisis or emergency situations, such as the COVID-19
pandemic. The results displayed in Table 4 suggest that at least
80% of respondents agreed with receiving web-based counseling
(1390/1674, 83%), telephone counseling (1346/1672, 80.5%),
and text messages (1465/1669, 87.8%) as part of their health
care during any crisis or emergency situation, such as the
COVID-19 pandemic. There were no gender differences in
respondents’preferences for welcoming web-based counseling,
telephone counseling, and text messaging as part of their health
care during any crisis or emergency situation. Similarly, about
70% of respondents agreed with receiving consultations via

video and telephone for both physical (video: 1190/1674, 71.1%;
telephone: 1193/1665, 71.7%) and mental (video: 1244/1674,
74.3%; telephone: 1245/1669, 74.6%) health care during any
crisis or emergency situation, such as the COVID-19 pandemic.
There were no gender-based differences in expressed
preferences. Finally, about 60% of respondents agreed with
receiving email messages as part of their health care during a
crisis or emergency situation, such as the COVID-19 pandemic
(1084/1669, 64.9%). Compared to female and male respondents,
a higher proportion of other gender respondents agreed with
receiving email messages as part of their health care during a
crisis or emergency situation.
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Table 4. Anticipated receptivity of subscribers to receiving diverse, technology-based services as part of their health care during crisis or emergency
situations, such as the COVID-19 pandemic.

Total, n (%)P valueaOther gender, n (%)Female, n (%)Male, n (%)Subscribers’ anticipated receptivity to services

Subscribers would welcome web-based counseling for stress, anxiety, and depression

1390 (83).5518 (85.7)1220 (83.3)152 (80.9)Agree

227 (13.6)N/Ab3 (14.3)198 (13.5)26 (13.8)Neutral

57 (3.4)N/A0 (0)47 (3.2)10 (5.3)Disagree

Subscribers would welcome telephone counseling for stress, anxiety, and depression

1346 (80.5).8019 (90.5)1176 (80.4)151 (80.3)Agree

260 (15.6)N/A2 (9.5)229 (15.7)29 (15.4)Neutral

66 (3.9)N/A0 (0)58 (4)8 (4.3)Disagree

Subscribers would welcome text messaging for stress, anxiety, and depression

1465 (87.8).1218 (85.7)1288 (88.2)159 (84.6)Agree

152 (9.1)N/A1 (4.8)132 (9)19 (10.1)Neutral

52 (3.1)N/A2 (9.5)40 (2.7)10 (5.3)Disagree

Subscribers would welcome email messaging for stress, anxiety, and depression

1084 (64.9).0116 (76.2)962 (65.8)106 (56.7)Agree

394 (23.6)N/A4 (19)345 (23.6)45 (24.1)Neutral

191 (11.4)N/A1 (4.8)154 (10.5)36 (19.3)Disagree

Subscribers would welcome mental health video consultations

1244 (74.3).2918 (85.7)1094 (74.7)132 (70.2)Agree

327 (19.5)N/A1 (4.8)284 (19.4)42 (22.3)Neutral

103 (6.2)N/A2 (9.5)87 (5.9)14 (7.4)Disagree

Subscribers would welcome physical health video consultations

1190 (71.1).1216 (76.2)1055 (72)119 (63.3)Agree

333 (19.9)N/A4 (19)279 (19)50 (26.6)Neutral

151 (9)N/A1 (4.8)131 (8.9)19 (10.1)Disagree

Subscribers would welcome mental health telephone consultations

1245 (74.6).1917 (81)1102 (75.4)126 (67.4)Agree

306 (18.3)N/A3 (14.3)259 (17.7)44 (23.5)Neutral

118 (7.1)N/A1 (4.8)100 (6.8)17 (9.1)Disagree

Subscribers would welcome physical health telephone consultations

1193 (71.7).3017 (81)1052 (72.2)124 (66.3)Agree

305 (18.3)N/A3 (14.3)258 (17.7)44 (23.5)Neutral

167 (10)N/A1 (4.8)147 (10.1)19 (10.2)Disagree

aBonferroni-corrected, two-tailed criteria for significance (α<.002).
bN/A: not applicable.

Discussion

This study provided results regarding subscribers’ satisfaction
with Text4Hope after they received the texting intervention for
6 weeks. Our results revealed considerable satisfaction with
Text4Hope. The total number of subscribers who completed
the baseline and 6-week surveys was 2032, and a majority of
subscribers were female (1788/2032, 88%). The mean age of
study participants was 44.58 years. Overall service satisfaction

was high, and more than 70% of subscribers agreed that
Text4Hope helped them cope with stress (1334/1731, 77.1%)
and anxiety (1309/1728, 75.8%), feel connected to a support
system (1400/1729, 81%), manage COVID-19–related issues
(1279/1728, 74%), and improve mental well-being (1308/1731,
75.6%). Similarly, subscribers agreed that the text messages
were positive, affirmative, and succinct. Text messages were
always or often read by 97.9% (1681/1716) of respondents, and
more than 20% (401/1716, 23.4%) always or often returned to

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e24184 | p.315https://mhealth.jmir.org/2021/4/e24184
(page number not for citation purposes)

Shalaby et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


messages. Most subscribers (1471/1666, 88.3%) read the
messages and either reflected upon them or took a positive
action. Subscribers welcomed almost all technology-based
services as part of their health care during crisis or emergency
situations. Text4Hope was perceived to be effective by more
female subscribers than male or other gender subscribers. The
withdrawal rate for Text4Hope was approximately 10% at 6
weeks postintervention. Untailored and unilateral texting
services often have high withdrawal rates that range from 0%
to 57% [14,33]. Additionally, prior studies have reported that
withdrawal rates may be higher for people who receive
interventions via SMS text messages compared to those for
people who receive the same intervention via email [14]. In a
review of 93 mental health apps that target anxiety, depression,
or emotional well-being, the median 15-day and 30-day app
retention rates were only 3.9% (IQR 10.3%) and 3.3% (IQR
6.2%), respectively [34]. It is possible that our Text4Hope
program achieved a higher retention rate compared to those of
other mental health apps because it is unidirectional and requires
no additional effort or action on the part of the subscriber
following enrollment. It is also possible that the message
content, which was crafted by mental health professionals; the
high anxiety, stress, and depression levels that the population
has experienced due to the COVID-19 pandemic; and the
reduced availability of face-to-face services contributed to the
high Text4Hope retention rate.

Female respondents comprised the majority of the sample in
our study (1788/2032, 88%). In other texting-based services,
females were also highly represented (>80% of participants)
[5]. There were obvious gender differences in subscriber
satisfaction rates for Text4Hope. Another study, in which 240
university students received a fully automated, multiple-session
alcohol intervention, reported that the majority of students were
satisfied with the content and length of the texts; no
gender-based differences in responses were reported [14].

Subscribers’overall satisfaction with our provided service (8.55)
was high. This is in line with the 95% satisfaction rate of the
Text4Mood program reported by Agyapong et al [5]. Similar
findings were reported in a review of text message use among
a population with mental health concerns [35]. Bendsten and
Bendsten [14] previously reported on participant satisfaction
(range 57.9%-84.6%) in relation to the frequency, content, and
length of messages. Our study results indicated that females
were generally more satisfied with the overall program than
males. Generally, the relationship between user satisfaction
with health services and self-reported gender seems
inconclusive. In a systematic review of 39 studies, the majority
of the studies (66.7%) showed that there was no significant
relationship between the two factors, and the rest were nearly
equally divided in terms of favoring either males or females
[36].

Self-reported levels of the ability to cope with psychiatric
burdens was mostly lower in Text4Hope respondents than in
respondents from the Text4Mood study by Agyapong et al [5].
This was true for respondents with depression (56.1% vs 76.7%)
and those who experienced loneliness (48.5% vs 57%).
However, our results on participants’ ability to cope with stress
symptoms were consistent with those of Agyapong et al [5]

(77.1% vs 77.2%). These differences could be attributed to the
unprecedented COVID-19 pandemic, associated distress, and
the strict pandemic-related restrictions (eg, self-isolation and
quarantine). These restrictions may be perceived as limitations
of personal freedom and activity and may contribute to feelings
of loneliness. Similarly, while the perceived improvement in
quality of life scores was positive for more than half of our
respondents (1057/1714, 61.7%), it was about 14% lower than
that of the Agyapong et al study [5]. This may reflect the
potentially high negative and multifocal impacts of the
COVID-19 pandemic on people’s perceived quality of life. In
addition, females reported high satisfaction with the Text4Hope
program’s ability to help them cope with loneliness and
depression. This may be in line with the view that depressive
symptoms are more frequently experienced by females [37]
than males and the fact that people are usually more willing to
participate in research that is related to a condition or disease
that they have experienced [38]. Text4Hope therefore seems to
be a useful support service that helps to ameliorate distressing
symptoms in this differentially affected group.

More than 70% of the people in our study reported that the
Text4Hope messages were always positive (1336/1732, 77.1%),
affirmative (1231/1727, 71.3%), and succinct (1254/1722,
72.8%). About 60% of respondents reported that the messages
were always relevant (1052/1753, 61.1%). These results
typically came from females, who are usually satisfied with
texting services and actively interact with such text messages
[19]. Our satisfaction rates were higher than the rates reported
by Agyapong et al [5], which ranged from 45.1% to 60%.
Similarly, the feeling of being connected to the health care
system received higher positive response rates than those in the
Agyapong et al study [5] (81% vs 75.2%, respectively). This
result may reflect Alberta residents’ true need to connect with
a health care system during the absence of the regular,
conventional care that was provided before the COVID-19
pandemic, given that all of our subscribers were actively seeking
help through the texting program.

The number of Text4Hope respondents who reported that they
always or often read the text messages was similar to that of
the 2016 Agyapong et al study [5] and higher than that of the
2013 Agyapong et al study [39] (84%). Additionally, more than
half our subscribers (1125/1716, 65.6%) reported that they
always, often, or sometimes returned to the text messages. This
is fairly comparable to the Agyapong et al study [5], wherein
33% of respondents reported that they returned to text messages
more than once, with no gender differences observed. This is
also consistent with the Bendsten & Bendsten study, which
reported no differences based on gender in students’ satisfaction
with a texting service for alcohol use disorder [14]. Consistent
with the observations in the study by Agyapong et al [5], the
majority of our respondents (1471/1666, 88.3%) reported that
they reflected on text messages or took positive actions after
reading the text messages, and we believe this could be
attributed to the reported positive impact of the program on
respondents.

With regard to subscribers’ anticipated agreement with the
provision of diverse, technology-based medical services, our
respondents generally praised the use of these services during
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the COVID-19 pandemic and other similar crises. Compared
to the other proposed technology-based medical services, our
results showed that text messaging was the most highly accepted
intervention, with an overall agreement rate of 87.8%
(1465/1669). This could be explained by the simple nature of
such programs, which is important to the end users who usually
own cell phones, and by the short and easy-to-read nature of
the daily text messages.

Our study reported slightly lower levels of acceptance for video
consultation services for both mental and physical health
compared to those for web-based counseling services. This may
be attributed to the lack of required physical interaction in video
consultation services, as the one-way nature of web-based
counseling services is usually more accepted and welcomed by
users [40]. However, when therapeutic interaction is required,
users may prefer face-to-face services, especially in times of
global crises, due to privacy concerns related to therapy in the
context of web communication [41]. Additionally, the physical
presence of a therapist could play a therapeutic role and promote
more interaction, subsequently improving resilience and overall
psychological outcomes, especially on a long-term basis [39].

This study has several limitations. For instance, there was a low
response rate (9.1%) among the 6-week subscribers, which may
have been due to the incentive-free and optional nature of the
survey. Thus, the reported levels of satisfaction may have been
skewed if there was a systematic difference in the measured
features between responders and nonresponders.
Notwithstanding the low response rate, our sample size exceeded
the 1775 respondents needed to estimate satisfaction rates for
the entire subscriber population with a 3% margin of error and
99% confidence. Consequently, our study was sufficiently
powered to provide satisfaction rate estimates for the entire
population of Text4Hope subscribers. Furthermore, Text4Hope
has achieved a higher retention rate than those of other mental
health apps that target anxiety, depression, or emotional
well-being [18,34]. This high retention rate potentially reflects
Text4Hope user satisfaction, which may not be captured through
surveys for which completion may be considered
time-consuming by some subscribers.

It is also possible that we achieved high satisfaction because
people who like technology may have been drawn to the
Text4Hope program. Additionally, there is potential for social
desirability bias, which may have resulted in respondents
reporting higher satisfaction and better perceived benefits from
receiving text messages. However, this is unlikely due to the
anonymous nature of the survey.

There are several other possible limitations. It is possible that
our finding that texting was the most accepted mode of delivery
for technology-based health services was biased, as those who
liked text messaging were likely to sign up for Text4Hope and
therefore participate in the survey. It would have been ideal to
include a a control group for the comparison of Text4Hope
subscribers’ and nonsubscribers’ anticipated receptivity to
technology based medical services. Additionally, although there
was a statistically significant gender difference in overall
satisfaction between males and females (P<.001), the magnitude
of the difference was very small and unlikely to be practically
meaningful, especially given the imbalance of gender identity
subsample sizes. Similarly, our study population was skewed
toward females, which is not representative of the population
in Alberta or Canada. Finally, respondents’ feedback regarding
their ability to cope with psychiatric conditions was self-assessed
and was not corroborated by clinical assessments.

In conclusion, our results indicate that texting-based programs
are acceptable to end users, as high overall satisfaction was
reported by subscribers of all gender identities. However, female
subscribers reported significantly higher satisfaction scores than
male subscribers. Our respondents affirmed the high quality of
the text messages by consistently reading and rereading the text
messages and providing positive feedback regarding the
messages’ supportive nature. Text-based mental health support
services can be easily deployed during pandemics to support
at-risk populations and alleviate the negative mental health
impacts that have been well-documented during uncertain times.
Based on Text4Hope subscriber feedback, messages from
text-based support interventions that have a 160-character limit,
are written by health professionals, and are delivered daily can
result in high levels of acceptance and satisfaction upon
implementation.
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Abstract

Background: In emergencies, language barriers may have dangerous consequences for the patients. There have been some
technical approaches to overcome language barriers in medical care but not yet in the prehospital emergency care setting. The
use of digital technologies in health care is expanding rapidly. Involving end users at all stages of the development process may
help to ensure such technologies are usable and can be implemented.

Objective: We aimed to develop a digital communication tool that addresses paramedic needs in the specific circumstances of
prehospital emergency care and helps paramedics to overcome language barriers when providing care to foreign-language patients.

Methods: We actively engaged paramedics and software designers in an action-oriented, participatory, iterative development
process, which included field observations, workshops, background conversations, questionnaires on rescue missions, studying
the literature, and preliminary testing in the field.

Results: With input from paramedics, we created an app with 600 fixed phrases supporting 18 languages. The app includes
medical history–taking questions, phrases asking for consent, and phrases providing specific additional information. Children as
patients, as well as their carers and other third parties, can be addressed with appropriate wording. All phrases can be played back
audibly or displayed as text. The comprehensive content is grouped into categories and adapted to diverse scenarios, which makes
the tool rapidly usable. The app includes a function to document patient responses and the conversation history. For evaluation
in a clinical study, the app is run on a smartphone with extra speakers to be of use in noisy environments. The use of prototypes
proved valuable to verify that the content, structure, and functions discussed in theory were of value and genuinely needed in
practice and that the various device control elements were intuitive.

Conclusions: The nature of the paramedic work environment places specific demands on the communication options used and
need for such devices. The active involvement of paramedics in the development process allowed us to understand and subsequently
consider their experience-based knowledge. Software designers could understand the paramedics’work environment and consider
respective needs in the menu navigation and design principles of the app. We argue that the development of any medical software
product should actively involve both end users and developers in all phases of the development process. Providing the users with
the opportunity to influence technology development ensures that the result is closer to their needs, which can be seen as crucial
for successful implementation and sustainable use.
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Introduction

For medical treatment, it is essential that patients and medical
staff can communicate with each other. Language barriers can
have a negative impact on the quality of care and patient
outcomes [1,2]. Particularly, in out-of-hospital emergency
situations that require rapid assessments and decision making
and frequently necessitate initial treatment on the scene,
language barriers can have dangerous consequences for patients
[3,4]. In a more rural area of Germany, 2.2% of the rescue
service operations involved patients with a language barrier [5].
This number is expected to be significantly higher in urban
areas. In emergencies, it is therefore crucial for the paramedic
staff to understand the patients’ acute complaints, pre-existing
conditions, allergies, or drug treatments. However, at the
emergency scene, accurate translation by professional
interpreters is rarely available. Therefore, paramedics mostly
rely on nonverbal communication, use a third language, or rely
on lay interpreters [6,7]. Translation accuracy cannot be
guaranteed when making use of interpretation support from
bystanders, and confidentiality problems arise [1,2].

There are several technical solutions to improve patient-staff
communication in multilingual clinical settings. In hospital and
primary care, video or telephone interpreting services may be
used [8-10]. For time-critical emergencies on potentially
dangerous sites, these are often not available and would require
a reliable network coverage, which is rarely guaranteed in rural
areas in Germany. The quality of machine translation such as
Google Translate technology is improving, but it is still not
considered accurate enough for actual deployment in health
settings [11,12], and similarly, ad-hoc translators require a
permanent connection to the internet. In addition to reliability
issues, data confidentiality problems are unsolved.

Communication tools to overcome language barriers in health
care must be developed and suitably adapted to the specific
working environment and health care setting. Examples include
a tablet-based app for medical history taking for refugees and
asylum seekers in a German transit camp, which was developed
and piloted in a family doctor surgery setting [13,14]; a
speech-enabled, fixed-phrase translator was found to be a good
alternative to collecting information if interpreters are not
available in an emergency room setting [15]. However, these
tools do not suit prehospital emergency care situations, which
are frequently complex, volatile, and rushed. A tool for rescue
operations therefore requires not only adapted content but also
a different communication approach.

In the project “DICTUM rescue” (Digital cross-cultural
interpreter-tool in medical consultations for refugees and
migrants), we aim to develop a digital communication tool that
helps paramedics to overcome language barriers when providing
care to foreign-language patients in the prehospital emergency
care setting.

Digital technologies have the potential to simplify work
processes and improve productivity. However, if such tools do
not meet user needs or are inconvenient to use, they will be used
reluctantly or not at all. Involving end users may make digital
innovations more suitable for their use, which will consequently
improve technology uptake. While there are examples of
patients, medical professionals, and other stakeholders being
successfully involved in the design of medical technology
[16-18], they rarely take part in the development process.

By involving paramedics and software designers in the
development, we aimed to develop an app that meets the needs
of paramedics when providing care to foreign-language patients
and accommodates the specific circumstances of rescue
operations. In this paper, we focus on the app development
process and paramedics’ active involvement in this process.

The app will be evaluated in an interventional trial (No.
DRKS00016719) [19].

Methods

Action-Oriented Participatory Approach: Designing
for, With, and by the Users
We used an action-oriented participatory approach, actively
involving paramedics from 4 emergency medical service stations
in Lower Saxony, Germany. Action-oriented approaches are
devoted to defining problems and finding respective solutions
in real-world situations together with the people who experience
them [20,21]. In the development and implementation of health
technologies, participatory designs have been used and perceived
as helpful [22,23]. Our approach combined aspects that can be
found in “classical” participatory research as well as in
participatory design. While the first usually operates with clear,
predefined research questions and endpoints, the latter is
described as a process-based and rather open development,
where an object, tool, or service is designed [24]. The idea
behind our approach was: If this app is to succeed in improving
paramedic communication with foreign-language patients, it
has to meet the specific needs of paramedics and accommodate
the particular setting of emergency medical services. Software
designers (aidminutes GmbH) were similarly engaged in the
participatory approach from the beginning so they could
understand paramedic expectations and requirements for rescue
missions. The research team consisted of 2 medical scientists
and a study nurse, a trained paramedic. The development process
and documentation should strictly follow scientific criteria and
include external evidence, for example from literature, and meet
ethical standards of qualitative research. For the realization of
the project, we obtained ethical approval from the research
ethics board of the University Medical Center Göttingen (Ethics
Approval No. 9/9/18).

We used several techniques to investigate specific aspects for
content and technical development (Table 1). An extensive
literature search of relevant textbooks and guidelines
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accompanied the development process. Data were collected using records, field notes, and minutes.

Table 1. Overview of the techniques used for app design.

Data collection and analysisAimParticipantsActivityTimeframe

Observations as to the requirements
and possible challenges for the app
were discussed within the team and
with paramedics.

Experience paramedics’daily work,
gain knowledge regarding the nature
of the role and its specific chal-
lenges.

Software designersField observations
(“internship”)

Dec 2018 - Mar
2019

Paramedics discussed content and
structure and reflected on the role
plays. Findings (minutes of discus-
sions and suggestions, observations
of simulations) were summarized
by the research team, discussed,
checked with literature and guide-
lines, and included in new versions.
Findings as to functionality were
discussed with software designers.

Different foci and formats: Discuss
and define content and structure;
simulate cases in role play to evalu-
ate content and structure using paper
prototypes; identify useful func-
tions; check hardware options.

Paramedics from the rescue
stations and software design-
ers

WorkshopsFeb 2019 - Sep 2019

Discussions were held within the
research team and with software
designers.

Provide a quick opinion and prelim-
inary appraisal of a feature, wording
or content; test app prototypes and
assess perception; keep the staff in-
formed about the progress of the
project; give paramedics the ongo-
ing opportunity to share their expe-
rience and thoughts with research
team; plan implementation in daily
routine.

Paramedics and relevant
management (heads and
deputies of the rescue sta-
tions, the district’s rescue
service and fire department)

Background conver-
sations

Jan 2019 - Dec 2019

Descriptive statistics (scaled ques-
tions), frequency analysis (lan-
guages), content analyses (free
texts); challenges raised could be
reflected on the workshops.

Gain information on real emergen-
cies with foreign-language patients;
enable paramedics to promptly de-
scribe their respective experience
and impressions; detect which lan-
guages have to be supported by the
app.

ParamedicsQuestionnairesFeb 2019 - (ongo-
ing)

Observation of the simulations by
the research team and software de-
signers; students provide feedback
on user experience.

External perception of the devel-
oped app; test and evaluate the app
in a mock real-life setting; finalize
the app.

Students in the School for
Paramedics

Case simulationsSep 2019 - Oct 2019

Direct feedback to developers and
researchers.

Test and evaluate the app in a real-
life setting.

Two paramedics from each
rescue station

Final (“prerelease”)
testing

Dec 2019

The research and development process moved in iterative cycles
(Figure 1). At each stage, findings from the previous cycle were
reflected on and formed the basis for planning the next phase.
For example, intermediate results concerning the communication
content (which phrases should be integrated?) and its structure
(how should these phrases be grouped?) were discussed and
tested in role play. As new components arose, the structure was

revised, the proposed content was adjusted to reflect up-to-date
literature and guidelines, features were rethought with technical
developers, and the features were set up for discussion and tested
again. The number of iterations could not be predetermined
beforehand as interesting outputs could not be anticipated and
could arise at any stage.
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Figure 1. Iterative process.

Workshops and Background Conversations
We invited the rescue station staff to participate in various
workshops. These had different formats, including discussions
and role plays, adapted to the shifting foci, for example the
app’s content, structure, functions, appearance, device options,
and implementation in daily routine. To test the app content
and structure, we simulated rescue missions with
foreign-language patients using paper prototypes presented in
booklet format (see Multimedia Appendix 1).

We conducted 8 workshops with 4-8 participants each, which
lasted 2-3 hours. We tried to ensure variation in participant work
experience, age, and gender. In total, 47 paramedics participated
in the workshops.

To obtain feedback on usability and appearance, we presented
design mock-ups, click dummies, and finally alpha and beta
versions of the app. We also encouraged workshop participants
to verbalize their opinions and to “think aloud” while carrying
out app-related tasks. This helped us to understand how
paramedics experienced and assessed the user interface and to
test whether they used control elements and found the desired
phrases intuitively.

Questionnaires on Rescue Missions With
Foreign-Language Patients
During the app development phase and as part of the clinical
trial, paramedics from the participating rescue stations
completed questionnaires after they had provided care to
foreign-language patients. These questionnaires provided us
with information on how paramedics had experienced the
communication with patients and how they had dealt with
obstacles. This information complemented the findings from
the other activities and could be included in the discussions with
paramedics. The questionnaires also helped us to decide which
languages should be supported by the app to meet local demand.

Case Training Simulating Emergency Situations for
External Testing
To make sure that the app could be used intuitively by
paramedics who had not been involved in the development

process, we tested early versions of the app with third-year and
final-year paramedic students. At the school for paramedics,
case simulations for training purposes are comprised of a
complete set of emergency equipment for a rescue mission.
During a simulation, the instructor can remotely control the
devices, for example changing a patient’s vital parameters and
thereby creating a more realistic working environment. We ran
16 case simulations including internal medicine, traumatology,
gynecology, and pediatrics in 2 student groups consisting of 5
and 6 students, respectively. Scenarios were prepared by the
instructor who also did not know the app. In each simulation,
a team of 2 students treated a Dari-speaking patient. Afterwards,
the simulations were discussed with the instructors and the
students observing the simulation. The researchers and software
designers additionally observed the interactions.

Prerelease Testing of the App for Final Refinements
and Implementation
At each rescue station, 2 paramedics tested the app and were
asked to provide feedback to the technical developers and
researchers for final refinements before implementation. The
aim in this phase was to observe performance and the stability
of the app in real rescue operations. We established a private
messenger channel for direct feedback.

Results

Developing in Loops
We started with initial reflections on the field and on app
principles. Subsequently, we collected and drafted questions
and other phrases that reflected communication situations in
emergency medical services. Concurrently, we set up a structure
that allowed rapid and flexible medical history taking, adapted
to a diverse array of scenarios. We defined the necessary
functions that had to be considered in the design of the user
interface, explored which devices best suited rescue missions,
discussed how to implement the app in daily routine, and
established which languages were needed to meet the local
population. Finally, we conducted external app testing sessions.
Figure 2 gives an oversight of the process of the app
development and shows the main feedback loops.
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Figure 2. App development process.

Initial Reflections
An app that helps overcome language barriers in prehospital
emergency situations needs to be reliable, rapid-to-use, and
usable offline and has to be run on a handy and sturdy device.
The app operator should be the paramedic, as patients might
not be able to use a digital device or maintain good hygiene.

To enable paramedic-patient communication that resembles as
closely as possible a normal verbal interaction and to include
illiterate and myopic patients, all phrases needed to be provided
as audible messages. For app use in noisy surroundings, with
hearing impaired patients, or to ensure confidential matters
would be addressed sensitively and discreetly, phrases should
also be displayed in text on the device.

Speech recognition is not yet reliable enough for clinical
deployment, especially in situations where the environment is
noisy, several speakers are involved, and colloquial expressions
or dialects are being used. Therefore, all questions have to be
posed in a way that patients can answer them nonverbally; that
is, questions have to be closed-ended or contain a request to
show something. Patients have to feel confident on how to
answer, and the (nonverbal) answers have to be understood
unambiguously by the paramedics. If it is not clear which
language a patient understands, the patient should be able to
select the language she or he prefers. In addition, it should be
possible to check whether the patient understands the selected
language.

The solution for our study consists of a smartphone-based app.
The app’s main functions are outlined in Figure 3 and described
in the following sections.
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Figure 3. Main functions of the app and structure (categories; see text for further explanation).

Content
The aim of the first set of activities was to identify the key issues
among paramedics in the participating emergency medical
stations in the context of rescue missions with foreign-language
patients and to determine the communication requirements in
such missions.

Paramedics ask questions but they also give information and
ask for consent, for example, when they perform measures or
(drug) therapy on the patient. Communication also takes place
with third parties, for example relatives or bystanders, and
patients and third parties are often addressed on an alternating
basis.

Pediatric treatment in emergency scenarios requires different
content and wording. We therefore devised a child mode that
covers children-specific emergencies and provides phrases that
can be understood by children. Moreover, the content is tailored
to the patient’s gender.

These requirements led to an unexpectedly high number of
phrases needed, which was a challenge for structuring the
content and for the user interface design.

Based on these initial insights, a first draft of questions and
phrases was set up for discussion among the paramedics, which
included determination of those questions that were
indispensable for differential diagnoses, further treatment, the
next steps, or for paramedics’ (legal) protection and how to
reword questions so that they would be closed-ended questions,
such as those that asked a number, time, or period of symptom

onset. In this instance, paramedics reflected on the essential
information they needed to gather. For example, open questions
such as “from what height did you/did the child fall from?”
were changed to closed questions “did you fall from higher than
3 meters?” and “can you show me where the child fell from?”

In the workshops, we also worked on phrases for situations that
paramedics perceived as challenging, for example dealing with
aggressive or intoxicated people, cases of suspected domestic
violence, an attempted or actual suicide, or when speaking to
family members regarding the fatality of a relative.

Role play helped to establish whether the phrases covered all
the important conceivable scenarios and identify unnecessary
or unclear content.

Role plays revealed that nonverbal communication also plays
an important role in encounters between paramedics and
foreign-language patients. The observed nonverbal interaction
was discussed with paramedics. As nonverbal communication
may be culturally imprinted, the app also contains phrases for
situations that one might think can be solved nonverbally.
External medical professionals reviewed all phrases as to their
accuracy. Before translation, the research team indicated
potential ambiguities to prevent misleading translations. Also,
all phrases were looked over by a cultural scientist to ensure
comprehensibility and translatability. Some phrases though
were reworded into simpler language or according to personal
preference. In several cases, this changed the original intended
meaning in a way that the phrase no longer fitted with (all)
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intended situations or did not reflect what was discussed with
paramedics, resulting in the need for retranslation.

Subsequently, professional interpreters experienced in the
medical field translated and audio-recorded the phrases.
Translators were advised to use the most common and
comprehensive wording. The results were then reviewed and
partly retranslated to ensure high quality of the translations.

The app contains 600 standard phrases, though the tailoring of
these for adult patients, pediatric patients, and specific third
parties as well as to accommodate the patient’s gender, which
is needed in many languages, meant that up to 1200 phrases
were produced in Arabic, for example, and overall, 16,000
audio-files were generated in total (the app is available for
Android and iOS, see Multimedia Appendix 2).

Structure
We faced the challenge of grouping the comprehensive content
in a way that all phrases could be easily found. Different
grouping options, for example according to organ systems, body
regions, or potential patient outcomes, were discussed and tested.
We also considered fixed series of phrases for certain recurring
situations, such as a suspected acute coronary syndrome. A
series approach was rejected since the content and course
conversations can vary considerably from case to case.

The final adopted categorization approach arose from
consideration of a combination of symptoms, on-the-spot
(suspected) diagnoses, and incidents, sorted by probability of
occurrence [25,26]. There are separate categories for physical
examination, informative and reassuring sentences, questions
concerning drugs, intolerances, preexisting conditions, and
patient documents. Phrases that are necessary for the primary
survey following the ABCDE (Airway, Breathing, Circulation,
Disability, Exposure) approach form the first group. This
systematic approach is recommended by the European
Resuscitation Council, is a widely accepted standard of care for
the immediate assessment and treatment of life-threatening
clinical problems [27], and is applicable in all clinical
emergencies.

The second group assembles questions that help uncover the
reasons for seeking medical emergency care if not obvious or
not known to the paramedics. Phrases may appear in more than
one category, and categories are linked with each other for quick
navigation. Within categories, the content is clustered according
to the paramedic approach of structuring a rescue mission.

Functions and Navigation
In the second phase of the app development process, the focus
shifted toward the process of designing a user interface that
reflected the functions that paramedics deemed helpful and
allowed easy, rapid, and flexible navigation. In the following
sections, we describe the additional functionality requested by
the paramedics and how we implemented it.

Audio Playback and Additional Text Display
All phrases can be both played back audibly or displayed as
text. The text is displayed in horizontal format, which facilitates
reading for the patient. For languages that do not use the Latin
alphabet, the correct reading direction is indicated by an arrow.

Log to Document Patient Responses
Paramedics indicated that they would like to document the
patient responses and to review them at any time. Two possible
log views were identified as the most convenient. First, an
overview of the documented answers (“yes,” “no,” or “unclear”
for closed-ended questions; localization of pain or an injury
marked on a figure) is provided using the SAMPLE history
scheme (questions for a secondary assessment used in
prehospital emergency care including Symptoms, Allergies,
Medications, Past medical history, Last oral intake, Events prior
to incident) [28]. This function additionally allows paramedics
to quickly identify if certain information has not yet been
obtained, which therefore facilitates a complete assessment.
Second and alternatively, a “chat view” shows the complete
course of conversations, including information that was
provided.

Quick Access Menu
Phrases that are expected to be used frequently are grouped,
and these can be accessed by selecting a steady button that
serves as a “quick access menu.” We have not implemented the
possibility to customize this function because the app is to be
installed on a jointly used device on the rescue vehicles.

Navigation
When starting the app, paramedics have to choose age (adult
or child) and gender of the person in need of help. Based on
this selection, the app automatically adopts age- and sex-specific
content and wording to address children and their health
problems, for example. Paramedics then select the language the
patient (presumably) speaks from a geographically sorted
directory, or the patient selects a language they understand from
a flag button list (Figure 4).
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Figure 4. Paramedics select the language from (A) a geographically sorted directory or (B) have the patient choose from a flag button list that is sorted
alphabetically and labeled in the original language.

Other options, such as trying to ask the patient to show his or
her home country on a map, were discarded as some patients
may not be able read a map, while others might be unsure
whether the paramedics are asking for their country of birth or
where they have travelled from. Additionally, in many countries,
more languages and dialects are spoken and cannot be identified
with certainty using maps.

A patient’s comprehension of the language selected may be
checked by asking the patient to give a sign. The used phrase
considers that affirmative and rejecting gestures are not universal
across cultures and languages. Then, the use of the app is briefly
explained to the patients (Figure 5). If required, the language
check and app explanations may be skipped to reach the
category list more quickly.
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Figure 5. (A) To confirm that the patient understands the chosen language, the app may ask “Do you understand [chosen language]?” and asks the
patient to sign “yes” if so. (B) The app provides a short explanation of the tool’s function to prevent misunderstandings. (C) The respective text is
displayed using the “Textansicht” button.

The app navigation takes into account the variety and complexity
of rescue missions, for example by allowing the user to switch
quickly between addressees (ie, patient or accompanying
companions) to reach the patient response log at any time or to
change directly to a related category without navigating through
category lists again.

In early versions of the app, paramedics experienced difficulties
in locating the function to change the addressees and the output
language. To address this, icons were redesigned and more
appropriately arranged.

Device Requirements
Emergency medicine places high demands on the used devices:
They have to be resistant to falls, dust, water splashes, and
extreme temperatures as well as easy to disinfect and portable
so that they are easily carried in rescue missions. They need a
long-lasting battery, the displayed content must be legible in

sunlight, and the audio output has to be loud enough for noisy
situations or to address hearing impaired patients. Different
smartphones and tablets and accessories were discussed and
tested with the paramedics and the software designers.

For the study, we decided to use a Motorola Play Z2 Android
smartphone with an attachable extra speaker, dedicated battery,
a sound output of up to 84 decibels, a turbo power charger, a
scratch-and crack-resistant glass cover, and a shock-absorbing
bumper.

Languages and Dialects
The selection of languages that needed to be supported by the
study version of the app was based on the questionnaires to
paramedics regarding recent rescue missions with
foreign-language patients, demographic statistics, and
cross-border travel data. For this study, the app supports 18
languages and dialects: Arabic, Bosnian, Croatian, Czech, Dari
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(Persian), English, Farsi (Persian), French, German, Italian,
Kurdish-Sorani, Lithuanian, Pashto (Afghani), Polish, Russian,
Serbian, Spanish, and Turkish.

Experience Obtained From the Development Process
We used a variety of techniques to explore obstacles faced by
paramedics in rescue missions with foreign-language patients
and to devise an app to tackle these. Our approach allowed both
researchers and software designers to understand the
paramedics’daily work, perspectives, priorities, and experienced
problems as well as their needs and expectations towards an
intervention aimed at overcoming language barriers. Paramedics
discussed phrases, app structure, and scenarios and tested paper
prototypes, click dummies, and preliminary app versions. Their
engagement as well as our field observations allowed us to
reveal and subsequently consider paramedic experience-based
knowledge, and both were invaluable to designing and refining
the app. We would not have gained this insight relying on
literature and guidelines alone. For example, parents of sick
toddlers must be asked whether they have a baby carrier to
guarantee safe transport.

The engagement of paramedics with different professional
experiences, ages, genders, and attitudes towards (digital)
innovations was also valuable. In heterogeneous groups, we
observed some controversial and inspiring discussions. For
instance, paramedics in their early career expressed in the
workshops that they adhered much more to guidelines (eg, they
always followed the ABCDE scheme). In contrast, more
experienced paramedics barely relied on these, which we also
observed in role plays and during field observations. As our
app needed to reflect the different ways paramedic users think
and act, discussions helped to reconcile these different views.

The simulation of different rescue scenarios with both the paper
prototypes and preliminary app versions helped us to check
whether the features and content discussed in theory were of
value and really needed in practice. The tests to explore how
paramedics navigate through the app helped to build a
user-friendly app.

The decisions regarding techniques used to explore the needs
of paramedics were partly based on previous experience and on
new questions and challenges that arose during the research and
development process.

This open approach was especially helpful as it became clear
that emergency medical services is an area that is also
characterized by tacit knowledge and experience that is difficult
to verbalize. Additionally, we discovered that the paramedics
themselves often had different approaches when engaged in
developing and testing activities. Some paramedics found it
easier to reflect on personally experienced rescue missions with
foreign-language patients and to assess their own behavior in
these situations. For others, role play turned out to be a very
effective tool as the scenarios helped paramedics imagine a
concrete situation and this approach also involved more reserved
participants. Paramedics became their own role model, and in
some simulations, they acted contrary to their personal
expectations. Through their involvement, they discovered
processes or behavioral patterns they were previously unaware

of, for example gestures used automatically to enhance
communication. Role play allowed both the paramedics and
researchers to discover the paramedics’ tacit knowledge of their
work. In discussions subsequent to role play, paramedics would
reflect on the communication process and combine their
opinions in a very productive way.

The paramedics that tested the final app preferred to report their
experience with it directly to our study nurse rather than using
the messenger channel. These paramedics were familiar with
the functionality and the content of the app and also provided
peer teaching in the first phase of implementation.

Discussion

Principal Findings
In an action-oriented participatory approach, we successfully
developed a digital communication tool to overcome language
barriers in prehospital emergency care together with the end
users — paramedics from 4 rescue stations. As the software
designers took part in this process from the beginning, they
gained background knowledge and were able to understand and
discuss paramedics’ needs and expectations regarding the
functions requested. Pre-assumptions were challenged, which
led to a greater understanding of the field. Communications and
collaboration are challenging, especially if perspectives are
contrary or if requirements cannot be met. Still, this complex
approach ensured that the communication tool met the
paramedics’ needs, as it considered their perspectives informed
by the problems they experienced in their day-to-day work. This
is likely to increase the success of implementation in the longer
term. In contrast to existing translation tools such as Google
Translate, the developed app accommodates the needs of rescue
service operations and enables quick and easy handling. It is
independent of cell phone network coverage, and the translations
were subject to an extensive quality assurance process. The
possibility of documenting the communication process and
patient responses are further aspects not offered by other
solutions to date. Additionally, the app complies with current
data protection and security standards.

Over the course of this study, it became apparent that a
by-product of the app development was that it raised awareness
among the participating paramedics of the communication
barriers with foreign-language patients and the effect this has
on the provision of care. It made paramedics think about their
role and their previous behavior and attitudes, and they discussed
these issues with their colleagues.

Recommendations
This experience is captured in the following sections, and from
it emerges a set of recommendations for future medical software
development.

End Users Are Experts of Their Work Environment
Paramedics generated ideas concerning the app content and
structure, user interface, and technical requirements. This
ongoing user input in iterative cycles helped researchers and
the software designers understand paramedics’ needs. We
experienced that end users were able to reflect on highly
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complex issues. Thus, end users need to be taken seriously as
experts of their work environment. In line with previous research
[22,29], we argue that any new digital interventions in health
care should actively involve end users in the design process,
and we additionally recommend engaging software developers
from the earliest stages of the project.

A Participatory Approach Requires Time, Patience, and
Humility
During such an open process, unexpected issues might and can
be expected to arise. It is essential to try not to anticipate the
results, but to be open minded to any issues that come up.
Planning a sufficiently long period for user testing of mock-ups
facilitates input, feedback, and time to make specific adjustments
prior to implementation.

A Complex Intervention Benefits From a Range of
Development Techniques
The simulation of rescue scenarios with prototypes and other
mock-ups was very helpful to structure and improve the content.
Paramedic feedback on the user interface of the early app
versions as well as the “think-aloud tasks” helped to build a
user-friendly app. Therefore, we would encourage researchers
to try a variety of approaches to foster development activities.

The Development of a Digital Intervention for Health
Care Requires a Multidisciplinary Team
Working in a multidisciplinary team of clinical scientists,
software developers, designers, and cultural scientists was
crucial to meeting the challenge of building a communication
tool suitable for paramedics in emergency medical services. We
therefore recommend establishing a multidisciplinary team,
ensuring that both clinical and technical competences are
present.

Sincerity is the Best Policy
We were unable to fulfil all the needs identified during the
development process. However, as we discussed, conflicting
views on functionality with paramedics and explaining why we
could not include certain functions did not diminish but rather
enhanced their commitment. Should this be due to a lack of
resources, we suggest having users prioritize their ideas and
consider whether to incorporate disregarded functions in future
versions. We also recommend discussing openly why some
user-requested functions are not incorporated.

Translation Poses the Risk of Altering the Intended
Concepts and Meanings to Be Relayed
Even though potential ambiguities were meant to be indicated
in the final version of the phrases, some translations were found

to be unintentionally misleading. We recommend reviewing all
phrases before and after translations with a person(s) proficient
in the respective languages and medical professionals. Various
rounds of forward translation or forward- and backward
translation increase the validity of the translation and reduce
the risk of mistranslation [30].

Anticipate Future Ways to Use the New Technology
The software developers contributed valuable ideas regarding
further opportunities and challenges that may arise after app
deployment. For example, they considered possibilities to
directly transfer the documented data into electronic health
records. The app was optimized so it could be run on different
devices (eg, tablets) and different operating systems, to ease
adoption and dissemination. In order to minimize potential
compatibility issues, we recommend thinking about potential
future use at an early stage and to attempt to accommodate this,
where it is possible to do so, but not necessarily including it
functionally.

Conclusions
Clinician researchers, paramedics, software designers, and
translators alone could not have built and created this
comprehensive app. The expertise of this multiprofessional
team was key to the success of developing this app. Digitization
in today’s health care needs creative alliances between
practitioners and developers: Bringing end users and software
designers together, encouraging them to discuss ideas and
opinions, giving a voice (and a say) to end users, and
acknowledging their views on content and functionality are vital
for developing digital innovations in health care.

Outlook
Currently, the app is utilized in the work routines in the
participating rescue stations. Within an interventional trial, we
will assess the app’s usability, acceptance, effect on
communication with foreign-language patients, and effect on
information collection. We hope that our tool contributes to
better and safer provision of paramedic care for foreign-language
patients. We also plan to have the app evaluated and discussed
by patient representatives with language skills in the supported
languages.

Due to the COVID-19 pandemic, we upgraded the app with
COVID-19–relevant questions covering associated symptoms
and important information as well as phrases to communicate
self-protection measures. The marketed version of the app has
been released and is available for Android and iOS as
“aidminutes.rescue (COVID-19)” in various app stores.
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Multimedia Appendix 1
Metamorphosis of app development and impressions of the participative development techniques. A-D Metamorphosis of app
development with phrase construction and grouping (A), paper-based app (B), first click dummies (C) and final app (English
interface) (D). E-H is showing participative approaches with workshops with paramedics in the rescue stations (E, F), and case
simulations with paper-based app (G) and preliminary versions (H).
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Multimedia Appendix 2
Links to the app stores (Android and iOS).
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Abstract

Background: Breastfeeding plays a major role in the health of mothers and babies and has the potential to positively shape an
individual’s life both in the short and long term. In the United Kingdom (UK), although 81% of women initiate breastfeeding,
only 1% of women breastfeed exclusively to 6 months as recommended by the World Health Organization. In the UK, women
who are socially disadvantaged and younger are less likely to breastfeed at 6 to 8 weeks postpartum. One strategy that aims to
improve these statistics is the Baby Buddy app, which has been designed and implemented by the UK charity Best Beginnings
to be a universal intervention to help reduce health inequalities, including those in breastfeeding.

Objective: This study aimed to retrospectively examine the development of Baby Buddy by applying the Behavior Change
Wheel (BCW) framework to understand how it might increase breastfeeding self-efficacy, knowledge, and confidence.

Methods: Retrospective application of the BCW was completed after the app was developed and embedded into maternity
services. A three-stage process evaluation used triangulation methods and formalized tools to gain an understanding of the potential
mechanisms and behaviors used in apps that are needed to improve breastfeeding rates in the UK. First, we generated a behavioral
analysis by mapping breastfeeding barriers and enablers onto the Capability, Opportunity, and Motivation-Behavior (COM-B)
system using documents provided by Best Beginnings. Second, we identified the intervention functions and policy categories
used. Third, we linked these with the behavior change techniques identified in the app breastfeeding content using the Behavior
Change Techniques Taxonomy (BCTTv1).

Results: Baby Buddy is a well-designed platform that could be used to change breastfeeding behaviors. Findings from stage
one showed that Best Beginnings had defined breastfeeding as a key behavior requiring support and demonstrated a thorough
understanding of the context in which breastfeeding occurs, the barriers and enablers of breastfeeding, and the target actions
needed to support breastfeeding. In stage two, Best Beginnings had used intervention and policy functions to address the barriers
and enablers of breastfeeding. In stage three, Baby Buddy had been assessed for acceptability, practicability, effectiveness,
affordability, safety, and equity. Several behavior change techniques that could assist women with decision making around
breastfeeding (eg, information about health consequences and credible sources) and possibly affect attitudes and self-efficacy
were identified. Of the 39 videos in the app, 19 (49%) addressed physical capabilities related to breastfeeding and demonstrated
positive breastfeeding behaviors.
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Conclusions: Applying a theoretical framework retrospectively to a mobile app is possible and results in useful information to
understand potential health benefits and to inform future development. Future research should assess which components and
behavioral techniques in the app are most effective in changing behavior and supporting breastfeeding.

(JMIR Mhealth Uhealth 2021;9(4):e25668)   doi:10.2196/25668

KEYWORDS

breastfeeding; app; digital health; smartphone app; behavior change wheel; digital behavior change intervention

Introduction

A healthy start to life is crucial for improving life-long health
outcomes [1,2]. Despite universal public funding for pregnancy
care and targeted antenatal and postnatal programs, the United
Kingdom (UK) has large inequalities in perinatal outcomes for
women and children from minority ethnic communities, those
who are socially disadvantaged, or those who become pregnant
in their teenage years [3]. Breastfeeding is well recognized to
positively impact and shape the lives of both the mother and
baby in the short and long term. Global scaling up of
breastfeeding interventions is needed to improve the rates of
breastfeeding in all countries, which includes the provision of
support to all women [1,2].

Breastmilk is nutritionally balanced and helps protect infants
and children from infections [1]. There are risks associated with
not breastfeeding in high-income, middle-income, and
low-income countries [1]. A meta-analysis of six high-quality
studies showed that “ever breastfeeding” (infants who have
breastfed at least once) was associated with a 36% reduction in
sudden infant death (95% CI 19%-49%) [2]. Breastfed babies
have a lower chance of childhood leukemia and allergies, and
are less likely to develop diabetes or become overweight when
they are older [4]. Breastfeeding also benefits mothers, and it
is associated with a lower risk of developing breast and ovarian
cancer, osteoporosis, diabetes, and cardiovascular disease [2].
A longer period of breastfeeding is also associated with a
reduction in the mother's odds of overweight or obesity (95%
CI 22-30) [4].

The UK National Infant Feeding Survey (2010) showed that
although 81% of women initiated breastfeeding, 34% of babies
received any breastmilk at 6 months (only 1% were exclusively
breastfed), and the country ranks lowest in the world for
breastfeeding at 12 months of age [2,3]. The most recent
aggregate breastfeeding rate for England (Quarter 3 of 2019/20)
at 6 to 8 weeks was 48.2% (CI 47.9%-48.5%) [5]. As a response
to low breastfeeding rates, the UK Public Health England in
collaboration with UNICEF UK, has produced several policies
and resources in line with the “baby friendly initiative.” It is
hoped that initiatives that promote breastfeeding will augment
women’s and children’s health and support maternal-infant
bonding [6,7].

In 2007, Best Beginnings charity in the UK co-designed digital
video discs (DVDs) to support breastfeeding initiation,
motivation, and duration, with a focus on benefits and
acknowledgement of challenges. The resources were developed
with parents, the UK Department of Health, and UNICEF UK.
Since the 2008 launch, over 2 million copies of the DVD have

been distributed. In 2014, with changing technology, the charity
embedded this breastfeeding content into Baby Buddy, a
smartphone app. Pregnant women are now more likely to find
pregnancy apps useful sources of information and support
compared with DVDs or written material [8-12]. This trend
toward the use of smartphones provides an opportunity to reach
those women who are less likely to engage with health care
providers or are yet to do so [13,14].

Baby Buddy was designed to focus on the window of
opportunity from preconception to 6 months of age, in which
the foundations for a healthy childhood are laid [15]. The app
is free, available on the National Health Service Library,
embedded into maternity and early care pathways, and endorsed
by organizations, including the Royal College of Midwives and
the Royal College of Obstetricians and Gynaecologists, and it
can be easily accessed on both Android and iOS devices. Baby
Buddy is intended to be used by parents of all backgrounds and
to be particularly engaging for those who may have difficulty
connecting with health services owing to language, age, culture,
or socioeconomic barriers. Baby Buddy has been designed to
appeal to younger women and includes a user-designed
interactive avatar as a “gaming” element. The app aims to build
confidence and self-efficacy and promote good parental-infant
bonding and attachment. It contains over 300 videos, including
all videos from the “From bump to breastfeeding” DVD, and
provides engaging and interactive daily information to support
healthy behaviors including breastfeeding. The app intends to
enhance the link between parents and health care providers and
promotes better engagement, communication, and shared
decision making with parents [16].

The most recent published evaluation of Baby Buddy, the
BaBBLeS study (Bumps and Babies Longitudinal Study),
measured maternal self-efficacy as the primary outcome. The
authors found that there were no differences in maternal
self-efficacy outcomes. However, they did perform a post-hoc
analysis of breastfeeding and documented a significant increase
in “any breastfeeding” at 1 month (odds ratio [OR] 3.08, 95%
CI 1.49-6.35) and in “exclusive breastfeeding” at 3 months (OR
1.79, 95% CI 1.02-3.16) [16]. Further data from Norfolk did
demonstrate an increase in maternal self-efficacy for parents
using the Baby Buddy app [17].

With this data demonstrating potential behavior change and
increased breastfeeding with the use of the Baby Buddy app,
further understanding was sought regarding which components
of the design and development of the app might have contributed
to these results. The Behavior Change Wheel (BCW) and the
associated Behavior Change Techniques Taxonomy (BCTTv1)
provide a systematic approach that acknowledges the importance
of behavioral theory in the design and evaluation of
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interventions. The BCW has three interrelated concentric layers.
The inner layer (Capability, Opportunity, and
Motivation-Behavior [COM-B] model) helps understand the
behavior that needs to be changed. The middle layer consists
of the following possible interventions that could be used to
facilitate behavior change: restrictions, education, persuasion,
incentivization, coercion, training, enablement, modeling, and
environmental restructuring. The outer layer of the wheel assists
in identifying which policy opportunities could be utilized to
support the delivery of the chosen interventions [18]. Finally,
the BCTTv1 is a complementary tool that helps further identify
which behavior change techniques could help deliver the
intervention functions identified [18]. The BCW has previously
been retrospectively applied to other mobile health interventions
successfully [19-21]. This study aimed to retrospectively
examine the development of Baby Buddy and apply the BCW
framework to understand how it might increase breastfeeding
self-efficacy, knowledge, and confidence.

Methods

Overview
We evaluated the development of Baby Buddy with the BCW
and its associated taxonomy using a prespecified three-stage
process (Figure 1). The research was conducted between
November 2017 and December 2018. The research team was
given access to all reports, market research, and interview and
focus group findings prepared by Best Beginnings to inform
the design of Baby Buddy (Multimedia Appendix 1). Guide
books containing worksheets were used to deconstruct and
retrospectively analyze the development process and the
breastfeeding components within the Baby Buddy app [18,22].
Data extraction was performed by one reviewer (LMM) and
then checked by a second (AG). They met fortnightly to share
and discuss the findings. This was achieved by cross-checking
coding, interpretation, and mapping. Any discrepancy was
resolved by discussion, and further analysis or content review
was undertaken if necessary.

Figure 1. Process of applying the Behavior Change Wheel to the Baby Buddy app.

Stage One: Understanding Breastfeeding as a Target
Behavior
This stage aimed to assess the in-depth understanding of
breastfeeding as a target behavior in the development of the app
and the context in which it occurs. Barriers and enablers to target
behaviors were identified in the provided data (survey,
interview, and focus group reports), and then, these were
mapped to the COM-B tool [18].

Stage Two: Identifying How Intervention and Policy
Functions Were Used
This stage determined the aspects included in Baby Buddy and
if they could influence breastfeeding behavior. The middle layer
of the BCW was used by the research team to map which
“intervention” components could address the barriers and
enablers to breastfeeding (restrictions, education, persuasion,
incentivization, coercion, training, enablement, modeling, and

environmental restructuring) [18]. We then coded these findings
using the Theoretical Domains Framework (TDF) (knowledge,
cognitive and interpersonal skills, memory, attention and
decision-making processes, optimism, beliefs about
consequences, intentions, goals, emotions, and social influences)
[18]. The outer layer of the BCW was used to map policy
categories (eg, policies, guidelines, fiscal measures, service
provision, legislation, regulation, communication, and
environmental opportunities) [18].

Stage Three: Identifying Content and Implementation
Choices Made
This stage identified evidence of the use of behavioral change
techniques (BCTs) within the design of Baby Buddy. We used
the APEASE criteria as defined in the BCW (affordability,
practicability, effectiveness, affordability, safety, and equity)
[18,22]. These steps provided insights into how the content was
developed and implemented and to understand the choices made
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by Best Beginnings as the project progressed. We also described
the “active” ingredients that were used in the breastfeeding
intervention using the BCTTv1 tool [18,22]. To do this, we
viewed and reviewed 39 videos, eight glossary words (“What
does that mean?”), and 20 Baby Buddy–generated responses to
breastfeeding questions (“Ask me”). We marked the BCTTv1
tool for each technique found in each piece of information
reviewed (videos, glossary words, and generated responses).

Results

Stage One: Understanding Breastfeeding as a Target
Behavior

Step 1: How Breastfeeding was Defined in Behavioral
Terms
Best Beginnings defined breastfeeding as a key behavior
requiring more support and demonstrated a thorough
understanding of the context in which breastfeeding occurs
based on the following sources of evidence: (1) The Infant
Feeding Survey (2010) [3]; (2) World Health Organization
Global Strategy for Infant and Young Child Feeding
(Breastfeeding Manifesto) [23]; (3) Tackling health inequalities
in infant and maternal health outcomes [15]; (4) Focus On: A
Proportionate Approach to Priority Populations [24]; (5) Fair
Society, Healthy Lives – Strategic Review of Health Inequalities
in England post-2010 [25]; and (6) The Foundation Years:
preventing poor children becoming poor adults [26].

Step 2: How Breastfeeding Behaviors Were Selected
Best Beginnings selected specified target actions that were
needed to support breastfeeding. They undertook extensive
consultation with stakeholders, including the UK Department
of Health, UNICEF, and women and their families. A
multidisciplinary team approach was adopted in the creation of
the steering committee. The following six target behaviors to
support breastfeeding were identified as a priority by Best
Beginnings: (1) Advising on commencing breastfeeding; (2)
Giving information on correct positioning and attachment for
breastfeeding; (3) Knowing how to express breast milk; (4)
Knowing what is normal in the first few months of
breastfeeding; (5) Knowing how to overcome breastfeeding
challenges; and (6) Planning to breastfeed for 6 months or more.

Step 3: How Target Breastfeeding Behaviors Were
Specified
Breastfeeding behaviors were described with who, what, when,
where, how often, and with whom (Table 1). Best Beginnings
utilized mixed method techniques to better understand the
barriers and enablers affecting inequity, disparity, and
intergenerational disadvantage (Multimedia Appendix 1). Health
care professionals, parents, and families were engaged as
co-creators at all stages and were instrumental in app
development, implementation, evaluation, and promotion
[16,27-30].

Table 1. Specifying breastfeeding as a target behavior [22].

ResponseQuestion

Women, with a focus on young women under 25 years intending to breastfeedWho needs to perform the behavior?

Offer breast firstWhat does the person need to do differently to achieve the
desired change?

Within the first hour of birth and then for every feed demandedWhen will they do it?

At the birthplace and then anywhere they choose to feed the infantWhere will they do it?

Every feedHow often will they do it?

With the support of staff initially and then independently with the support of family and
friends or professionals if required

With whom will they do it?

Step 4: Changes Needed to Support Breastfeeding
Behaviors
We found evidence to support that the constructs of capability,
opportunity, and motivation were explored as described below.

Physical and Psychological Capability

Best Beginnings explored social norms, peer influence, and the
value of social support in sustaining breastfeeding. For example,
women were asked to discuss breastfeeding in the context of
their roles in their families, the presence or absence of support,
the influences of cultural values, and the impact of migration,
isolation, and loneliness. Peer and clinical support,
demonstrations, practice, and feedback were seen as important
to enable women to breastfeed. Perceived barriers, such as
difficulties positioning and attaching, low milk production
(physical capability), fear of failure, and anxiety/depression

(psychological capability), were identified as needing to be
addressed by the intervention functions (Multimedia Appendix
2).

Physical and Social Opportunity

Support was identified as the primary enabler for both physical
and social opportunity to breastfeed. Clinical/specialist, peer,
community, and technology supports (apps, social media, and
online resources) were documented as facilitators for
breastfeeding. Best Beginnings sought to understand
environmental factors that may help, interfere, or prevent
breastfeeding efforts. Economic barriers and the physical
environment were discussed, and there were several themes
related to challenges in finding a way to initiate and maintain
breastfeeding behaviors in the context of roles as employees,
mothers, and partners (Multimedia Appendix 2).
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Reflective and Automatic Motivation

Reviewed data demonstrated that motivation is best facilitated
by early planning, goal setting, and positive belief reinforcement.
Peer support normalizes the challenges of breastfeeding and
encourages self-determination. Best Beginnings documented
support as crucial to helping alleviate negative thoughts or low
confidence. Self-efficacy to change beliefs and habits, and low
health literacy barriers were explored to assess the ability of
individuals to act on health advice and planned care and to
uncover culturally specific values that may improve
interventions in specific target groups (Multimedia Appendix
2).

Stage Two: Identifying How Intervention Functions
Were Used

Step 5: Intervention Functions That Were Used
Intervention functions were able to be identified in the video
content for Baby Buddy, which included the lead information
and education resource within the app. The most common
functions were education, training, and modeling. Mapping of
the breastfeeding video content to the BCW (COM-B, TDF,
and intervention functions) is shown in Multimedia Appendix
2. Further analysis of each video containing breastfeeding
content (39 videos) is shown in Table 2. The complete analysis
of all breastfeeding items, including eight glossary words (“What
does that mean?”) and 20 Baby Buddy–generated responses to
breastfeeding questions (‘Ask me’), using COM-B, is shown
in Multimedia Appendix 3.
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Table 2. Mapping of breastfeeding video content to the Capability, Opportunity, and Motivation-Behavior (COM-B) tool.

MotivationOpportunityCapabilityVideo title

AutomaticReflectivePhysicalSocialPsychologicalPhysical

YesYesYesYesYesYesBreastfeeding as a young mum

YesYesYesYesYesYesA practical choice

YesYesYesYesYesYesFeelings about breastfeeding

YesYesYesYesYesNoWhat’s so good about breastfeeding?

YesYesYesYesYesYesWhat if I bottle fed before?

NoNoYesYesYesYesAsking for help to get started

NoYesNoYesNoNoWhat will my partner think?

YesYesNoNoYesYesYour first milk - colostrum

YesNoYesYesYesYesYour baby’s first feed

YesNoYesYesYesYesSkin to skin

YesNoNoYesNoYesGood positioning tips from a midwife

YesNoYesNoNoYesGetting the position right

NoYesYesNoYesYesGood positioning demonstration

YesYesYesYesYesYesKeeping your baby close

NoNoYesYesNoNoHow dads can help? - Lenny

YesYesNoYesYesNoBreastfeeding out and about

YesYesYesYesYesYesWhen and how often should I feed my baby?

NoYesYesYesNoNoHow dads can help? - Andy

NoYesYesYesYesYesWhere can I find support?

YesYesYesYesYesYesOvercoming mastitis

YesYesYesYesYesYesSupport from health professionals

NoYesYesNoYesYesSome common challenges

No NoYesNoNoYesGood and bad attachment graphic

YesYesYesYesYesYesBreastfeeding to a year and beyond

YesYesYesYesYesYesWhy breastfeed for at least six months?

YesYesYesYesYesYesBreastfeeding and weening

YesYesYesYesYesYesWhy express?

YesYesYesNoYesYesHow to hand express?

NoYesYesNoNoYesHow to use a breast pump?

NoYesYesNoYesYesExpressing when you’re back at work

NoYesYesNoNoNoStoring and using expressed breast milk

NoYesYesNoYesYesEarly challenges with expressing milk

YesYesYesYesYesYesYour breast milk

YesYesYesYesYesYesHow skin-to-skin contact can help you express?

NoYesYesYesNoYesUsing a breast pump

YesYesYesYesYesYesExpressing with a breast pump and storing your milk

YesNoYesNoYesYesColostrum - your baby’s first food

NoYesYesYesYesNoSigns your baby is ready to feed independently

NoYesYesNoNoYesBreastfeeding twins or triplets
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Step 6: Policy Categories That Were Used
Findings support that the Baby Buddy app and its embedding
process were designed to complement maternity and postnatal
health service and policy [28]. It has been endorsed by the
Department of Health, Faculty of Public Health, Royal Colleges
of Paediatrics and Child Health, obstetricians and gynecologists,
midwives, psychiatrists, speech and language therapists,
community practitioners, Health Visitors Association, and
Institute of Health Visiting. The content of Baby Buddy was
co-created with parents and in consultation with policy
stakeholders, for example, representatives from Royal Colleges
and the Department of Health. No content is uploaded to Baby
Buddy until representatives of all partners have given their
approval.

Stage Three: Identifying How Content and
Implementation Choices Were Made

Step 7: How Behavior Change Techniques Were Used
Identification of BCTs was achieved by applying the BCTTv1
to the content of the app. After each piece of content was
categorized using broad intervention categories, further analysis
was carried out to identify exactly which BCTs were used
(Multimedia Appendix 2). These were then documented and
specific details were given. For example, of the 39 videos in
the app, 19 (49%) addressed physical capabilities related to
breastfeeding and demonstrated positive breastfeeding
behaviors.

Step 8: Rationale For Using the Baby Buddy App as the
Mode of Delivery
The APEASE criteria were used to evaluate if Best Beginnings
had undertaken activities to ascertain acceptability,
practicability, effectiveness, affordability, safety, and equity
when moving breastfeeding content to a mobile app. The
evidence was analyzed and judged against the previous
DVD-based breastfeeding intervention, “Bump to
breastfeeding.” Baby Buddy met the APEASE criteria for a
viable digital intervention suitable for further testing,
development, and implementation (Multimedia Appendix 4).
In addition, it was noted that in transitioning from DVD to a
mobile app, Best Beginnings used the Kotter eight-step process
to guide implementation. Kotter methodology, developed for
change management, involves the following eight steps: (1)
creating a sense of urgency, (2) building a guiding coalition,
(3) forming strategic vision and initiatives, (4) enlisting a
volunteer army, (5) enabling action by removing barriers, (6)
generating short-term wins, (7) sustaining acceleration, and (8)
instituting change [31,32].

Discussion

Principal Findings
Baby Buddy maps retrospectively well to the BCW. This may
explain why there have been positive results in recent studies
[28,29]. Key factors that set the development of this particular
pregnancy app apart from many others are the genuine co-design
and the use of BCTs most obviously through the included video
content.

The use of participatory engagement and co-creation methods
in the development of Baby Buddy are two design techniques
that have positively influenced decision making, attitudes, and
self-efficacy concerning breastfeeding, particularly among those
who are socially disadvantaged and younger. We identified
several BCTs used in Baby Buddy that could assist women with
decision making around breastfeeding (eg, BCT 5.1 Information
about health consequences and 9.1 Credible source). BCTs that
influence attitudes and self-efficacy were also identified (eg,
BCT 5.3 Information about social and environmental
consequences and 13.2 Framing/reframing).

Strengths and Limitations
This study has several strengths. First, it was performed
independent of the development team, using a best practice
behavior change framework (BCW) as a guide. Second, content
mapping to the BCW was conducted by two independent content
experts (a midwife and a neonatologist). These two research
team members located in Australia were not employed by Best
Beginnings and did not have any financial incentive. Third,
retrospective alignment of the BCW tools and BCTs enabled
the research team to identify potential opportunities to use BCTs
for the future development of Baby Buddy to increase
effectiveness. Fourth, our study supports the work of Thomson
and Crossland who conducted a mixed methods evaluation using
the BCW to identify components that support infant feeding in
North West UK [29]. They identified peer support as a facilitator
for increasing mothers’ knowledge and building confidence
[29]. Finally, we also identified the use of peer-to-peer content
as beneficial for breastfeeding as it normalizes breastfeeding
and encourages self-determination. Baby Buddy has both of
these attributes in the content. Like the work of Crossland et al,
our study concluded that Baby Buddy is a supportive parenting
resource that could be scaled for impact [28].

A key limitation of this work is the retrospective application of
the BCW. Retrospective mapping of the BCW to the app
development process was complex and subjective, and relied
on Best Beginnings providing multiple development documents.
There was a large volume of qualitative reports supplied to us
from Best Beginnings that had been collected from many sources
and not presented with later academic review in mind.

Using the BCW has inherent coding, interpretation, and
application limitations. However, like other studies, we do
believe that there is benefit in “retrofitting” interventions to the
BCW even though it may have not been used in the design phase
[33-35]. Prospective analysis of the app development using the
BCW and scientific research would potentially result in a higher
quality behavior change intervention tool; however, Baby Buddy
was not primarily designed to change behavior and was rather
designed as a resource to inform and empower pregnant women.

A secondary limitation is that the evaluation tools we used were
designed for text rather than video content. From our assessment,
videos within an app appear to be a powerful influence to
support behavior change in breastfeeding. The videos take a
“show how” approach rather than a didactic “tell to” approach
and feature a mixture of experts, support parents, and
peer-to-peer voices. However, as the BCW tools were not
designed for video discourse analysis specifically, they may
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miss some of the nuances in video content (eg, gesturing, body
language, and tone). Our findings have identified potential areas
for improvement in future iterations of the app, and this is useful
information given that the app is constantly being improved.

Conclusion
Our work highlights that applying a theoretical framework
retrospectively to a mobile health app is possible and results in
useful information to understand potential health benefits and

to inform future development. To assess the true impact of
behavior change frameworks in the design of mobile health
apps, high-quality research that measures formative, process,
and clinical outcomes for health behaviors is needed. Further
development of Baby Buddy as a universal intervention to
reduce health inequalities requires robust prospective research
that considers effects on the rate and duration of exclusive
breastfeeding.
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Abstract

Background: Persuasion knowledge, commonly referred to as advertising literacy, is a cognitive dimension that embraces
recognition of advertising, its source and audience, and understanding of advertisers’ persuasive and selling intents as well as
tactics. There is little understanding of users’ awareness of organizations that develop or sponsor mobile health (mHealth) apps,
especially in light of personal data privacy. Persuasion knowledge or recognition of a supporting organization’s presence,
characteristics, competencies, intents, and persuasion tactics are crucial to investigate because app users have the right to know
about entities that support apps and make informed decisions about app usage. The abundance of free consumer mHealth apps,
especially those in the area of fitness, often makes it difficult for users to identify apps’ dual purposes, which may be related to
not only helping the public manage health but also promoting the supporting organization itself and collecting users’ information
for further consumer targeting by third parties.

Objective: This study aims to investigate smartphone users’ awareness of mHealth apps’ affiliations with 3 different types of
supporting organizations (commercial, government, and nonprofit); differences in users’ persuasion knowledge and mHealth app
quality and credibility evaluations related to each of the 3 organization types; and users’ coping mechanisms for dealing with
personal information management within consumer mHealth apps.

Methods: In-depth semistructured interviews were conducted with 25 smartphone users from a local community in midwestern
United States. Interviews were thematically analyzed using inductive and deductive approaches.

Results: Participants indicated that their awareness of and interest in mHealth app–supporting organizations were secondary to
the app’s health management functions. After being probed, participants showed a high level of persuasion knowledge regarding
the types of app-supporting organizations and their promotional intents. They thought that commercial companies sponsored
mHealth apps mostly as entertainment tools, whereas noncommercial entities sponsored mHealth apps for users’ education. They
assigned self-promotional motives to commercial organizations; however, they associated commercial mHealth apps with good
quality and functioning. Noncommercial entities were perceived as more credible. Participants were concerned about losing
control over personal information within mHealth apps supported by different organizations. They used alternative digital identities
to protect themselves from privacy invasion and advertising spam. They were willing to trade some personal information for
high-quality commercial mHealth apps. There was a sense of fatalism in discussing privacy risks linked to mHealth app usage,
and some participants did not perceive the risks to be serious.
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Conclusions: The discussion of and recommendations for the safe and ethical use of mHealth apps associated with organizations’
promotional strategies and personal data protection are provided to ensure users’awareness of and enhanced control over digitalized
personal information flows. The theoretical implications are discussed in the context of the Persuasion Knowledge Model and
dual-processing theories.

(JMIR Mhealth Uhealth 2021;9(4):e16518)   doi:10.2196/16518

KEYWORDS

mHealth app; personal health information sharing; mobile phone; mobile promotion strategy; persuasion knowledge

Introduction

Background
In today’s mobile-driven era, mobile apps have a significant
impact on users’ healthy lifestyles [1]. Using mobile app
services can help individuals manage chronic diseases and
healthy lifestyles as well as fight bad habits, such as smoking
[2,3]. Commercial, governmental, and nonprofit organizations
support mobile health (mHealth) apps in diverse formats, and
many do it with a dual purpose: to help improve public health
and to promote their organizations [4]. For example, Under
Armour sponsored and later purchased MyFitnessPal, a leading
free app for achieving and maintaining health and fitness goals
[5,6]. The Baby Center portal, formerly owned by Johnson &
Johnson, and a corresponding pregnancy tracking app reached
45 million users in 2016 [7]. mHealth app support occurs not
only in commercial sectors but also in public sectors, including
nonprofit and government agencies. A US-based Centers for
Disease Control and Prevention’s new parenting app, for
example, offers customized services for parents to track their
children’s developmental milestones [8]. The nonprofit
organization the American Red Cross launched a blood donor
app that enables the organization to communicate with its donors
and offers a rewards program for users to increase the frequency
of blood donations [9].

Despite the benefits to app users and app-supporting
organizations, the growing consumer mHealth app market raises
concerns over users’awareness of app-supporting organizations
and personal information privacy because personal data can be
shared via mobile phones and wireless networks [2,10-13]. The
mobile app market is dominated by free-to-use consumer apps,
with more than 90% available without charge in the major app
stores (ie, Apple App Store and Google Play) [14]. Instead of
paying for such apps with money, mobile users may be asked
to give away bits of personal information needed for an app to
function. Personal information (eg, age, gender, and email),
including basic health information (eg, weight and height), can
be shared with unauthorized third parties via mobile phones
and users do not easily recognize the magnitude of such
information sharing [15-20].

Access to users’ personal information becomes a concern
because mHealth apps’ affiliations with supporting
organizations, especially those in the commercial sector, are
often obscure [7]. This adds complexity to users’ interpretations
of organizations’ motivations to support these apps. On the one
hand, such support is driven by the intent to help users manage
their health and help others. On the other hand, supporting
organizations gain direct access to consumers’ personal data

and may use these data for commercial, marketing, and other
self-serving organization-related purposes (eg, fundraising or
customized advertising). This emphasizes the value of studying
users’ critical assessment of mHealth apps associated with
different types of organizations, users’ knowledge of
organization types and intentions to support mHealth apps, and
users’ strategies to cope with privacy-related risks when they
are asked to share personal information via smartphones.

This study contributes to the existing literature on persuasion
knowledge and mHealth apps that serve the dual purpose of
improving public health and promoting supporting organizations.
Previous mHealth research has examined app selection process
in app stores and issues related to potential privacy risks of
personal information collection and management [3,10,21].
However, there is little understanding of whether and how
smartphone users react to cues about organizations that support
mHealth apps and how they understand and negotiate the duality
of organizations’ motivations (ie, users’ health management vs
organization self-promotion). Furthermore, few studies have
explored differences in users’ perceptions of mHealth app
quality and credibility and willingness to share personal
information across organization types: commercial, government,
and nonprofit, in light of organizations’ dual motivations to
support such apps. To address these gaps, this study applies the
Persuasion Knowledge Model (PKM), dual-processing theories,
and information privacy literature to explore how mHealth apps
associated with commercial, government, and nonprofit
organizations influence smartphone users’ understanding of
mHealth apps. It investigates mHealth app use not only as a
health management tool but also as a promotional tactic. The
study provides useful insights about mHealth app cues
associated with commercial and noncommercial organizations
that can be used to efficiently communicate mHealth app
affiliation to users and enhance their critical assessment of this
health-related technology. This study also provides suggestions
for government and nonprofit organizations to offer effective
and engaging mHealth app services that ensure individual
autonomy in protecting personal data.

mHealth App Market
The mHealth app market was valued at approximately US $12.4
billion in 2018 and is expected to expand at a compound annual
growth rate of 44.7% from 2019 to 2026 [22]. The World Health
Organization broadly refers to mHealth as “medical and public
health practice supported by mobile devices, such as mobile
phones, patient monitoring devices, personal digital assistants
(PDAs), and other wireless devices” [23]. Some mHealth apps
are provided by medical organizations to communicate personal
health information (PHI; eg, medical test results, prescriptions,
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and diagnosis) to patients. Such apps fall under the category of
personal health records. They provide a single space for patients
to access their own health records and simplify patient-provider
communication [24]. Alternatively, many mHealth apps can be
downloaded from app stores without providers’ involvement
in the user’s initiative to maintain a healthy lifestyle or to
enhance the health of others [25]. These apps are often
developed or owned by companies with aligned stakes, such as
MyFitnessPal, or standalone health-related apps, such as Flo,
the period tracking app. The information provided to the app
comes from the user based on their own knowledge of their
health and data tracked based on app usage. Such apps have no
direct connection to health professionals.

Today, almost 60% of US smartphone users have downloaded
at least one health-related app on their mobile devices [26], with
the exercise and weight loss app category being the most popular
[3,4]. It is common for users to provide personal information,
including basic health information (eg, height, weight, BMI,
physical activity levels, calorie and water intake, pregnancy
status, sleeping patterns, mood, period, and sexual activity), for
customization by direct input or connecting to sensors and
wearable technologies [4,5,10]. This information is typically
less protected, especially if mHealth apps are free to use. Sharing
users’ data with digital marketers within and outside the
organization becomes a source of the sustainability of these
apps [2,18]. This study explores smartphone users’ perceptions
of these consumer mHealth apps, with the focus on persuasion
knowledge and privacy concerns.

PKM and Promotional mHealth Apps
Persuasion knowledge is important for users with respect to
mHealth apps because they are created for users’ health
management and organizations’ promotional purposes.
Conceptually, persuasion knowledge, commonly referred to as
advertising literacy, is a cognitive dimension that embraces
recognition of advertising, its source and audience, and
understanding of advertisers’ persuasive and selling intents as
well as tactics [27]. Conceptual persuasion knowledge is
different from evaluative persuasion knowledge that deals with
consumers’ affective evaluations of advertising. According to
the PKM, people develop and use their knowledge derived from
previous experience, education, and socialization to recognize,
interpret, evaluate, and respond to persuasion attempts, such as
advertising [28]. As a reaction to persuasion (promotion)
attempts, media users choose and execute persuasion coping
behaviors that they perceive as effective and appropriate. Such
behaviors may be positive for a brand or organization that
promotes itself using an mHealth app (eg, buying and telling
others about the organization or app) and may be negative (eg,
deleting the app and boycotting the organization) [29]. In the
contexts of brand-related apps, the more favorable users feel
about a brand-supported technology, the more receptive they
are to its claims or content, including the identification of a
supporting organization [30,31].

The PKM includes 3 belief structures [28]. The first structure
refers to persuasion knowledge itself, where consumers are
aware of and understand actors in the self-promotion persuasion
process, persuaders’ intentions, and tactics used to persuade,

among others. In relation to promotional mHealth apps,
persuasion knowledge may refer to app developers and sponsors
who put the app on the market, understanding the reasons for
app support and perceptions of the app as a promotional tool to
increase sales, donations, public awareness, and other desirable
outcomes. The second structure is related to the perceptions of
the persuasion agent (eg, advertiser), including the agent’s traits,
competencies, and goals. In the context of this study, we discuss
3 types of persuaders: commercial, governmental, and nonprofit
entities. Understanding the nature of each persuader, its resource
base, and mission constitutes beliefs about the agent. The third
structure is associated with beliefs about the topic of persuasion
(eg, product, service, social cause, or candidate). It could be,
for example, related to a specific health issue that an app focuses
on (eg, fitness and diabetes) and the digital app itself (eg,
MyFitnessPal).

When consumers’ persuasion knowledge levels are high, they
are able to understand the self-promotional intent and, as a
result, doubt the altruistic intentions of an organization and
activate cognitive defenses against persuasion [21,32,33].
Consumers with high persuasion knowledge are more likely to
be skeptical of self-promotion persuasive communication and
resistant to persuasive advertising messages or sponsored
products [29,34]. Persuasion knowledge plays a significant role
in evaluating subtle (vs prominent) digital internet-based
advertising formats [29,34]. For example, users with a higher
level of persuasion knowledge may be more likely to recognize
a supporting organization when they examine an mHealth app
(especially if such an app is offered for free) and form their own
beliefs about the organizations’ intentions, be they for the public
good (eg, social responsibility and establishing healthy
lifestyles) or self-service (eg, profit seeking, data collection and
sharing with third parties, and social control).

When evaluating an organization’s support of consumer
technology, such as mHealth apps, and making usage decisions,
users may negotiate between organizations’ self-promoting and
user-oriented motives differently across different types of app
providers, especially if they are asked to give away personal
information to download and use the app [12,16,35,36]. Previous
studies have indicated that nonprofit sponsors of information
and communication technologies receive more favorable
evaluations than their for-profit counterparts. This is reflected
in the positive attitudes and attribution of less egoistic motives
to nonprofit entities [36,37]. Although consumers may have
difficulty inferring selfish motives in cases of prosocial
persuasion attempts, such as antidrunk driving campaigns (or,
in the case of this study, public health), they would still trust
nonprofit or government agencies as campaign sponsors more
than corporate organizations [37]. We suggest and further
explore the type of organization associated with different
degrees of negotiation between self-serving and public service
motives when smartphone users decide to download an mHealth
app and share personal information within it. This study aims
to examine the nature of persuasion knowledge and mHealth
app evaluations associated with 3 types of app-supporting
organizations (ie, commercial, governmental, and nonprofit)
and to determine if willingness to share information within
mHealth apps differs by organization type.
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Sharing Personal Information via mHealth Apps
Many smartphone apps require users to give permission to
access personal data (eg, social media data and contact lists)
and phone functions (eg, camera and speakers), and such
permission is very easy to obtain (eg, clicking “I Agree”). As
a result, issues related to sharing personal information with the
app are emerging as an important research area for health
practitioners and policy makers [10-12,19,20]. Personal
information obtained via the apps can be shared within the
supporting organization itself as well as with unknown third
parties, such as marketers, without explicitly notifying app users
[15-20]. At the initial level, users might not realize that the app
they use is affiliated with an organization. For example, formerly
Johnson & Johnson’s Baby Center portal and app used to have
only subtle cues (eg, pop-up advertisements) about such
affiliation. Furthermore, users may not always realize that the
personal information they provide is used within and outside
the company for marketing purposes. This may facilitate the
risks from emotional distress to financial discrimination. For
example, period and pregnancy tracking consumer apps are
popular not only with female smartphone users but also with
companies, such as Johnson & Johnson, which target this
demographic with offers of women- and parenthood-related
health products. Users share sensitive health information with
such apps, including patterns of sexual activity, number of
pregnancies and miscarriages, and gestational age of unborn
children. Mere awareness of such data being shared for
marketing purposes may create psychological discomfort.
Moreover, other companies may be interested in accessing this
target group’s data to promote relevant products (eg, cars and
realtor services). Although the data are deidentified and
aggregated when moving through a complex analytics process,
they help profile individuals and assess their qualifications for
life insurance, mortgages, and loans [38-40].

The classical definition of privacy is the freedom to protect
oneself from exposure to or intrusion by others [11,41]. Privacy
is an important requirement in the health care domain that deals
with the challenges of maintaining PHI about one’s condition
and health history confidential while sharing them with
authorized medical parties and caregivers, guardians, and family
members [42]. Although strict rules apply to protecting one’s
PHI [2], policies to manage one’s personal information
(including basic health information) provided to consumer
mHealth apps are less clear.

In the digital age, this is discussed in the context of having
autonomy. Autonomy refers to an individual’s right to control
the environment in which they live in and make rational
decisions [43]. An mHealth user, for example, can decide to
download or delete the app at any time; thus, they have control
over using it. However, can they make such decisions about
personal and health data collected via this app? Can they
recognize persuasion attempts when they see marketing
messages tailored to them using sophisticated technologies?
Privacy is described as a tool that fosters and encourages
autonomy. Becker [43] argues that omnipresent digital
technologies that allow constant surveillance put at risk not only
privacy—when an individual is observed on the web and
analyzed via algorithms—but also autonomy where the

individual loses the power to make informed decisions about
their personal information flows (especially when information
is deidentified and aggregated) as well as make independent
decisions about customized marketing messages.

Some users avoid downloading mHealth apps because of privacy
concerns and potential risks related to the collection of personal
identifiable information [3,10,35]. Users also consider
advertising messages and commercial identification (eg, brand
logo) as negative cues when making credibility judgments of
sponsored websites [36,37]. According to the literature on
dual-processing theories and decision-making processes, users
tend to rely on heuristic cues to simplify the selection process
if they face cognitive limitations because of a deluge of
information [11,35,44]. Such heuristic-based decision-making
processes may promote automatic app judgment and selection
that does not require much effort for a thorough app evaluation
[11,45]. Users, for example, rarely read app privacy policies;
that is, they rarely engage in systematic, elaborate, and effortful
information processing before downloading an app unless they
are first informed about negative consequences of sharing
personal information [11,18,19]. Instead, they relied on app
visual cues to assess it [45]. Many do not worry, are unaware
of data sharing with third parties, or cannot imagine the large
scope of such sharing [13,19].

Sources of digital content (eg, developer, owner, or sponsor in
the context of mHealth apps), if visible and recognizable, may
serve as a powerful cue to activate heuristics that guide the
evaluation of the digital content [35-37]. These heuristics may
differ according to the type of source. In this study, we suggest
that smartphone users have different mental representations of
commercial, governmental, and nonprofit organizations that
support mHealth apps. Such differences manifest themselves
in unique perceptions of each organization type, including its
characteristics, capacities, and self-promotion versus public
service motivations, differences in assessing the quality and
credibility of mHealth apps associated with different types of
supporting organizations, and different levels of willingness to
share PHI with supported mHealth apps. Understanding these
differences will inform the development of transparent mHealth
technologies that effectively communicate information about
technology affiliation with an organization and equip users with
strategies to protect their personal information when engaged
with technology use.

Research Questions
Applying the PKM [28], dual-processing models [11,44,46],
and the concepts of information privacy discussed earlier, we
ask the following research questions (RQs):

• RQ1: What are study participants’ levels of awareness of
and interest in knowing an mHealth app affiliation with a
supporting organization?

• RQ2: What are the differences in the nature of participants’
persuasion knowledge (eg, recognition of target and agent
and understanding of agent’s characteristics and capacities,
self-promotion, and public service purposes) across
commercial, governmental, and nonprofit organizations
that support mHealth apps?
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• RQ3: In what ways do participants’evaluations of mHealth
apps’quality and credibility differ by the type of supporting
mHealth app organization?

• RQ4: What are the differences in coping mechanisms, if
any, that participants implement when they are informed
about mHealth app support by commercial, governmental,
and nonprofit organizations, especially in light of sharing
personal information within such apps?

Methods

Recruitment
In-depth semistructured interviews were conducted at a large
university in the midwestern region of the United States. The
study protocols were approved by the institutional review board
before data collection began. Local community residents (N=25)
were recruited through a web-based recruitment pool. Each
participant received US $15 for their participation in the
research. Data collection was stopped at a sample size of 25
because of response saturation. Specifically, the last participants
interviewed confirmed the responses from earlier interviews
and did not provide additional novel insights [47,48].

Procedure
The average time for each interview was 52 minutes, ranging
from 36 to 92 minutes. All interviews were recorded using
digital recording options available on the interviewers’
smartphones. A total of 3 researchers trained 2 student
interviewers and oversaw the data collection process.
Participants were informed about being recorded in the consent
document before they started the interview. All participants had
the option of withdrawing from the study or refusing to answer
any question; none of them did. The full interview guide is
presented in Multimedia Appendix 1. Participants were asked
about their perceptions of the government, commercial, and
nonprofit apps. Examples were provided per the participants’
request. Most of our participants were familiar with the concept
of mHealth apps and did not need an explanation as to what
health apps were.

Data Analysis
Anonymized interview audio files were transcribed using a
web-based transcription service. Data coding was continued
with 4 coders (coauthors). As per standards of qualitative
methodology and, specifically, thematic analysis [49], the coders
were open in their approaches to raw data analysis and flexible
in revising transcript interpretations. NVivo, a qualitative data
analysis computer software, was used to organize the codes and
corresponding data. To assess coders’ agreement with the
generated codes, 3 identical transcripts were independently
analyzed. Coders met multiple times to discuss emerging codes.
The coding tactics were refined iteratively in each meeting.
First, coders discussed each code they identified, both on
descriptive and interpretative levels [50], and unified names
and definitions of codes that they agreed upon. After the initial
rules of coding were established based on multiple readings of
the same transcripts and each code received a clear definition,
2 coders coded the remainder of the transcripts. A total of 139
codes and subcodes were developed with 538 references (Table

S1 in Multimedia Appendix 2). The codes and subcodes were
then analyzed to inductively derive major themes [51].

We chose to base our coding on empirical data collected more
than on previous literature (ie, inductive approach) because of
the centrality of organization type to the conversation between
participants and interviewers. As little work, to our knowledge,
has been done about the perceptions of mHealth apps supported
by government, commercial, and nonprofit organizations, we
did not impose a strict top-down structure (deductive approach)
on the coding rubric. A deductive approach was used after the
themes were derived to organize our reporting of the findings
in accordance with the theoretical frameworks used and the RQs
examined.

To ensure the trustworthiness and consistency of the findings,
we used a number of procedures [48,49,52]. These included
team-based instrument development designed to achieve the
study’s objectives, extensive training of interviewers and coders,
data collection oversight, using multiple coders to work with
transcripts, developing a coding rubric and establishing
consistent analysis routines (regular discussions of code and
theme interpretations), applying logic to assess code relevance
and irrelevance, and supporting themes with quotations from
participants.

Results

Overview
The participants’ demographic descriptions are provided in
Table S2 (Multimedia Appendix 3). The findings provide
descriptive information about the participants’ use of
smartphones, apps, and mHealth apps and report themes derived
through the analysis (Multimedia Appendix 2).

Mobile Phone and App Use: Descriptive Information
More than half of the interviewees had an iPhone (13/25, 52%),
6 had a Samsung smartphone, and 6 had other types of
smartphones. The average length of smartphone use in the
sample was approximately 3 years. On average, interviewees
had 29-32 apps on their phones. The most used apps were social
media apps (Facebook, Instagram, Snapchat, etc). Other
frequently used app categories included email, messaging, video
chatting (eg, Skype), utility (eg, weather and maps), game,
shopping, banking, entertainment streaming (eg, Netflix and
Spotify), and health and fitness (eg, MyFitnessPal) apps. In
total, 9 of the 25 (36%) participants reported that they had at
least one health-related app on their smartphones. Most
health-related apps mentioned by the interviewees were related
to maintaining healthy lifestyles (eg, step counter, calorie
counter, running tracker, healthy eating, and meditation), and
2 mentioned disease or disorder management apps (eg, attention
deficit hyperactivity disorder).

RQ1 and RQ2 Findings
RQ1 asked about study participants’ levels of awareness of and
interest in knowing an mHealth app affiliation with supporting
organizations.
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Recognition of mHealth App Source Is Secondary to the
App’s Health Management Functions
Participants expressed little awareness of and curiosity about
promotional app support before we probed them with questions
related to the study’s RQs. Most participants said that they rarely
paid attention to information about mHealth app developers,
sources, and sponsors. For them, mHealth apps’ ease of use,
information quality, relevance, and functionality or utility were
more important than an entity supporting the apps:

If it records what I want, I do not care who designed
it. If it’s easy to use and if it has all the information
I need, then that’s why I would do it. [Participant 9,
female, aged 65 years]

Many participants elaborated that any mobile app was easy to
delete; thus, apps did not pose any danger and did not lead to
users’ personal data breaches. For example, one participant
(participant 14, female, aged 29 years) indicated that the use of
promotional mHealth apps was not a serious issue. Thus, at the
initial level of discussing promotional mHealth apps, users were
consumed with the health management function of these apps
and did not consider additional, self-promoting motivations that
could drive the organization’s app support.

RQ2 asked about the differences in the nature of participants’
persuasion knowledge across commercial, governmental, and
nonprofit organizations that support mHealth apps. After being
probed, most interviewees indicated that they possessed
persuasion knowledge of app-supporting organizations. They
perceived themselves and similar groups of consumers as well
as society as a whole to be the targets of persuasive attempts
initiated mostly by commercial companies.

From Commercial Entertainment to Noncommercial
Information
Discussing the characteristics and capacities of organization
types, participants were more likely to assign general
information function to government agencies. Overall,
increasing public awareness of health problems and educating
people about them was the overarching goal of governmental
and nonprofit agencies and associations. As for commercial
companies, their products and services, while associated with
the best quality, were mostly perceived as fun and entertaining:

Bono’s probably on there [commercially supported
mHealth apps] talking or something. They’ve
probably got a quote from Jay-Z on there. [Participant
23, male, aged 25 years]

Government agencies were perceived as being research driven
and resourceful in terms of the health information available. As
the government’s role in supporting mHealth apps was mostly
discussed as being a general, broad information provider, its
mHealth apps were perceived as secondary to the web resources
that provided a great deal of credible medical information to
participants. It was easier for participants to access these web
resources on their computers, rather than via mHealth apps:

If I wanted to search Metformin, diabetic drug, then
everything that’s on the web on that... [Participant 9,
female, aged 65 years]

I’ll search stuff like that online, on the Internet, but
I don’t need an app for it... [Participant 24, female,
aged 24 years]

Narrow specialization, knowledge of one problematic health
area, was the prerogative of nonprofit organizations:

Their goal is to provide the health information or the
healthcare information that is needed by the user
without focusing on other areas that the person
doesn’t need. If I have to find out about cancer, I’m
[going to] go to the American Cancer Society app,
I’m not [going to] go to the one about diabetes.
[Participant 10, male, aged 65 years]

Self-Promotion and Public Service Motivations Behind
mHealth Apps
Participants recognized strong self-promotion intentions of
for-profit organizations to support mHealth apps, such as selling
products, advertising a company, and building brand image.
Some explained that commercial companies used apps to
misinform users and collect consumers’ opinions, record
personal information, and track app usage data. Only a few
attributed commercial app support to corporate social
responsibility oriented to public service:

That’s like an advertising platform for them. So, if
you were to get an app to count calories while you
were running, that app’s created by Nike, at some
point it would try to sell you some kind of Nike shoes.
So yeah, it’s an advertising platform for commercial
organizations besides, of course, getting some
consumer goodwill. [Participant 11, male, aged 40
years]

Although participants could clearly distinguish between the
intentions of commercial and noncommercial organizations,
there was little understanding of the differences between the
government and nonprofit sectors. Participants expressed great
concern about paying my money for commercial products and
services but they were much less worried about how taxpayers’
and donors’ money was spent by government and nonprofit
organizations. They perceived nonprofit and government
agencies to be more careful and accountable in spending,
especially that these agencies, according to the participants, had
a clear goal of improving public health by helping people via
mHealth apps. Thus, public-serving motivation was more
pronounced in participants’ perceptions of noncommercial
entities. Only a few participants mentioned that nonprofit and
government organizations developed mHealth apps for
self-profiting reasons: to collect personal information and to
fundraise for a cause.

The topic of trust in an organization’s public service motivation
was related to the discussion of congruency between an
app-supporting organization and the health issue or cause.
Interviewees expressed distrust in some commercial
organizations that would support an irrelevant health issue. One
participant called it hypocritical. Congruency was identified
not only on the level of the cause but also on the level of the
organization’s general mission. Interviewees found that it was
more relevant for nonprofit organizations to support health apps
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because it was consistent with their goals of making people
healthier and contributing to the overall social good:

I would always pick the government organization or
the non profit organization, because I feel they are
doing it for the public good, because they don’t have
anything to gain by it, as opposed to somebody
[commercial companies] who is doing it...to make
money off of it. [Participant 20, female, aged 54 years]

RQ3 and RQ4 Findings
RQ3 asked how different types of supporting mHealth app
organizations influenced participants’ evaluations of mHealth
apps’ quality and credibility.

Quality Does Not Mean Credibility
The discussion of advertising literacy and mHealth app
evaluations centered on 2 aspects of app evaluation: perceived
app quality and perceived app credibility. We left the definitions
of these constructs open so that participants interpreted them
according to their definitions of quality and credibility.
Overwhelmingly, participants discussed mHealth app quality
as related to the apps’ looks, usability, and functionality while
they talked about credibility as related to trust and intentions
of supporting organizations:

I expect [commercially supported app] to look fancier
and brighter. I will say the quality to be better as in
its functionality, it shouldn’t have any slowness when
you download it, type thing. Not actually having more
options, just its functionality should be better from
big companies...I don’t put much credibility into their
things [commercial companies] because a lot of
things they do are for profit...I like non profits, I
would do something from American Cancer Society
probably easier than I would accept something from
Coca-Cola. [Participant 13, female, aged 23 years]

Perceptions of organizational resourcefulness were directly
linked to mHealth quality judgments. A distinguishing feature
of quality was related to dumping more money into app
development. Commercial organizations were perceived as
more willing to invest in better quality apps compared with less
rich nonprofit organizations or government agencies. There was
no expectation for publicly (not commercially) supported apps
to look appealing:

They [nonprofit and government organizations] might
get the job done, they might capture the information,
but it’s not going to keep my interest, or be visually
appealing, or have the functionality that I need. And
so, I still wouldn’t pay for it though, but I may have
to look at a [commercially] sponsored app.
[Participant 2, female, aged 48 years]

A prominent perceived characteristic of government-backed
apps was related to providing scientific, research-supported
health information and help for people:

I would give credibility to the Health and Human
Services or a Center for Disease Control. It all
depends on the particular information I’m looking
for, whether it’s about preventing the spread of a

disease, or if it’s developing good practices for
personal health care. The government has a place for
its information. [Participant 10, male, 65 years]

Another valuable characteristic of government-based mHealth
apps was security. With this came trust in government-supported
digital products:

I would trust more in a governmental app in this case,
just because they have more rules about security and
it’s probably harder to get access to governmental
data. [Participant 21, anonymous]

Overall, participants described commercial organizations as
less credible because self-promotion and profiting were
perceived as the obvious drivers of mHealth app support.
Nonprofit organizations and government agencies were
described as more trustworthy than their commercial
counterparts. However, some participants mentioned the
complexity of indicating true motives in relation to all 3
organization types because they supported mHealth apps not
only to make people healthier but also for publicity and control.

Despite a clear understanding of commercial organizations’
intentions, participants leaned toward using commercially
supported mHealth apps, as they were better in appearance and
features. In other words, they valued app quality more than
information credibility. Few participants were willing to
sacrifice visual appeal and functionality for more ethically
supported and credible mHealth apps from noncommercial
sources.

RQ4 asked about the differences in coping mechanisms,
including the strategies to protect personal information shared
electronically, that participants implemented when they were
informed about mHealth app support by commercial,
governmental, and nonprofit organizations.

Trade-Offs
Most participants, while having privacy concerns, did not have
the habit of reading privacy terms and conditions before
downloading and using mHealth apps. Instead, they used social
and heuristic cues, such as star ratings and user reviews, to make
downloading decisions. Only one participant claimed that he
had read app privacy policies.

Many agreed to pay for mHealth apps use with their personal
information and increased risk of this information being used
for purposes not related to app functioning:

As long as it is not my social security number and my
credit card number, I tend to give that information
[to app supporting organizations]. It might be a
win-win. I mean it might also help me manage my
health but of course the commercial for-profit
companies are always interested in my opinion, and
always interested in making sure that you buy their
product or are aware of their product. [Participant 2,
female, aged 48 years]

When participants had to share personal information, they
indicated that they preferred to share less information than more
information and general information over specific medical
information:
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I would be willing to give more general types of
information, as opposed to very specific information,
like, “Do you take 150 micrograms of Lexo, whatever,
a day?” I would not [want to] say that’s what I do,
but I would say, I’m on a thyroid medication.
[Participant 20, female, aged 54 years]

Furthermore, participants tended to agree to share greater
amounts of personal information with nonprofit or governmental
organizations than commercial organizations to use mHealth
apps because they believed that nonprofit and government
agencies used such information for public health and research:

I’m going to probably choose something that is either
government or non profit related before I would
choose something that’s for-profit before, just because
I am assuming that for-profit it’s probably [going to]
want more of my information to try to get me to
purchase their products. [Participant 8, female, aged
36 years]

Many participants were open to providing some personal
information to download and use mHealth apps:

It doesn’t bother me, I think I’m not a superstar.
[Participant 14, female, aged 29 years]

They shared basic personal and health information, but it
depended on how much information the app needed them to
share and whether this information was relevant to the purposes
of the app. Demographic information that participants were
willing to share commonly included name, email, and date of
birth. Interviewees shared health information if they were
relevant to basic app functioning. There were also some
differences in the type of information that could be shared with
apps provided by companies, nonprofits, or government
agencies:

If I have to put in my personal information, it depends
on how much personal information. In order to use
the [mHealth] app, I have to tell them [app developers
and supporters] how old I am and how much I weigh
and how tall I am and those kind of [things].
[Participant 4, female, aged 34 years]

I avoid trying to give out my postal address because
most times in commercial, it’s just gonna give you
junk mail...My weight, my height are fine...Depending
who the non profit organization, I very well may give
more information than a commercial...I wouldn’t give
them like the lab paperwork, but I would be more
interested in saying, “Hey, this is what may or may
not be going on with me and this is what the kind of
information I’m willing to give you about myself.”
So, I feel that non profits can get a little bit more
information because they’re not in it for the money.
[Participant 7, male, aged 28 years]

In addition, some participants suggested that signing in with an
existing account on a social networking site, such as Facebook,
was an easier way to download and use an mHealth app rather
than creating a new, app-specific log-in. Participants did not
see this type of information sharing as a threat to their privacy,

as they did not consider personal information shared on social
media to be private:

Yeah, I do that, I’ll connect, say that way they can, I
guess I give them some of the information. Because
if I’m posting on Facebook, I feel that’s generally
public information amongst everyone. [Participant 7,
male, aged 28 years]

Convenience was the key reason for using social media sign-ins
instead of creating an app-specific password. It was, as few
expressed, a good way to save time and energy put into
registering and accessing a new mHealth service.

It Is Culture and It Is Normal
Some interviewees expressed a feeling of fatalism and
helplessness when it came to using promotional apps and sharing
personal data with the supporting organizations and third parties.
One participant, for example, understood the scope of the issue;
yet, the issue was systemic and too big for one individual to
combat:

I think I just assume that anything that I input into an
app or put online, it could be seen by someone, or by
a company, or whatever. Someone could be tracking
it and so, I don’t think I necessarily put too much
thought into privacy, other than with the Mood
Tracker app that I was looking at where you could
choose to pay more and have it be private so it looked
like other users won’t be able to see your data, but
the company can still see your data. I guess I feel like
there’s not really options of...No matter what app you
have, somebody’s [going to] be able to see it,
somebody’s [going to] be able to track your data and
so it’s just the risk you take I guess in doing that.
[Participant 12, female, aged 24 years]

Another participant, an international resident of the local
community, looked at this overpowering phenomenon as a
consequence of the culture of transparency. As it was part of
the culture, it was normalized to the participant’s mind:

I think I’m already kind of used to this culture here
that, because if you go to see dentist, you’re, also
when you’re providing any information about what
happened to you. That’s very important, like you
watch, kind of, you’re alert to what kind of things.
That’s very normal, so you need to provide that.
[Participant 14, female, aged 29 years]

Defenses Against mHealth Persuasion Attempts
Some participants indicated they were less willing or unwilling
to share any type of personal records. One reason was the
potential to raise security risks related to identity theft and
financial losses. Another reason was linked to privacy invasion
or sharing personal information that participants preferred to
keep private or have control over:

I’m not a huge fan of the intrusion via apps [...] I
guess I’m not comfortable with how much companies
can learn about me without my permission.
[Participant 6, female, aged 23 years]
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Advertisements, junk mail, and email from commercial
companies contributed to another reason the interviewees were
averse to providing personal information; they were worried
about app providers using their information for commercial
purposes rather than for the needs of the app. Commercial
purposes were associated with traditional print and digital
advertising, such as receiving direct mail and promotional emails
(spam):

Yeah, I avoid trying to give out my postal address
because most times in commercial, it’s just [going
to] give you junk mail. [Participant 7, male, aged 28
years]

I would be less likely to put that information to a
commercial app than to a non profit app, because I
would be wondering what they were [going to] do
with that...It’s a good way of cheap advertising.
[Participant 20, female, aged 54 years]

Several participants admitted that they used alternative personal
information, such as secondary email addresses or fake names,
to sign in to mHealth apps and thus avoid potential privacy
invasion by third parties. This finding suggests that technology
users seek creative ways to deal with privacy breaching threats
that do not require extensive mental work to go over pages of
hard-to-read terms of use:

I would use a name and date of birth, but it’s [going
to] be fake for me almost no matter what website I
sign up for. When it’s just some app or some website
I’m not as apt to do that, but I’ll give them a fake
name. I don’t really like the date of birth, but I know
that sometimes you have to verify age. I wouldn’t give
an address really for any app. [Participant 18, male,
aged 23 years]

Discussion

Principal Findings
The results of the study showed that participants were admitted
to not paying much attention to mHealth app–supporting entities.
An interesting strategy identified through our research is related
to the tricks that our interviewees used to play the system. While
understanding persuasive intents and having concerns about
personal information privacy, participants did not engage in
reading terms of use when downloading mHealth apps. Instead,
they tried to protect themselves by using fake names and email
or social media accounts that were designated to receive junk
advertising messages.

When probed, the participants recognized the intentions behind
commercial support. Most participants possessed high levels
of persuasion knowledge. They were more likely to assign
selfish than altruistic motives to commercial companies that
support mHealth apps. Participants believed that nonprofit and
governmental organizations spent their funds with greater
accountability and supported health apps to protect public health.
Although they distinguished between the intentions of
commercial and noncommercial organizations, there was a lack
of clear distinction between government and nonprofit agencies.

Many participants agreed to provide personal information to
download and use mHealth apps. However, some participants
expressed concerns about doing it because of potential risks
related to invasion of privacy, data security, junk mail, and
possible misuse of information by a third party. The discussion
of annoying advertising messages that target app users to sell
products was much more prevalent than the concern of sharing
personal information with unknown parties without user
awareness and consent. Participants did not reveal in-depth
knowledge of the personal information sharing process in the
digital sphere (eg, the use of artificial intelligence in advertising,
algorithmic ad delivery based on digital data clusters, and
programmatic buying). This leads to an important conclusion
that the consequence of personal information sharing, including
basic health information, shall be experienced in a relatively
direct way, where individuals make straightforward associations
between information sharing and receiving unpleasant
promotional messages.

When the discussion touched on more abstract topics related to
privacy invasion and required an understanding of complex
processes that support the practices of data sharing through
mobile and wireless networking technologies, participants were
less likely to be concerned. Some participants, however, were
less likely or unlikely to share personal information with
consumer mHealth apps, regardless of the type of source
organization. These participants had the general idea of abstract
dangers related to privacy breaching and used the strategy of
being on the safe side by distrusting any mobile app data sharing
requests. Some interviewees, even if they decided to provide
personal information, as it is a common element of the
contemporary app use culture, were still concerned about the
misuse of their personal information that would serve
organizations’ commercial interests instead of being used
exclusively for the app’s direct purposes. This suggests that it
is possible that participants might not entirely understand the
mechanism of misuse but they are at least roughly aware of
what is happening while using data sharing apps. These findings
suggest that some foundational knowledge would be useful to
empower them to purposefully engage with data sharing and to
protect themselves from undesirable practices [53-55].

Another theme that emerged in this study is related to trade-offs
or paying with personal information for consumer mHealth app
services. Participants not only agreed to trade personal
information to receive good quality apps but also perceived
commercial companies as providers of better quality apps than
nonprofit and government agencies. At the same time,
participants expressed helplessness related to the overwhelming
nature of the digital sphere. It was normal to share personal
information; it was part of the culture. Few interviewees agreed
to use less visually appealing and functionally convenient
mHealth apps if they were supported by nonprofit organizations
and government agencies. This finding suggests that smartphone
users rank usability, functionality, and visual appeal much higher
than the credibility of the health information provided, despite
the potential sensitivity of such information. This finding is
particularly important in understanding the coping strategies
employed by mobile app users. Therefore, it is important to
explore this topic in future studies.
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The match between an organization and an app cause or topic
mattered. Participants were more willing to share personal
information with mHealth apps if they perceived supporting
organizations to be relevant to a health issue. The match between
a supporting organization and an app was found on the abstract
level of the organization’s mission. Some participants expressed
more enthusiasm downloading an mHealth app supported by a
nonprofit organization, as it was believed to serve people’s
interests related to public health. Although the mission of
nonprofit organizations was often viewed as helping people,
government agencies were perceived as instruments that provide
credible, research-based, and unbiased information. These
findings contribute to our understanding of how the type of
persuasion knowledge agent can influence consumers’
perceptions of the agent’s traits, competencies, and goals.

Theoretical and Practical Implications
Some study findings echoed the results of previous studies. For
example, we found that participants did not engage in reading
app use agreements and privacy policies [10,12]. Expecting
users to read large amounts of privacy information for a simple
service such as an mHealth app is unrealistic, as it requires time
and effort [10-12]. Previous research has shown that users often
engage in trade-offs between being concerned about privacy of
personal data and the potential benefits of using new
technologies [10-13,19,20], whereas other studies have also
suggested that users’ decisions are simultaneously influenced
by other factors, such as risk (privacy concern) and trust
(perceived control) [56,57]. Similar to previous studies
[12,16,35-37], this study showed that the majority of participants
were less likely to trust a commercial organization than a
nonprofit or governmental organization supporting an mHealth
app.

To extend previous evidence, this study offers several novel
findings. First, it explored the complexity of assigning
self-promotion and public service motivations to the following
different types of supporting organizations: commercial,
governmental, and nonprofit. It applied the PKM theoretical
framework to further our understanding of persuasion knowledge
related to not only commercial companies but also
noncommercial entities. The findings of this study will help
government and nonprofit organizations to develop
technology-based cues for smartphone users to make effortless,
yet informed judgments about consumer mHealth app quality,
credibility, and personal information protection. Such cues may
involve an organization’s logo and sector identification

(for-profit [US $], nonprofit [♡], and government [ ]). Cues
can be created to identify the nature and the scope of personal
and health information sharing. For example, such data can be
labeled as those that are (1) not shared outside the app, (2)
shared within the supporting organization, and (3) shared with
third parties. The purpose of sharing could also be specified via
the following visual cues: marketing and promotional message
personalization, public health statistics, or other.

It might still be unclear whether solely user-centric approaches
will be effective in educating users about information privacy
protection, as shown by our findings that extend the scope of
existing literature [58]. Thus, we suggest that through relevant

policy and grassroot efforts, leaders guarantee user autonomy
and privacy when using consumer mHealth apps and increase
the motivation of stakeholders to establish ethical rules of
consumer mHealth app execution and personal data distribution
for long-term success [59]. Initial efforts to voice concerns of
mHealth users have recently been made by both nonprofit and
government organizations. For instance, the Federal Trade
Commission, in 2016, released guidelines about each app,
requiring an explanation in plain language of the kind of data
the app would collect, and who would have access to it [60]. In
addition, a 2018 California law (with a compliance date of
January 2020) that focuses on consumer apps that do not fall
under the purview of the Health Insurance Portability and
Accountability Act requires updated privacy policies and
implementation of a consumer’s right to erasure [61,62].
Furthermore, Xcertia, a nonprofit organization founded by the
American Medical Association and other major health and
technology organizations, released guidelines for mHealth apps
that would help with the privacy and security of users’ health
information [63].

This study provides additional practical insights related to
promotional mHealth apps. To build a positive brand-consumer
relationship through new mobile communication channels,
commercial companies should consider users’ persuasion
knowledge and advertising literacy levels because awareness
of the supporting organization’s true intentions, especially
oriented toward serving the public with health management
tools, may positively affect app and brand evaluations. From
the findings of this study, we can conclude that commercial
organizations specifically elicited mixed perceptions among
participants. Commercially supported mHealth app quality was
attractive to users; however, the primacy of self-promotional
motives had negative connotations. It would be beneficial to
continue the investigation of mixed attitudes toward commercial
mHealth apps to identify situations when such apps are
perceived as bad and misleading and when they are viewed in
a positive light through users’ personal experiences.
Furthermore, it is necessary to think more carefully about a
good match between an organization’s focus and mission and
an mHealth app topic. Otherwise, mHealth app promotional
support could result in a negative perception of the supporting
agency.

Although commercial support implies strong self-driven
intentions and, thus, could elicit skepticism, government and
nonprofit support could be associated with the goal of improving
public health [37]. It is important to facilitate the support of
mHealth apps by noncommercial organizations, as such
organizations may leverage trust and perceptions of their digital
products as highly credible, backed by research, and secure.
Security, although not being the focus of the study, often
emerged in participants’ discussion of privacy, supporting
previous literature that shows the intertwined (objective and
perceived) nature of the 2 concepts [64-66]. Future studies will
need to determine how different types of supporting
organizations would affect users’ perceptions of consumer
mHealth apps at the same level of usability while also exploring
the tipping point when the credibility of noncommercial apps
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becomes more appealing to users than the usability of
commercial apps.

Finally, it may be difficult to fully distinguish between the 2
types of mHealth apps: those that are designed to enhance public
health and those that collect personal and basic health
information for marketing purposes. Promotional apps do not
exclude the purpose of providing high-quality health services.
Instead, they might be characterized by purpose duality, where
an organization’s promotion happens by providing good
mHealth services. The findings of this study indicate that
purpose duality is assigned to mostly commercial organizations.
However, it does not exclude the possibility that noncommercial
entities may also use apps for promotion despite being more
likely to be perceived as having participants’ best interests at
heart. Future studies should explore in detail the impact of
purpose duality on users’perceptions and utilization of mHealth
apps.

Limitations
Although we gathered insights to understand smartphone users’
persuasion knowledge of supporting organizations, it is not
possible to generalize this study’s findings to a larger population.
Future research should use quantitative methods to make
systematic comparisons with the standardization assumptions
underlying probability statistics. Another limitation is that the
findings could be dependent on interviewers’ communication
skills. As we used an in-depth interview method, interview
questions themselves could be leading, which could affect
participants’ responses. The interview guide also included
prompts for participants who did not offer much responses (eg,
liking of the health app, perceptions of quality and credibility

of the health app, and decision to download or use the health
app). Although we only used planned follow-up questions or
probes that made interview questions more specific and helped
direct the participants to the central issues of the study [67,68],
it is necessary to conduct a replication study using the same
methods but with a different sample to confirm the
trustworthiness of the findings. In particular, probing might
have led to participants’ bias in thinking elaboratively about
persuasion knowledge, which could have influenced the study’s
findings. In addition, social desirability could affect the
participants’ responses. Finally, given time and resource
constraints, some thematic analysis procedures were not
implemented but are highly advised for use in future qualitative
work. These refer to soliciting feedback on final themes from
participants and peer researchers not involved with the study
and using other methods and secondary data to study the same
phenomena.

Conclusions
Smartphone users possess high levels of persuasion knowledge
of supporting organizations and understand organizations’
promotional intentions, especially those of commercial
companies. However, in the complex mHealth app marketplace,
users’ cognitive capacity to scrutinize all relevant mHealth app
cues is limited, which may result in undesirable consequences
related to personal and health-sensitive information collection
and management on the web by unauthorized parties. Although
users understand the potential threats to their data privacy, they
often trade their personal and health information for free,
convenient, and fun mHealth app services. The discussion of
and recommendations for the safe and ethical use and privacy
of mHealth apps should continue.
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Abstract

Background: Smartphones have become an essential part of everyday life and it is undeniable that apps offer enormous
opportunities for dealing with future challenges in public health. Nevertheless, the exact patient requirements for medical apps
in the field of orthopedic and trauma surgery are currently unknown.

Objective: The aim of this study was to define target groups, evaluate patient requirements, and the potential and pitfalls
regarding medical apps specific for patients receiving orthopedic and trauma surgical care.

Methods: A prospective multicenter study was conducted between August 2018 and December 2019 at a German trauma center
and 3 trauma surgery/orthopedic practices. A paper-based survey consisting of 15 questions evaluated information regarding
smartphone and medical app usage behavior. In addition, suggested app functions were rated using Likert scales. Descriptive
statistics and binary log-binomial regression were performed.

Results: A total of 1055 questionnaires were included in our statistical analysis. Approximately 89.57% (945/1055) of the
patients in this study owned a smartphone. Smartphone ownership probability decreased with every decade of life and increased
with higher levels of education. Medical information was obtained via mobile web access by 62.65% (661/1055) of the patients;
this correlated with smartphone ownership in regard to age and educational level. Only 11.18% (118/1055) of the patients reported
previous medical app usage, and 3.50% (37/1055) of the patients received an app recommendation from a physician. More than
half (594/1055, 56.30%) of the patients were unwilling to pay for a medical app. The highest rated app functions were information
about medication, behavioral guidelines, and medical record archival. An improved treatment experience was reported through
the suggested app features by 71.18% (751/1055) of the patients.

Conclusions: Mobile devices are a widely used source of information for medical content, but only a minority of the population
reported previous medical app usage. The main target group for medical apps among patients receiving orthopedic and trauma
surgical care tends to be the younger population, which results in a danger of excluding fringe groups, especially the older adults.
Education seems to be one of the most important pull factors to use smartphones or a mobile web connection to obtain health
information. Medical apps primarily focusing on an optimized patient education and flow of information seem to have the potential
to support patients in health issues, at least in their subjective perception. For future target group–oriented app developments,
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further evidence on the clinical application, feasibility, and acceptance of app usage are necessary in order to avoid patient
endangerment and to limit socioeconomic costs.

(JMIR Mhealth Uhealth 2021;9(4):e23784)   doi:10.2196/23784
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smartphone; mHealth; app; orthopedics; trauma surgery

Introduction

Today’s health care professionals are faced with patients who
are increasingly adapted to digitalization by using smartphones
as tools for communication and information or data collection
in their daily private and professional lives [1]. Before the era
of the World Wide Web, patients often had only limited access
to medical literature and therefore were completely dependent
on the expertise of medical professionals. Ubiquitous access to
the internet has fundamentally changed the information behavior
regarding general knowledge of (non) medical issues for the
majority of people [2]. This development has been enhanced
by the widespread use of mobile web connections via
smartphones. Smartphone ownership in Germany has increased
steadily in recent years consecutively. In the first quarter of
2018, 87% of internet users had used smartphones or mobile
devices to go online. Smartphone ownership and the associated
mobile web usage has also risen globally [3,4].

Mobile health (mHealth) tools such as medical apps can enable
patients to play a more active role in their health care [5]. In the
past, health care services and medical information were often
bound to medical facilities. Nowadays, by using mobile devices,
a large target group can be reached to improve patient
monitoring and self-engagement [4]. This offers the opportunity
to address users who are otherwise difficult to access regarding
health topics, such as older adults, younger people, or those
living in rural regions with a low level of medical infrastructure
[6,7]. In the course of the rapid development in the field of
medical apps, not only have patients benefitted from this
technology but physicians have also fundamentally changed
their information behavior by using smartphones and apps to
access web-based medical resources during their clinical routine
in recent years [8]. The use of smartphones and medical apps
seems to be very popular among trauma surgeons and orthopedic
surgeons as well. In Germany, the majority (79.1%) of trauma
and orthopedic surgeons reported the use of smartphones and
medical apps (64.4%) in their daily clinical routine [9]. Despite
the extensive possibilities arising from the use of this evolving
technology, the evidence base is currently still limited and there
is a need for further studies [10,11]. In orthopedic and trauma
surgical care, apps can be used, for example, for preventing
injuries. App-based training is able to prevent sport injuries
such as anterior crucial ligament sprains [12]. Patients with
musculoskeletal pain such as chronic low back pain can also
benefit from app support [13]. However, the integration and use
of smartphones and medical apps in medical care, especially in
the fields of orthopedic and trauma surgery, are still in an early
developmental stage. Nevertheless, there seems to be numerous
indications that mHealth solutions might have an additional
benefit in the treatment of patients who have undergone

orthopedic and trauma surgery. The exact requirements and
level of acceptance of medical apps from a patient’s point of
view are currently unknown. The target group for mHealth is
also speculative and vaguely defined. Currently, the medical
app features that are specifically important for these patients
are still unknown. Therefore, it is essential to evaluate both the
target group and patients’ requirements for future
patient-oriented medical app developments in the field of
orthopedic and trauma surgery.

Methods

Study Design and Execution
This prospective, multicenter study was conducted between
August 2018 and December 2019. Paper questionnaires were
distributed to patients in a level 1 trauma center in western
Germany (Essen University Hospital) and in 3 private practices
with a focus on outpatient care in trauma and orthopedic surgery
during their outpatient treatment in the facility. The
questionnaires were handed out to the patients by the assistant
staff at the patient registration desk. After giving their consent
to participate in the study, patients were requested to drop the
completed questionnaire in a labeled container. Participation
was anonymous and on a facultative basis. All investigations
on humans were carried out with the consent of the responsible
ethics committee in accordance with national law and in
accordance with the Declaration of Helsinki of 1975 (current
revised version). Inclusion criteria were as follows: (1) patients
undergoing ambulatory treatment in the aforementioned
institutions, (2) patients aged ≥15 years and ≤90 years, and (3)
existing consent for study participation. Exclusion criteria were
as follows: (1) patients aged <15 years or >90 years and (2)
missing declaration of consent for participation in the study

Survey Development
As there is no gold standard for surveys in mHealth, a thorough
literature review was conducted. App-related questions were
developed and modified based on an already established survey
[14]. The questionnaire was tested among a group of medical
experts with know-how in the field of digitalism and survey
development firstly and patients secondly. Based on feedback
from the pretest survey, the final survey was created (Figure 1).
A final questionnaire consisting of 15 questions was created.
There were 3 sections in the survey. First, patients were asked
about demographic characteristics (sex, age, educational
background, insurance status, and type of treatment). The second
part evaluated behavioral information regarding the patient’s
use of smartphones and medical apps. Additionally, patients
were asked whether they had a smartphone, a mobile web
connection, and if they used their internet access for medical
research. In addition, it was evaluated if the study patients used
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medical apps and whether they had ever received a
recommendation for a medical app by a physician. Next, they
were asked about their willingness to pay for an app in a medical
context. Finally, patients were asked to rate the 10 proposed

features of a fictitious smartphone app on a 6-point Likert scale
in order to determine their preferences for the app. Patients were
also able to indicate whether they felt that they would benefit
from these app features in terms of treatment experience.

Figure 1. Schematic illustration of the survey development process.

Statistical Analysis
The completed questionnaires were returned to the investigator
and given an identification number, which allowed conclusions
about the institution collecting the data. The data were then
entered into a Microsoft Excel worksheet (Version 15.18,
Microsoft Corporation) and transferred to SAS 9.4 (Cary) for
statistical analysis. Descriptive statistics were calculated for all
items. In our statistical analysis, we classified patients with a
university degree or a university (German) entrance qualification
(13 years of school education) as having the highest level of
education. Patients who had attended school for 10 years and
stated that they had the corresponding German school certificate
(“mittlere Reife”) were considered to have an average
educational level. If the patients stated that they had no school
diploma or the lowest German school certificate (9 years in
school, “Hauptschulabschluss”), they were defined as having a
low level of education. In addition, ranking of the best-rated
app function was generated by ordering the mean ratings per
app function. Ratings were on a scale of 1 (very important) to
6 (very unimportant). Rank 1 was considered to be the best-rated
app with a consecutively low score. Since the app functions
were evaluated using ordinal Likert scales, the median was
chosen as the comparative location parameter. Furthermore, the
interquartile range was determined. We performed Pearson
chi-square test to determine whether there was a statistically
significant association between the variables. All prevalence
ratios and 95% confidence intervals were age-adjusted and
sex-adjusted and were derived from log-binomial regression
models.

Results

Pretest
Adjustments regarding content coherence, redundancy, and
layout were made based on feedback from the pretest. Particular
attention was paid to achieve only a short processing time for

the survey in order to keep the response rate as high as possible.
The patients took an average of 80 seconds to complete the
survey.

Descriptive Statistics and Demographic Data
A total of 1331 questionnaires were distributed between August
2018 and December 2019. Of these, 1132 (85.05% response
rate) were completed and returned. Seventy-seven patients did
not meet the inclusion criteria. Therefore, 1055 questionnaires
were included in the statistical evaluation. In the trauma center,
58.39% (616/1055) of the questionnaires were collected, while
41.61% (439/1055) of the questionnaires were obtained via the
3 private practices. The study consisted of 60.66% (640/1055)
female patients and 39.34% (415/1055) male patients. The
median age of the subjects was 45 years with an interquartile
range of 30-59 years. Most patients were in the age group of
46-55 years (193/1055, 18.29%). Most of the patients had an
average (314/1055, 29.76%) or high (511/1055, 48.44%)
educational level; 19.24% (203/1055) of the patients reported
a low educational status, while 2.56% (27/1055) of the patients
were secondary school pupils. Most of the study patients
(910/1055, 86.26%) had statutory health insurance, while 145
patients (13.74%) stated as having private health insurance. A
total of 1015 (96.21%) patients were undergoing outpatient
treatment, while 40 (3.79%) were being treated in an inpatient
setting.

Smartphone Usage Behavior
A large number of patients reported smartphone ownership
(945/1055, 89.57%) and mobile web access (942/1055, 89.28%).
A statistically significant correlation of smartphone ownership
with higher educational level (odds ratio 1.13, 95% CI 5%-22%;
P<.01) and decreasing age (odds ratio –1.03, 95% CI
1.6%-3.2%; P<.01) could be proved. More than half of the
patients (661/1055, 62.65%) stated that they used their mobile
web access to obtain medical information, while 394 (37.35%)
patients did not use their mobile web access for this purpose.
Almost half (164/334, 49.1%) of the older patients (≥56 years)
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reported that they searched for health information online
compared to 69.3% (251/362) of the patients younger than 36
years. A significant link between using a mobile web connection
for medical research and age was seen in the study cohort. With
every increased decade of age, the probability of using mobile
internet access for medical information decreased by 6% (95%
CI 4%-8%, P<.01) relatively. Furthermore, there was a
correlation between higher level of education and the use of
mobile web access for medical information. The probability of
patients with average and high level of education to use mobile
web access to obtain medical information was 40% (95% CI
16%-69%, P<.001) and 70% (95% CI 43%-103%, P<.001)
higher, respectively, than of those with a low educational level.
Only a few patients (118/1055, 11.18%) reported that they
already use apps in a medical context, while 88.82% (937/1055)
of the patients stated that they had not used medical apps yet.
Again, the significant influence of age was obvious; with every
10-year age increase, the probability that patients used medical
apps decreased by 16% (95% CI 8%-24%, P<.001) relatively.
In addition, this study revealed a connection between educational
level and the use of medical apps. The probability for medical
app usage among patients with an average or high educational

level was 92% (95% CI 0%-268%) or 116% (95% CI
16%-300%), respectively, greater than that among patients with
a low educational level. Furthermore, we found a statistically
significant association between medical app usage or web-based
obtainment of medical information and the overall feeling of
treatment improvement through the use of the app features we
offered (P<.01). Only a few patients had previously received
app recommendations from a physician (37/1055, 3.51%), while
96.49% (1018/1055) of the patients had not received such
recommendations (Table 1). When asked about the willingness
to pay for a medical app, 56.30% (594/1055) of the patients
were unwilling to pay money for medical apps, 10.71%
(113/1055) of the patients were willing to pay up to €0.5 (US$
0.54), and 23.60% (249/1055) of the patients would spend up
to €3 (US$ 3.26). Almost 6.92% (73/1055) of the patients were
willing to pay €7.50 (US$ 8.16), followed by 2.46% (26/1055)
of the patients who would pay up to €15 (US$ 16.31) for a health
app. The median was €1 (US$ 1.08) with an interquartile range
of €1-3 (US$ 1.08-3.25). We identified a statistically significant
correlation between higher patient age and an increased
willingness to pay (P<.01).

Table 1. Key data on smartphone and medical app usage behavior of the patients in this study (N=1055).

Values, n (%)Usage behavior

Smartphone ownership

945 (89.57)Yes

110 (10.43)No

Mobile web access

942 (89.28)Yes

113 (10.71)No

Is web access used to obtain medical information?

661 (62.65)Yes

394 (37.35)No

Medical app use

118 (11.18)Yes

937 (88.81)No

Has a medical app ever been recommended by a doctor?

37 (3.51)Yes

1018 (96.49)No

App Functions
An app feature that provides a patient with information about
the prescribed medication was rated best by patients in this
survey (rank 1, score 1.91). An app providing behavior
guidelines or discharge instructions following surgical
procedures (eg, for traumas) was the second best-rated feature
(rank 2, score 2.04). Archival of medical records was the third
best-rated app function in this study (rank 3, score 2.19) (Figure
2). Across all age groups, 71.18% (751/1055) of the patients
indicated that the aforementioned app features would improve

their treatment experience, while 28.82% (304/1055) negated
this. Age had a significant influence on a perceived treatment
improvement as a result of these app features because the app’s
functions were more likely to give younger patients a more
positive feeling about their treatment. With every 10-year
increase of age, the probability that patients would benefit from
these app features decreased relatively by 4% (95% CI 2%-6%,
P<.01). However, even the majority of the patients older than
65 years (110/163, 67.5%) stated that they felt more comfortable
in their treatment experience as a result of the app’s features.
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Figure 2. Evaluation of the features of a fictitious app by the patients in trauma surgical care (N=1055). The evaluation was based on a 6-point Likert
scale from 1 (function very important) to 6 (function very unimportant). Boxes indicate interquartile ranges, and squares indicate median grades.

Discussion

Principal Findings
This study proved that smartphone usage and mobile web access
are already widespread among patients receiving orthopedic
and trauma surgical care. Mobile devices seem to be a widely
used source of information for medical content. Education is
one of the most important pull factors to use smartphones or a
mobile web connection to obtain health information, which is
in line with that reported in previous research [15-17]. Only a
minority of the population stated the previous use of medical
apps. Although many physicians use apps in their daily clinical
routine, seemingly, not many consider medical apps to be
important tools for patient care [8,9,18]. Consequently, very
few patients reported having received a physician’s
recommendation for a medical app. Patients who reported that
they had already used medical apps tended to be younger and
had a higher educational level, which concurs with the findings
of prior investigations [16,19]. As more than half of the patients
were unwilling to pay for a medical app, a high sensitivity to
the price of apps in a medical context might be apparent, which
is consistent with that reported in previous studies [20,21]. More
than 70% of the patients, including older adults, felt an
additional benefit from the features suggested in the fictitious
app presented. It is not surprising that younger people have a
slightly greater app affinity as app users tend to be younger in
general. Target group–specific apps, therefore, seem to have

the potential to support patients in health issues, at least in their
subjective perception [22]. The most demanded app functions
focused primarily on an optimized patient education and flow
of information. Information on drugs was the highest rated app
specification and might play an important role in pain
management and self-management and therefore minimize
drug-related complications [23,24]. A large number of
medication management apps already exist, but none that is
explicitly targeted at patients in a surgical specialty, where pain
killers, especially opioids, are frequently prescribed [25-27].
Posttraumatic and postoperative behavioral guidelines or
discharge instructions were also highly important (second
highest rated). Former studies have already shown the
prevalence of noncomprehensive discharge instructions,
particularly among older adults who represent the major
proportion of the trauma surgery patient clientele [28,29].
Important behavioral guidelines or other information may not
be conveyed to the patient in a comprehensible manner [30]. In
these instances, apps with implemented behavioral guidelines
might support the patient in a postinterventional setting in
addition to the conventional treatment [31].

Limitations
This study has some limitations. This study was conducted
solely in the field of orthopedics and trauma surgery in the
German health care system. Because of this limited scope of
application, the gained evidence is only valid for the respective
target group. This necessitates the need to explore any additional
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requirements that may be needed for medical apps in emerging
nations or more rural nations and health care systems. Moreover,
it is crucial to evaluate whether the requirements of patients for
mHealth apps vary in disciplines other than orthopedic and
trauma surgery. The results of this study are in line with the
patient’s requirements for apps in the field of chronic diseases
of the musculoskeletal system. Using medical apps in
rheumatology seems to be beneficial for the patient’s outcome.
However, the usage of mHealth among patients with rheumatism
is very limited and eHealth literacy is rather poor too [32]. A
paper-pencil–based survey was conducted to address all age
groups equally, as older patients may not respond to a web-based
survey. Future studies may choose a web-based survey to expand
the number of patients. In addition, a new nonvalidated
questionnaire was created for this study, which has not yet been
used in large clinical trials. However, due to the pretest,
disadvantages could be omitted. Since the study patients rated
only 10 different suggested app features, it remains unclear
whether other features might be of higher importance.
Prospective app development must evaluate the importance of
additional features.

Outlook
Medical apps are a milestone in patient care and doctor-patient
interaction. These apps are rapidly moving into health care and
through further developments, might offer a wide range of
possibilities for patients undergoing trauma surgery in the future.
The patient structure in the field of orthopedic and trauma
surgery is heterogeneous and is partly dominated by the older
adults. One great challenge in the development of medical
apps—also from an ethical point of view—is to find ways to
address all patients equally. Future app developments should
take target group–specific app requirements into serious
consideration. As the best rated app features result in an
optimized information flow, a remarkable information deficit
or knowledge deficit during and after medical treatment might
be inferred. Apps or other mHealth-based solutions may offer
the opportunity to compensate for such deficiency. Information
can literally be made available at the patients’ fingertips and
would be accessible at any time. It is questionable whether the
majority of the patients reported a possible benefit from an
app-supported treatment, as only a very small minority had ever
received an mHealth app recommendation from a physician.
After the initial ground-breaking steps, the German legislature
recently gained considerable momentum in the direction of a

stringent national digitization strategy. The “Law for better care
th rough  d ig i t i za t ion  and  innova t ion”
(Digitale-Versorgung-Gesetz) passed by the Bundestag on
November 7, 2019 paved the way for the prescription of apps,
the improved use of web-based video consultation services, and
greater data security in the communication of health data. This
highlights the necessity to broaden the acceptance of this
technology among treating physicians [33,34]. Given these
possibilities, it will be necessary to gain well-founded evidence
for the effectiveness of this technology in order to prevent high
socioeconomic costs for inadequate apps and those that may
endanger patients in Germany. Requirements such as data
security and interoperability with clinical information systems
will be mandatory to establish this technology in clinical routine
and to increase its acceptance. As only a few patients in this
study reported previous medical app usage, satisfactory or
affordable offers seem to be lacking. Surgeons strive to support
their patients by finding appropriate apps that address their
specific needs. High-quality apps must be identified by involving
physicians from corresponding specialties and professional
associations [35]. Reimbursement programs might be helpful
to broaden the use of apps, as our findings demonstrated a high
price sensitivity. Medical professionals will be responsible to
ensure that medical apps are not solely economically driven
and have the primarily goal of improving patient health care.
Future app developments should be based on medical guidelines
and be accompanied by the expertise of medical professionals
in order to create more transparency and benefit for patients.

Conclusions
Mobile devices are a widely used source of information for
medical content, but only a minority of the population reported
previous medical app usage. The main target group for medical
apps in orthopedic and trauma surgery tends to be the younger
population, which results in a danger of excluding fringe groups,
especially the older adults. Education seems to be one of the
most important pull factors to use smartphones or a mobile web
connection to obtain health information. Therefore, medical
apps primarily focusing on an optimized patient education and
flow of information seem to have the potential to support
patients in health issues, at least in their subjective perception.
For future target group–oriented app developments, further
evidences on the clinical application, feasibility, and acceptance
of app usage are necessary in order to avoid patient
endangerment and limit socioeconomic costs.
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Abstract

Background: Heart failure (HF) is associated with high mortality rates and high costs, and self-care is crucial in the management
of the condition. Telehealth can promote patients’ self-care while providing frequent feedback to their health care providers about
the patient’s compliance and symptoms. A number of technologies have been considered in the literature to facilitate telehealth
in patients with HF. An important factor in the adoption of these technologies is their ease of use. Conversational agent technologies
using a voice interface can be a good option because they use speech recognition to communicate with patients.

Objective: The aim of this paper is to study the engagement of patients with HF with voice interface technology. In particular,
we investigate which patient characteristics are linked to increased technology use.

Methods: We used data from two separate HF patient groups that used different telehealth technologies over a 90-day period.
Each group used a different type of voice interface; however, the scripts followed by the two technologies were identical. One
technology was based on Amazon’s Alexa (Alexa+), and in the other technology, patients used a tablet to interact with a visually
animated and voice-enabled avatar (Avatar). Patient engagement was measured as the number of days on which the patients used
the technology during the study period. We used multiple linear regression to model engagement with the technology based on
patients’ demographic and clinical characteristics and past technology use.

Results: In both populations, the patients were predominantly male and Black, had an average age of 55 years, and had HF for
an average of 7 years. The only patient characteristic that was statistically different (P=.008) between the two populations was
the number of medications they took to manage HF, with a mean of 8.7 (SD 4.0) for Alexa+ and 5.8 (SD 3.4) for Avatar patients.
The regression model on the combined population shows that older patients used the technology more frequently (an additional
1.19 days of use for each additional year of age; P=.004). The number of medications to manage HF was negatively associated
with use (−5.49; P=.005), and Black patients used the technology less frequently than other patients with similar characteristics
(−15.96; P=.08).

Conclusions: Older patients’ higher engagement with telehealth is consistent with findings from previous studies, confirming
the acceptability of technology in this subset of patients with HF. However, we also found that a higher number of HF medications,
which may be correlated with a higher disease burden, is negatively associated with telehealth use. Finally, the lower engagement
of Black patients highlights the need for further study to identify the reasons behind this lower engagement, including the possible
role of social determinants of health, and potentially create technologies that are better tailored for this population.

(JMIR Mhealth Uhealth 2021;9(4):e24646)   doi:10.2196/24646
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Introduction

Background
Heart failure (HF) is a condition in which a patient’s heart is
unable to pump enough blood and oxygen to the organs. HF
has high prevalence, affecting over 26 million people worldwide,
and is associated with high mortality and health care utilization
[1]. In the United States, there are currently 6.2 million adults
with HF. Owing to the aging population, the number of
individuals with HF is expected to exceed 8 million by 2030
(corresponding to approximately 2.97% of the US adult
population) [2]. The total medical and indirect costs associated
with HF are estimated to reach US $70 billion by 2030 [3].
Currently, in the United States, there are approximately 800,000
annual hospitalizations for the primary diagnosis of HF, and
after each hospitalization, the 28-day and 1-year mortality rates
are 10.4% and 29.5%, respectively [2]. Thus, it is critical to
support patients with HF in managing their conditions once they
are discharged from the hospital.

The long-term management of HF is closely associated with
self-care. In addition to taking medications, patients are advised
to reduce salt and fluid intake [4]; monitor their weight daily;
stay active through appropriate physical activity; and evaluate
potential signs and symptoms such as swollen ankles, weight
increase, or shortness of breath [5].

Telehealth offers potential benefits for patients with HF because
it allows their health care providers to collect daily patient
feedback and, therefore, enables them to promptly intervene
when necessary. Several telehealth approaches to HF have been
examined. Structured telephone monitoring allows patients to
answer a set of prerecorded questions regarding their symptoms
through their telephone keypad [6]. Increased internet access
has further enabled the development of numerous technologies
[7-11], with some examples presented later. Patients can log on
to a designated website to enter information about their daily
symptoms, which allows nurses to monitor any changes [11].
Through an Xbox gaming platform, patients with HF can
navigate through screens, answer multiple-choice questions
regarding their symptoms, read further instructions about their
self-care, and learn more about their condition [8]. Tablets
connected to a weight scale and a blood pressure wrist monitor
allow patients to send daily readings to their health care provider
[10]. Similarly, a number of recent studies have investigated
smartphone apps that can be used by patients with HF to submit
daily symptoms, transmit vital readings, and receive feedback
about their health [7,12-16].

A recent review of studies on telehealth adoption by patients
with HF can be found in the study by Gorst et al [17]. Across
the studies discussed, the main factors identified as negative
influences on telehealth adoption include difficulties with using
the required technology, not remembering to use the technology
every day, and considering the telehealth procedure to be
redundant or boring. Therefore, it can be concluded that a critical

component of any telehealth application is its ease of use and
engagement. Conversational agent technology using a voice
interface is a potential solution because it can ask patients
questions through speech and understand their answers through
speech recognition.

Conversational agents have been used in numerous health care
settings, with the literature extensively focusing on mental health
applications [18,19]. However, conversational agent technology
using a voice interface has also been used to help support
behavior change and promote a healthy lifestyle [20].
Furthermore, in a few studies, the technology has been
recommended for patients with HF to collect information about
symptoms and management of their conditions. In particular,
the proposed designs for voice interface technology for patients
with HF can be found in the studies by Ferguson et al [21] and
Zhang et al [22]. However, these studies did not provide results
for evaluating the implementation of the proposed technology.
One study on a small cohort of patients with HF, investigating
the satisfaction and engagement with conversational agent
technology, found high user satisfaction and an average
engagement of about 60% [23]. However, the technology in
this study was a chatbot that did not have a voice interface.
Furthermore, this study had a small number of participants (5
patients) and did not examine how the characteristics of the
patients impacted their level of engagement.

Objectives
In this paper, we investigate which patient characteristics are
associated with patient engagement with the voice interface
technologies. To the best of our knowledge, this is the first study
to examine the factors that influence HF patients’ adoption of
voice interface technology.

Methods

Voice Interface Technologies
We studied a voice technology using two different user
interfaces, Alexa+ and a visual Avatar (both introduced in detail
later). Data for the two technologies were collected from two
different studies. The study of the Alexa+ technology was
funded by the National Institutes of Health (trial registration
number: NCT03707275), and the study for the Avatar was
investigator initiated and industry funded. The two studies
followed the exact design and protocol, which enabled us to
compare user engagement with the 2 different voice interfaces
and, more generally, to compare the drivers of their use.

Alexa is a virtual assistant artificial intelligence technology
developed by Amazon. Alexa is voice activated and has a
number of functions, including sending messages, playing
music, and providing traffic updates. For this study, the Alexa
Skills Kit was used to expand the original capabilities of Alexa
technology. A voice-activated survey was developed that
enabled patients to answer a series of questions regarding their
conditions and receive feedback. The resulting technology
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(Alexa+) was implemented using Echo Dot devices, which are
smart speakers that can be used to access Alexa. The retail price
for an Echo Dot is US $50 per unit; thus, this technology is
relatively affordable.

The Avatar interface was developed by Oben [24]. The
appearance of the Avatar was designed to be both reflective of

the care team from the patient’s hospital and have characteristics
of the patient population, where a majority of our patients were
African Americans. The Avatar was programmed to ask the
patients the same series of questions related to their HF
treatment and symptoms and provide feedback. The Avatar app
was saved on tablets that had no other apps. The avatar used in
this study is shown in Figure 1.

Figure 1. Avatar on a tablet.

Note that in addition to the way that information is presented,
one difference between the two technologies is that the Alexa+
technology allows patients to set up daily reminders. Thus,
patients participating in the Alexa+ study had the option to
receive reminders at a particular time of day, which prompted
them to answer the questionnaire. However, the tablets used in
the Avatar study did not have this option.

Both Alexa+ and Avatar were populated with the same script.
The detailed script, including the questions asked, their order,
and the comments that the voice interfaces make in each case,
can be found in Multimedia Appendix 1. In the first stage of
the script, the voice interface asked the patients with HF 11
questions, which can potentially be expanded to 13 questions,
depending on the answers given by the patients. Patients
answered each question separately, with yes or no. The answer
that the patient provides to each question affects the type of
comment or/and interjection that the voice interface makes right
after the answer, as well as the next question. The 11-item
questionnaire was divided into three components: compliance
(questions 1-3), mild HF symptoms (questions 4-6), and
moderate or severe HF symptoms (questions 7-11). The answers
were captured, color coded, and displayed using a Tableau
dashboard developed specifically for this study. The colors
reflect the risk level of patients associated with each of the 3
components. The compliance questions evaluated whether a
patient weighed themselves, took their HF medication, and
avoided eating high-salt food. A negative answer to any of these
questions raises a blue flag for that question. The mild HF
symptom questions were designed to determine if the patient
experienced shortness of breath with regular activity, had a
cough, or had swollen ankles. If the patient gives a positive
answer to any of the mild HF symptom questions, it raises an
orange flag for the corresponding question. The moderate or
severe HF symptom questions have to do with weight increase

and shortness of breath at rest or while sleeping. If the patient
answered yes to any of the moderate or severe HF symptom
questions, a red flag was raised. The raised flags can result in
alerts, and any red flag affects the tailored response that the
voice interface gives the patient once the questionnaire is
completed. This is done in the second stage of the script, where
the voice interface summarizes the answers provided by the
patient and then provides the response.

The HF patient survey contained within the script was created
based on the existing literature, including the literature on HF
action plans, which were used for self-care management and
symptom recognition [25-27], and the literature on previously
developed telehealth systems that can help with the management
of HF [28,29]. Color-coded alerts based on participants’answers
were previously used in a telemanagement pilot study [28],
where the system provided feedback based on a three-zone
action plan. The three zones consisted of green (stay in this
zone), yellow (warning), and red (seek immediate help). Similar
color-coded zones were used in the studies by Vincent and
Mutsch [30,31], where the proposed action plan consisted of
green, yellow, and red zones. The green zone indicated that the
patient was doing well, and patients were instructed to continue
current medications, diet, and activities. The yellow zone
indicated caution, and patients were advised to follow a
low-sodium diet, take prescribed medications, and take an extra
diuretic dose if necessary. The red zone indicated a medical
emergency, and the patient was instructed to immediately obtain
help.

Patient Enrollment and Training
A total of 30 patients were enrolled in each of the two studies
using the same eligibility criteria. All participants had at some
point in the past either been admitted to the MedStar Washington
Hospital Center for HF or had been seen in a MedStar Heart
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Failure Clinic for HF. Furthermore, the patients were required
to be aged 18 years or older and live in a house with Wi-Fi
access. Finally, the patients could not participate in the studies
if they had had a heart transplant or if they had a ventricular
assist device. Participation was voluntary; patients who declined
the offer to participate provided different reasons, including not
wanting to take the daily surveys, not wanting another device
in their lives, or lack of interest.

Participants did not receive any monetary incentives for
participation; however, they were allowed to keep the Alexa
and tablet devices after their participation in the study was
completed. Participants were identified via electronic health
records (EHRs) and by reviewing the schedules of providers at
the aforementioned cardiology clinics. When potentially eligible
participants were identified, the study coordinator introduced
the study to them, discussed the details and logistics of the study
and the risks and benefits, and allowed the participants to take
time to make an informed decision about whether to participate.
If they decided to take part, they signed the informed consent
document, medical history information was collected, and the
coordinator then proceeded with assigning them the
corresponding technology.

Participants in the Alexa+ study were recruited from December
2018 to March 2019 and were provided a study-specific Amazon
account, equipped with an Echo Dot configured to access the
Alexa+ app. Participants were provided training on the Alexa
Echo Dot, including Alexa voice training. The voice training
consisted of a session of 25 phrase repetitions that allowed
Alexa to improve its voice recognition capabilities for the target
user. The patients participating in the Avatar study were
recruited from February to December 2019 and were provided
tablets with the Avatar app and were shown how to use the
technology. In addition, during their training, patients
participating in both studies completed their first questionnaire
to ensure that the device was working properly and to answer
any questions that the patients may have had.

Demographic and Technology Survey
Before patients started using the technology that was assigned
to them, they completed a demographic and technology survey.
This allowed us to identify patient characteristics associated
with low- or high-voice interface technology adoption in
subsequent analyses. In particular, the demographic section of
the survey included questions about age, gender, marital status,
race, Hispanic heritage, annual household income, education,
insurance coverage, number of years with HF, number of
medications to manage HF, and visual impairment. The
technology section of the survey included questions about the
type of mobile phone, whether they used their phone to send

text messages, whether they accessed social media and browsed
the internet on their phones, and how confident they felt using
computers or other electronic devices.

Monitoring
Once enrolled, patients were instructed to complete the
questionnaire daily for 90 days. For participants who answered
in a manner that indicated HF stability, the response was coded
green and no alerts were generated. As discussed earlier,
patients’ responses could be deemed clinically undesirable if
they raised any blue (compliance questions), orange (mild HF
symptom questions), or red (moderate or severe HF symptom
questions) flags. Red-flagged questions generated immediate
text and email alerts to the study nurse, who monitored the alerts
daily, including weekends and holidays. The texts contained
the participant identification number and the following alert:
“We have received a concerning daily response from patient
[PatientID] that warrants your attention: [QuestionID] yes.” In
total, 281 alerts were generated for the Alexa+ group and 404
for the Avatar group. In each email alert, the answers were also
summarized as a color display on the dashboard (Figure 2).
Note that the gray color in the figure indicates skip logic,
meaning these questions were not required based on the previous
answers. Both questions have to do with medication compliance
(Multimedia Appendix 1).

For each patient, a baseline was established based on their initial
responses to the questionnaire. The study nurse reviewed alerts
daily and evaluated each participant’s stability compared with
their baseline; any changes were evaluated based on each
patient’s initial answers.

Certain information gathered through our study was shared with
the staff of the study institution. As part of the institution’s
general care practices, each patient with HF is assigned a nurse
navigator, who is responsible for coordinating the clinical care
of the participant. The nurse navigator at the study institution,
the principal investigator, and the study physician were all
informed of any change in the status of the patient. A change
in status was defined as either a change from baseline in
moderate or severe HF symptoms, multiple red flag responses,
or persistent red flag responses.

Every 3 weeks, the study coordinator would contact participants
who did not complete the questionnaire to check on the
participant’s status, reemphasize the importance of using the
technology, and encourage completion. If needed, the study
coordinator would provide additional training to the participants
on how to initiate and communicate with the device. In some
cases, participants would call and inform the study coordinator
that they were traveling out of the state or country or on vacation
and were unable to complete the questionnaire.
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Figure 2. Example of color display used in the monitoring of patients, as it appears in the email sent to the study nurse. Green indicates that the patient
either complied with the corresponding instruction (columns 1-5) or did not have the corresponding symptom (columns 6-13), orange indicates that the
patient gave a positive answer to the corresponding mild heart failure (HF) symptom question, and red indicates that the patient gave a positive answer
to the corresponding moderate or severe HF symptom question. Gray indicates skip logic, meaning these questions were not required based on the
previous answers.

Analysis
We used descriptive statistics to characterize the demographic
and clinical characteristics of the patients and their experience
and confidence in using technology. In particular, we estimated
the means and SD for the continuous variables and counts and
corresponding percentages for the categorical variables.
Furthermore, we report the number of missing values for each
variable. We compared the patient populations participating in
the Alexa+ study with that of the Avatar study based on the
aforementioned characteristics. We used chi-square tests to
compare the counts in the different categories between the two
populations for each of the 12 categorical variables, and we
used 2-sample t tests to test the differences between the two
population means for the 3 continuous variables. We report the
corresponding P values for each variable.

This analysis is based on data from demographic and technology
surveys. However, in some cases, data regarding demographic
and clinical characteristics were also retrieved from patients’
EHRs to fill in missing values.

We defined the variable of interest in our study, patient
engagement, as the number of days during the study period in
which the patient used the corresponding voice interface to
answer the questionnaire. We chose this variable because daily
engagement with the technology is important for patients with
HF, as their condition can deteriorate quickly. For example,
weight gain overnight can be a sign of fluid retention. To capture
such rapidly changing clinical signs and to promote successful
self-care and health monitoring, patients were asked to use the
technology daily. Our use of the number of days of compliance
is similar to that in other studies in the literature [15,32]. We
note that using the percentage or portion of days as the variable
of interest would result in identical results and insights, as the
study period is fixed. In addition, using the number of days
facilitates easy interpretation of the regression model. We used
visualizations to demonstrate how patient engagement changed
over time in each study and to obtain an initial estimate of
engagement levels.

We modeled the relationship between the engagement level and
the patients’ characteristics using multiple linear regression on
the entire population (combining both studies). The dependent
variable is the number of days that the patient used the voice
interface technology during their own specific 90-day period.
The independent variables include the demographic, clinical,
and technology-related characteristics of the patient. In
particular, we generated a binary variable for patients who had
a smartphone, for patients who were very confident in using
technology, for patients who had only a little or no confidence
in using technology, for patients who had a college education
or higher, for patients who had a high school education or less,
for patients with an annual household income higher than US
$100,000, for patients with an annual household income less
than US $25,000, for patients who were married, for patients
who were identified as Black, and for patients who were
identified as White. Finally, to differentiate between the two
studies, we generated a binary variable, taking the value of 1
for patients who were enrolled in the Avatar study and the value
of 0 for patients enrolled in the Alexa+ study.

Given the small sample size, the variables were carefully
selected. We chose to use the best subset approach to generate
a model that explains the variation in the patient’s engagement
as well as possible while using as few variables as possible. In
all, 15 control variables were measured at the time of enrollment.
We noted that although the data were not normalized, all of the
control variables were binary, with the exception of the number
of medications used, years with HF, and age. We used the

adjusted R2 value for model selection. Like any reduced model,
the interpretation of the coefficients may be biased if important
variables are excluded from the model. A follow-up sensitivity
analysis was conducted to help us understand the interaction
between the type of technology and income level.

Results

Population Statistics
Of the 30 patients, 3 initially enrolled in the Avatar study were
subsequently withdrawn because they could not be reached after
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they provided their initial participation consent. Table 1 shows
the demographic, clinical, and technology-related characteristics
of the patients participating in each study. As shown in the table,
patients participating in the Alexa+ study were taking
significantly more medications to manage their HF, with a mean
of 8.7 (SD 4.0), as compared with patients in the Avatar study,
with a mean of 5.8 (SD 3.4; P=.008). For the remaining
variables, there were no statistically significant differences
between the two patient populations.

Overall, both populations were predominantly male (60% with
Alexa+ and 63% with Avatar), Black (60% with Alexa+ and
63% with Avatar), had an average age of approximately 55
years (mean age 54 years, SD 11.7 for Alexa+ and 56.5 years,
SD 12.1 for Avatar), and had had HF for an average of about 7
years (mean of 7.5, SD 8.1 for Alexa+ and 7.3, SD 6.4 for
Avatar). Furthermore, the majority of patients in both studies
had experience using smartphones and had confidence in using
similar technology.
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Table 1. Characteristics of patients participating in the two studies.

P valueAvatar (n=27)Alexa+ (n=30)Characteristic

.4556.5 (12.1)54.0 (11.7)Age (years), mean (SD)

1 (4)2 (7)Missing, n (%)

>.99Gender, n (%)

17 (63)18 (60)Male

10 (37)10 (33)Female

0 (0)2 (7)Missing

.80Marital status, n (%)

6 (22)7 (23)Single, never married

15 (56)11 (37)Married

1 (4)3 (10)Living together, not married

5 (19)6 (20)Separated or divorced or widowed

0 (0)3 (10)Missing

.54Race, n (%)

17 (63)18 (60)Black

1 (4)0 (0)Asian

8 (30)7 (23)White

1 (4)4 (13)Other

0 (0)1 (3)Missing

>.99Hispanic heritage, n (%)

0 (0)1 (3)Yes

27 (100)27 (90)No

0 (0)2 (7)Missing

.17Annual household income (US $), n (%)

5 (19)10 (33)0-25,000

4 (15)9 (30)25,001-50,000

5 (19)2 (7)50,001-100,000

8 (30)5 (17)More than 100,000

5 (19)4 (13)Missing

.49Education level, n (%)

9 (33)11 (37)Some high school or high school graduate

7 (26)10 (33)Some college

2 (7)3 (10)College graduate

6 (22)2 (7)Postgraduate degree

3 (11)4 (13)Missing

.957.3 (6.4)7.5 (8.1)Years with HFa, mean (SD)

8 (30)5 (17)Missing, n (%)

.0085.8 (3.4)8.7 (4.0)Number of medications to manage HF, mean (SD)

1 (4)2 (7)Missing, n (%)

.11Visually impaired or blind, n (%)

0 (0)4 (13)Yes

25 (93)22 (73)No

2 (7)4 (13)Missing
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P valueAvatar (n=27)Alexa+ (n=30)Characteristic

.41Type of mobile phone, n (%)

2 (7)1 (3)Basic

22 (82)25 (83)Smart

1 (4)0 (0)None

2 (7)4 (13)Missing

>.99Uses phone to text, n (%)

24 (89)25 (83)Yes

1 (4)1 (3)No

2 (7)4 (13)Missing

.58Uses phone for social media, n (%)

17 (63)15 (50)Yes

8 (30)11 (37)No

2 (7)4 (13)Missing

.23Uses phone to browse the internet, n (%)

20 (74)24 (80)Yes

5 (19)2 (7)No

2 (7)4 (13)Missing

.87Confidence in using technology, n (%)

12 (44)11 (37)Very

10 (37)13 (43)Somewhat

2 (7)2 (7)Only a little

1 (4)0 (0)Not at all

2 (7)4 (13)Missing

aHF: heart failure.

Technology Engagement
A few patients did not complete the study. In the Alexa+ study,
5 patients withdrew from the study, 2 patients had issues with
their Wi-Fi connection, and 2 patients did not respond to contact
attempts. Furthermore, 1 participant in the Avatar study did not
respond to any contact attempts. Thus, from the Alexa+ study
and the Avatar study, we obtained technology use information
for 21 out of the 30 patients and 26 out of the 27 patients,
respectively. The resulting study cohort is, therefore, 47 patients.

Alexa+ patients used the technology a mean of 35.3 times (SD
26.0), whereas the Avatar patients used it a mean of 37.8 times
(SD 28.9). The t test of the difference between the two
population means had a P value of .76, indicating that the
difference in the engagement levels between the two groups

was not statistically significant. Figure 3 highlights the variations
in the level of engagement of patients participating in each
study. For both technologies, we observed a large range of
values in the number of times that patients interacted with the
voice interface during the 90-day period. Although there were
some patients in both studies who engaged with the technology
almost daily, significantly less use of the technology was seen
among the majority of participants.

Regarding the engagement over time for the two technologies,
we observe a decrease in use over time. Multimedia Appendices
2 and 3 show the use over time for the two technologies. The
decrease in use was sharper for Alexa+ participants. On the
other hand, participants in the Avatar study demonstrated more
stable technology use in the second half of the study period.
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Figure 3. Box plots showing the number of days that the patients interacted with the voice interface in each study.

Regression Results

The regression model (Table 2) had an adjusted R2 of 28.13%.
The resulting coefficients indicate that higher patient age is
linked to higher use of the technology (1.19; P=.004), whereas
Black patients used the technology fewer times than non-Black
patients with otherwise similar characteristics (−15.96; P=.08).
Excluding other race indicator variables, the variable for the

Black race had a relatively strong correlation with the variable
showing that the patient was married (−0.52) and moderate
correlation with an annual household income less than US
$50,000 (0.24) and years with HF (−0.22). With the remaining
variables, there were weaker correlations. Thus, this large
difference in engagement of Black patients may be an indication
of other important socioeconomic or medical factors or other
confounding factors that are beyond the scope of our data.

Table 2. Linear regression model for predicting the number of times that the patient used the voice interface technology.

P value95% CICoefficientVariable

.43−27.71 to 63.5817.93Intercept

.0040.42 to 1.961.19Age

.08−33.84 to 1.92−15.96Black

.17−5.49 to 30.0512.28Household income higher than US $100,000

.12−3.66 to 29.4212.88Confidence in using technology

.005−9.22 to −1.72−5.49Number of medications to manage HFa

.02−44.29 to −3.98−24.14Avatar study participant

aHF: heart failure.

The model also shows that patients who take a higher number
of HF medications tended to demonstrate lower use of the
technology (−5.49; P=.005). Finally, patients who participated
in the Avatar study interacted less with the technology (−24.14;
P=.02) compared with patients with similar characteristics who
participated in the Alexa+ study. The direction of the Avatar
regression coefficient is surprising when compared with Figure
3, which shows that the use of Avatar technology is higher on
average. Therefore, we conducted a sensitivity analysis to
understand what drives the coefficient value.

Sensitivity Analysis
To further compare the participation levels in the Avatar and
Alexa+ studies, we stratified participation by income levels.
Figure 4 shows the engagement levels for each technology as
a function of the income level. Note that the last group of
boxplots corresponds to observations that have a missing value
for household income. We see that although engagement with
the technology increases as the household income increases in
the case of the Alexa+ participants, the participation levels
appear different for the Avatar participants. In particular,
participants with a household income between US $25,000 and
US $100,000 showed lower engagement than comparable
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patients in the Alexa+ study. As income appears to have a
different influence on engagement with the two technologies,
we added interaction terms between Avatar and the different
income levels and then reran the best subset regression.

The resulting regression model is shown in Table 3. The same
overall patterns hold. Higher patient age was linked to higher
use of the technology (1.07; P=.004), whereas Black patients
used the technology less frequently (−21.35; P=.02). Again,
patients who take a higher number of medications to manage
HF use the technology less on average (−6.52; P=.002).

From the model, we see that, overall, Avatar patients with
middle- and high-income levels are expected to interact less
with the technology compared with otherwise similar Alexa+
patients (−32.38; P=.006). However, the best subset regression

retained the interaction term between low income and Avatar,
which, together with the Avatar coefficient, indicates that, on
average, those from lower income households use Avatar
technology more than otherwise similar Alexa+ participants.
The interaction coefficient equals 44.81 (P=.04), which,
combined with the Avatar coefficient, estimates that Avatar
participants from low-income households engage over 12 times
more with the technology than similar Alexa+ participants. In
other words, with everything else held constant, the model
estimates that low-income patients use Avatar more often than
Alexa+ technology, whereas the impact is reversed for
middle-income patients and higher income patients. The overall
impact of high and low household income was not statistically
significant.

Figure 4. Box plots showing the number of interactions in each study based on household income. NA: income information not available.

Table 3. Linear regression model for predicting the number of times that the patient used the voice interface technology, with an added interaction
term.

P value95% CICoefficientVariable

.042.54 to 84.3643.45Intercept

.0040.37 to 1.781.07Age

.02−39.19 to −3.50−21.35Black

.10−2.87 to 33.2415.19Household income higher than US $100,000

.73−26.61 to 18.83−3.89Household income lower than US $25,000

.002−10.33 to −2.70−6.52Number of medications to manage HFa

.006−54.70 to −10.06−32.38Avatar study participant

.042.44 to 87.1844.81Avatar×income lower than US $25,000

aHF: heart failure.
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Discussion

Principal Findings
In this study, we compared the engagement levels of patients
with HF with two different voice technology interfaces. To
enable such a comparison between the two groups, the design
and patient enrollment of both studies and the setup of both
technologies were identical. Although the study was based on
a small number of patients, the regression analysis helped
identify some key characteristics that are linked to different
engagement levels, contributing to the growing literature on
technology use for chronic disease management [33].

On the basis of our analysis, Black patients used the technology
21 fewer times on average during the study period compared
with non-Black patients with otherwise similar characteristics.
As in our data set, Black race is not highly correlated with other
features, this study adds to the evidence that technology design
may need to be better tailored for this population [14]. Although
our findings contribute to the emergent and growing literature
on racial disparities in technology use, this area is still
understudied. For instance, a recent survey on self-management
among patients with HF points to only 4 studies that evaluate
the use of technology for health management among Black
patients with HF [34], the population that is arguably at the
highest risk. Further examination to shed light on why Black
patients engage less with health management technology is
much needed, including the potential role of social determinants
of health.

In addition, we see that patients taking a higher number of
medications to manage HF interact less on average with the
technology. The number of medications can be interpreted as
a proxy for the severity of the HF condition or an indication of
additional comorbid conditions. However, we note that the
literature on the impact of disease burden on patient technology
and self-care engagement is mixed; some studies have
previously found that patients’ willingness to self-monitor is
not directly related to their health problems [35], whereas other
studies indicate that sicker patients are more actively engaged
[36] or less actively engaged [16,37]. The use of the number of
medications for HF as a proxy for the severity of the condition
has obvious limitations. A more direct measure of the severity
of HF (eg, the New York Heart Association functional class
[38] or the American College of Cardiology and American Heart
Association stages of HF [39]) would be needed to more directly
study the connection between patient engagement and disease
severity in patients with HF.

Finally, our study finds that older patients tend to exhibit higher
levels of engagement with voice interface technologies. This
agrees with findings from previous studies that patient age
affects the level of adherence, with older patients using
telemonitoring more regularly [15,40-42].

Future Research
The results presented here encourage future study of multiple
aspects of voice interface technology, including its varying
impact on and its potential to empower patients who are affected
by different diseases. Specifically, important work can be done

by asking how best to operationalize these technologies and
adapt them to different populations to support engagement. For
example, one avenue for future work lies in advancing the
technology’s feedback: useful and personalized feedback is
known to increase the level of engagement, and as a recent study
points out, “The key to successful technology-based treatment
is ease to use in a personalized manner such that ongoing
feedback can be incorporated into these technology-based tools
that keeps patients engaged” [43]. Although the technology
used in this study did adjust its feedback in response to patient
answers, more can be done to personalize such feedback. Future
advances may draw on natural language technology, including
voice interface technology, which is evolving quickly. Although
this study used preset questions and feedback based on each
patient’s answers, the future of voice-assisted health monitoring
may lie not in simple rule-based questions and answers but in
open-ended questions to which a conversational agent can
respond. In addition, it may be possible to better personalize
voice interface technologies; for instance, drawing on the rich
medical history data in EHR would allow us to create
personalized voice interface technologies tailored to the specific
patient’s disease and preferences. Other potential avenues for
increasing engagement include explaining the benefits of the
technology and the details of its use. The engagement levels
observed in this study highlight the importance of encouraging
patients to use the technology by increasing awareness of its
role in helping them manage their condition.

Our results further show the importance of future research into
patient health factors associated with low levels of utilization
and those that drive patient engagement. Further studies on
larger sets of patients would allow for a more in-depth study of
such patient engagement drivers, including the interaction
between socioeconomic status and engagement levels. Such
work could inform the development of voice interface systems,
as this process should take patients’preferences, socioeconomic
factors, and other population-level considerations into account.
As a result, the potential benefits of voice interface apps can be
more effectively leveraged for individuals and groups who are
often underrepresented. In addition, larger studies of engagement
drivers could allow for a better comparison between the drivers
of engagement with voice interfaces and the drivers of
engagement with other modes of self-monitoring. In general, a
broader and deeper understanding of physiological and
psychological factors that may prevent a patient from using a
specific kind of technology would further the potential of that
technology for patient self-management and early alerts of
worsening condition.

This pilot study highlights the potential of patient engagement
with a voice interface to help patients better manage their health;
in addition to the larger issues of patient engagement discussed
earlier, it opens up other future research possibilities. First, as
this study compares two modes of voice technology, it does not
shed light on the benefit of a voice interface over other
self-monitoring technologies. In addition, this study was limited
to patients with HF, whose daily self-monitoring is important
(as, eg, change in weight overnight can be a sign of serious
complication). Daily self-monitoring is also crucial for the
management of many other chronic diseases, and the extent to
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which our results transfer to other such chronic disease contexts
is important and worthy of future study.

Conclusions
HF is a chronic condition that requires sustainable management.
Voice interface technologies present an opportunity to empower
patients to better manage their health by setting reminders and
following condition-specific instructions to potentially prevent

hospitalizations and emergency department visits. Our results
show that an easy-to-use voice interface may play a significant
role in helping older patients manage their chronic conditions
and enhance remote engagement between patients and their
providers to prevent worsening of the patient’s condition. These
innovative solutions have the potential to be scaled to address
other chronic and more acute conditions and identify which
subgroups of patients may best benefit from these technologies.
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Abstract

Background: The COVID-19 pandemic has acted as a catalyst for the development and adoption of a broad range of remote
monitoring technologies (RMTs) in health care delivery. It is important to demonstrate how these technologies were implemented
during the early stages of this pandemic to identify their application and barriers to adoption, particularly among vulnerable
populations.

Objective: The purpose of this knowledge synthesis was to present the range of RMTs used in delivering care to patients with
COVID-19 and to identify perceived benefits of and barriers to their use. The review placed a special emphasis on health equity
considerations.

Methods: A rapid review of published research was conducted using Embase, MEDLINE, and QxMD for records published
from the inception of COVID-19 (December 2019) to July 6, 2020. Synthesis involved content analysis of reported benefits of
and barriers to the use of RMTs when delivering health care to patients with COVID-19, in addition to health equity considerations.

Results: Of 491 records identified, 48 publications that described 35 distinct RMTs were included in this review. RMTs included
use of existing technologies (eg, videoconferencing) and development of new ones that have COVID-19–specific applications.
Content analysis of perceived benefits generated 34 distinct codes describing advantages of RMTs, mapped to 10 themes overall.
Further, 52 distinct codes describing barriers to use of RMTs were mapped to 18 themes. Prominent themes associated with
perceived benefits included a lower burden of care (eg, for hospitals, health care practitioners; 28 records), reduced infection risk
(n=33), and support for vulnerable populations (n=14). Prominent themes reflecting barriers to use of RMTs included equity-related
barriers (eg, affordability of technology for users, poor internet connectivity, poor health literacy; n=16), the need for quality
“best practice” guidelines for use of RMTs in clinical care (n=12), and the need for additional resources to develop and support
new technologies (n=11). Overall, 23 of 48 records commented on equity characteristics that stratify health opportunities and
outcomes, including general characteristics that vary over time (eg, age, comorbidities; n=17), place of residence (n=11), and
socioeconomic status (n=7).
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Conclusions: Results of this rapid review highlight the breadth of RMTs being used to monitor and inform treatment of
COVID-19, the potential benefits of using these technologies, and existing barriers to their use. Results can be used to prioritize
further efforts in the implementation of RMTs (eg, developing “best practice” guidelines for use of RMTs and generating strategies
to improve equitable access for marginalized populations).

(JMIR Mhealth Uhealth 2021;9(4):e24743)   doi:10.2196/24743

KEYWORDS

remote monitoring; technology; COVID-19, telehealth; asynchronous technology; synchronous technology; mHealth; monitoring;
review; barrier; benefit; equity

Introduction

Delivering health care in the context of the COVID-19 pandemic
is uniquely challenging [1]. The virus is highly contagious,
potentially fatal, and symptoms that present early in the course
of the illness can be mild and nonspecific [2]. Virulence of
SARS-CoV-2 in health settings places health care providers
and patients without COVID-19 at increased risk of contracting
the illness [2]. The need to provide health care services while
limiting in-person interaction places an enormous burden on
already overwhelmed health systems.

Some models and technologies for delivering health care
remotely existed prior to the COVID-19 pandemic. For instance,
video consultation is commonly used to deliver health care
services to rural and remote communities [3]. These technologies
were used for a diversity of needs, including those who might
otherwise have difficulty accessing expertise and health care
(eg, due to remote location) [4,5]. Further, more recent public
health crises of infectious diseases, including the 2002 severe
acute respiratory syndrome epidemic, the 2009 H1N1 pandemic,
and the 2015 Ebola epidemic, highlighted the pivotal role remote
technologies can play in delivering health care [6-8]. Within a
short span of a few weeks, these technologies were at the
forefront and were a critical method of offering care services.

To adequately address the challenges of the COVID-19
pandemic, unprecedented deployment of remote monitoring
technologies (RMTs) is underway [9,10]. Due to a lack of
consensus on the definition of RMTs, we took a broad scope
and included any technology that facilitates communication
between the health care team and patients [11]. RMTs can be
categorized as “synchronous,” where communication occurs in
“real time,” such as in videoconferencing, and “asynchronous,”
where there is a potential expected time delay in communication,
such as email or SMS text message [11,12]. Both these forms
of RMT could be delivered through a broad range of devices
(eg, app on phone, wearable technology). RMTs at times reflect
technology that is commonplace (eg, phone call, app on
smartphone) or specialist in purpose (eg, oxygen saturation
monitor, specific cell phone app). Further, RMTs have been
used for a variety of purposes in health care. This has included
monitoring symptoms, illness severity, and adherence to inform
and deliver treatment [7].

In the context of the present pandemic, RMTs can be used when
delivering health care to those with (eg, monitoring severity of
illness in those with the diagnosis) or without diagnoses of
COVID-19 (eg, delivering primary health care via telephone to

reduce likelihood of COVID-19 transmission). Understanding
the use of RMTs for the treatment of COVID-19 is particularly
pertinent in the context of an emergent pandemic and will be
the focus of the present research.

In an early review of health technologies used to address
COVID-19, Ming et al [9] described 110 COVID-19
asynchronous technologies including 17 that monitored patients
remotely. The authors reported on the benefits of mobile phone
apps, including allowing patients to self-monitor their symptoms
and informing triage decisions regarding the need to access
tertiary care. This use of RMTs could presumably reduce burden
on hospital emergency departments. This study highlighted
concerns regarding patient confidentiality and data security
when using such mobile apps. Another narrative review
described 17 different wearable technologies designed to
remotely monitor COVID-19 signs and symptoms [10]. These
devices included take-home electrocardiograms, blood pressure
monitors, pulse oximeters, thermometers, and stethoscopes.
These technologies allowed relevant diagnostic information to
be collected. Further, use of these technologies helped optimize
patient comfort and convenience while reducing the risk of
COVID-19 transmission in the hospital setting and the need for
hospital resources to be directed to those with milder symptoms.
This review identified challenges in implementation, with a
focus on technology-specific limitations—for instance,
thermometer inaccuracies due to changes in ambient temperature
[10].

As the pandemic develops, there will be waves of new
technologies that are developed continuously to meet the
emerging challenges. Some of these technologies are here to
stay and could be available for future infectious diseases or be
part of the routine care delivery model. Specific benefits or
disadvantages of RMTs may fluctuate in relevance over time.
This paper provides a snapshot that can be used as a baseline
to track progress in this field over the course of the pandemic.
This information will be relevant to innovators developing new
RMTs for management of different health challenges, including
treatment of vulnerable and marginalized patients with
COVID-19.

Meeting needs of vulnerable populations requires consideration
of equity in the present and for future health delivery endeavors.
Equity considerations are those that focus on ways to decrease
or eliminate differences in health outcomes and opportunities
across groups [13]. It is vital to incorporate an equity lens since
COVID-19 is more likely to impact marginalized populations
[14-16]. Intentional efforts to reduce inequity are important in
health care design. Considerations in inequity have been
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conceptualized using the PROGRESS-Plus acronym, which is
used to identify characteristics that stratify health opportunities
and outcomes [17].

Thus far, published research has presented a selection of health
and resource benefits and highlighted some challenges of using
RMTs. However, no paper has comprehensively summarized
the wide range of advantages and challenges of technologies
used to deliver health care in the context of the COVID-19
pandemic. Further, there are no reviews that specifically address
equity of access to health care in the context of COVID-19.

A comprehensive review and summary of RMTs, including
their advantages and challenges, together with future directions
for innovation or improvement, will be a valuable asset for
stakeholders. This information can be used to understand the
breadth of available RMT options, anticipate and prevent
difficulties, and improve equitable access to health care. This
is particularly relevant early in the course of a pandemic when
time-sensitive information is required.

The aim of this rapid review was to identify which RMTs have
been deployed to support COVID-19 health care provision early
in the pandemic, and identify the barriers to and benefits of their
implementation. The review will emphasize equity
considerations.

Methods

A rapid review was performed following the approach described
by Cochrane Methods Group [18]. Rapid reviews offer a strategy
to synthesize current knowledge in a timely manner “to meet
time-sensitive decision-making needs” [1], which is valuable
in contexts such as the COVID-19 global health crisis.

Search Methods
Ovid MEDLINE and Embase were searched for relevant
publications published up until July 6, 2020. The search was
initially informed by a preliminary unstructured search of QxMD
[19] and MEDLINE (via PubMed). The search strategy
(Multimedia Appendix 1) was developed using the COVID-19
keywords from the Canadian Agency for Drugs and
Technologies in Health search strings [12].

Inclusion Criteria
Inclusion criteria for selection of publications were as follows:
publications that discussed use of RMTs to deliver health care
to patients with COVID-19; publications that referred to specific
RMTs as opposed to general recommendations (this criterion
was used to ensure barriers could be linked to a specific type
of technology); and publications that were available in English,
French, or Spanish.

Exclusion Criteria
Publications were excluded if the record only described RMTs
used in contact tracing or epidemiological surveillance. This
criterion was used because the focus of this review was on

technologies that provide service or treatment to patients with
COVID-19, rather than surveillance of the virus.

Search Strategy
An inclusive search strategy for different types of publications
was used and included editorials, reviews, and letters to the
editor. This inclusive strategy was adopted considering the
novelty of COVID-19 (and hence dearth of published
research-based studies). Further, the inclusive search strategy
reflected the potential benefits of presenting a breadth of
information at this early stage of the pandemic.

Data Collection
The primary author (EH) reviewed the title and abstract of
publications then extracted key information. Key information
extracted included the year, journal, design, aim of the
publication, nature of the RMT, whether the RMT was
synchronous or asynchronous, information gathered via RMT,
equity considerations, benefits of RMT use, and barriers to RMT
use.

Data Analysis
Publications’ results were synthesized using a “content analysis”
approach [20]. A single reviewer (EH) developed a coding
framework and mapped the RMTs used and variables monitored.
Barriers and benefits of using RMT were coded inductively,
and individual codes were grouped into overarching themes. A
second reviewer (DOP) independently reviewed the developed
coding framework against a random sample (7/48, 15%) of the
publications. Further, the second reviewer coded this sample
of publications against the finalized coding framework. All
discrepancies (7% discrepancy rate) in the coding framework
or coding were settled by consensus-based discussion.

To ensure explicit consideration of health equity, relevant
considerations were mapped deductively to the
PROGRESS-Plus acronym [17]. The PROGRESS-Plus acronym
refers to consideration of the following: place of residence, race
or ethnicity or culture or language, occupation, gender or sex,
religion, education, socioeconomic status, social capital, and
“plus”—referring to personal characteristics associated with
discrimination, features of relationships, and time-dependent
relationships [17].

Results

Results of Database Search
Of 767 records identified through MEDLINE and Embase
searches, and 4 records identified through QxMD, 491 remained
after duplicates were removed (Figure 1). After title and abstract
screening, 406 records were excluded from the review. Upon
full-text review, 37 of 85 records were excluded because they
did not include health care for patients with COVID-19 (n=13),
did not describe an RMT (n=12), were epidemiological studies
and/or only described contact tracing (n=6), were not in English,
Spanish, or French (n=5), or were technical reports (n=1). In
total, 48 publications were included in the qualitative synthesis.

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e24743 | p.385https://mhealth.jmir.org/2021/4/e24743
(page number not for citation purposes)

Houlding et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Figure 1. PRISMA 2009 flow diagram. PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses; RMT: remote monitoring
technology.

Characteristics of Included Publications
The most common types of publications identified were
descriptive studies or proposals describing the implementation

and development of RMTs (n=18) and reviews of multiple
RMTs (n=13). Letters to the editor (n=9), editorials (n=5), one
retrospective cohort study, one protocol, and one case study
were also included (Table 1).
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Table 1. Publication types and remote monitoring technologies included in the analysis.

Remote monitoring technologiesFirst author [reference]Publication type and ID

Implementation and development

Mobile appAnnis [21]2

Chat or telephone consultation, digital blood pressure monitor, digital thermometer, digital
pulse oximeter

Bae [22]4

Mobile app diagnostic testFaezipour [23]10

Chat or telephone or video consultation, data transmission, digital pulse oximeter, digital
thermometer, electronic health record, mobile app, patient-accessed electronic health record

Ford [24]13

Chat or video consultation, electronic health record, mobile app, patient-accessed electronic
health record, Voice over Internet Protocol technology, websites

Krausz [25]25

Video consultationLam [12]26

Electronic health record, mobile appsLui [26]27

Electronic health record, video consultationMann [27]28

E-prescription, mobile app, telephone consultationMedina [28]30

Closed-circuit television cameras, digital blood pressure monitor, digital electrocardiogram
or heart rate monitor, digital end-tidal carbon dioxide monitor, digital pulse oximeter, digital
respiratory rate monitor, mobile device video

Naik [29]32

Home diagnostic testPetrocelli [30]34

Automated SMS text messaging programSaleem [31]35

Electronic health record, mobile appSchinköthe [32]36

Video consultationSong [33]39

Chat or video consultation, mobile appSossai [34]40

Mobile appTimmers [35]42

Home diagnostic test, telephone consultationVaira [36]44

Implementation and development proposal

Wearable devices or biometric clothingSharma [37]38

Retrospective cohort study

Chat or telephone consultationXu [38]47

Case study

Chat consultation, mobile appHuang [39]20

Review

Artificial intelligence–enabled request for assistance, chatbots, digital stethoscope, drone-
delivered home diagnostic tests, glucometer, mobile app smart inhaler, video consultation,
wearable devices or biometric clothing, website

Alwashimi [40]1

Video consultationCrawford [41]7

Digital electrocardiogram or heart rate monitor, digital blood pressure monitor, digital respi-
ratory rate monitor, digital pulse oximeter, digital stethoscope, digital thermometer, mobile
device recording, wearable devices or biometric clothing

Ding [10]8

Chat or telephone or video consultation, e-prescriptionFagherazzi [42]11

E-prescription, mobile phone app, telephone consultation, video consultationHong [43]18

Mobile app diagnostic test, mobile appHorowitz [44]19

Mobile app, wearable devices or biometric clothingKannampallil [45]23

Electronic health record, telephone or video consultationKeshvardoost [46]24

Laptop camera, mobile device camera, radar/Wi-Fi transmitter-receiver, smart mattress,
tablet camera, wearable devices or biometric clothing

Massaroni [47]29

Mobile appMing [48]31
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Remote monitoring technologiesFirst author [reference]Publication type and ID

Digital blood pressure monitor, digital electrocardiogram or heart rate monitor, digital glu-
cometer, digital pulse oximeter, digital posture, digital respiratory rate monitor, digital
temperature monitor, digital weight monitor, patient-accessed electronic health record, video
consultation

Sharma [49]37

Video consultationThulesius [50]41

Home diagnostic test, mobile app, video consultationWatson [51]45

Telephone or video consultationYe [52]48

Editorial

Tablet app, telephone consultationCohen [53]6

Electronic health record, video consultationEdelman [54]9

Video consultationGrenngalgh [55]16

Video consultationJohn [56]22

Protocol

Telephone or video consultationGreenhalgh [57]15

Letter to the editor

Telephone consultationAnonymous [58]3

Electronic health records, patient-accessed electronic health record, tablet, video consultationBarsom [59]5

Chat consultationFitz [60]12

Mobile app, video consultationGiansanti [61]14

Telephone or video consultationHau [62]17

Telephone or video consultationJamil [63]21

Electronic health record mobile app, telephone or video consultationNair [64]33

Telephone or video consultationTrethewey [65]43

Video consultationWei [66]46

Description of RMTs
These publications identified 35 distinct types of RMTs (32
asynchronous and 3 synchronous; Table 2). Overall, 35 of the
48 studies identified synchronous technologies, including video
(n=25), telephone (n=15), chat (n=8), and mobile or cellular
device video (n=3) consultations. In total, 33 studies reported
asynchronous technologies, including mobile or cellular apps
for patients to manually enter their symptoms or education
(n=17), home diagnostic tests (n=6), remote access to electronic
health records by provider (n=8), digital pulse oximeters (n=5),

biometric clothing (n=5), and remote access to electronic health
records by patient (n=5). Data were collected through manual
input by patients, caregivers, and health care practitioners (n=45;
Multimedia Appendix 2), and automatically through the use of
biosensor technology (n=22; Multimedia Appendix 3). The
most commonly reported manually inputted outcome measures
were “symptoms” (n=18), dyspnea or shortness of breath (n=7),
pulse oximetry (n=7), mental health (n=7), temperature (n=6),
and presence or absence of fever (n=6). The most frequently
reported biosensor measures were temperature (n=5) and cardiac
activity (as measured by an electrocardiogram; n=5).
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Table 2. Summary of remote monitoring technologies grouped into synchronous or asynchronous.

Total publications, nType of remote monitoring technology

Asynchronous

17Mobile or cellular app

8Electronic health record (eg, cloud based)

6Home diagnostic tests

5Digital (eg, Bluetooth) pulse oximeter

5Wearable device or biometric clothing

5Patient-accessed electronic health record

4Digital thermometer

4Digital blood pressure sensor

3Mobile or cellular app diagnostic test (acoustic signal, olfactory and gustatory test)

3Digital heart rate monitor, respiratory rate monitor, and electrocardiogram (eg, measure heart rate variability)

3Tablet (eg, iPads) may be used for video

3E-prescription

2Website to monitor symptoms

2Digital stethoscope

2Glucometer

2Data transmission technology

1Automated SMS text messaging program

1Chatbot, drone, artificial intelligence–enabled request for assistant, smart inhaler

1Closed-circuit television camera and digital end-tidal carbon dioxide monitor

1Digital weight and posture sensors

1Smart mattress

1Voice over Internet Protocol technology

Synchronous

25Video consultation

15Telephone consultation

7Chat consultation

2Mobile or cellular device video consultation

Benefits of RMTs
Almost all publications (46/48, 96%) provided some description
of the reported benefits of RMTs. In total, 34 distinct codes
were developed inductively from these documents (Multimedia
Appendix 4). These were grouped into 10 themes (Table 3):
“reduces infection risk” (n=33 articles), “reduces burden of
care” (eg, limits hospital beds used; n=28), “supports vulnerable
populations” (n=14), “reduces costs” (n=12), “improves patient
experience” (n=11), “promotes knowledge development” (n=8),
“facilitates navigation through health care system” (n=8),
“improves health outcomes” (n=6), “supports public health
initiatives” (n=5), and “technology-specific benefits” (n=4).

The most common theme, “reduces infection risk,” included 3
codes: “reduces risk of transmission generally” (n=18), “reduces
exposure of health care practitioners” (n=11), and “reduces
cross-contamination or clustering” (n=10). A total of 28 codes

were mapped to the theme “reduces burden of care,” notably
that RMTs “reduce the burden on hospitals” (eg, limit hospital
beds used; n=17), “provide continuous accessible data or
monitoring” (n=12), and “reduce burden of time on health care
workers” (eg, using asynchronous technology or reducing
burden overall; n=6). In addition, 5 codes were mapped to the
theme “RMTs support vulnerable populations,” including
“reduces need for transfer of vulnerable patients” (n=6) and
“supports patient mental health” (eg, relieves stress, supports
anxious patients; n=5). A total of 3 codes were mapped to the
theme “reduces cost,” notably “reduces health care system or
public health agency costs” (n=12). A total of 3 codes were
mapped to the theme “improves patient experience,” including
“improves patient initiative, engagement, autonomy, or
self-management” (n=5). In addition, two codes were mapped
to “facilitates navigation through the health care system,”
notably “facilitated follow-up, continuity of care, or linkage to
care” (n=5). The theme “improves health outcomes” contained
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only one code, “provides rapid identification of infection or
clinical deterioration for timely treatment of COVID-19” (n=6).
Finally, the theme “supports public health initiatives” contained

2 codes, including “delivers educational messages” (eg, fights
disinformation or the “infodemic”; n=5). All other codes were
noted by <5 publications.

Table 3. Perceived benefits of remote monitoring technologies for patients with COVID-19.

Total publications, nThemes

33Reduces infection risk

28Reduces burden of care

14Supports vulnerable populations

12Reduces costs

11Improves patient experience

8Promotes knowledge development

8Facilitates navigation through health care system

6Improves health outcomes

5Supports public health initiatives

4Technology-specific benefits

Barriers to Using RMTs
Many publications (38/48, 80%) reported barriers, challenges,
and/or concerns regarding implementation of RMTs (Table 4).
In all, 54 distinct codes were developed inductively (Multimedia
Appendix 5) and mapped to 15 themes: “equity-related barriers”
(n=16), “a lack of RMT implementation guidelines and research”
(n=12), “resources required for technology development and
implementation” (n=11), “challenging patient experiences of
RMTs” (n=10), “confidentiality-related concerns” (n=10),
“workforce training” (n=8), “quality of information” (n=8),
“communication-related barriers” (n=7), “ethical concerns with
RMTs” (n=7), “policy requirements” (n=7), “quality of care
concerns” (n=4), “technology-specific barriers” (n=3),
“technology integration–related barriers” (n=2), and “financial
barriers” (n=2). A total of 8 codes were mapped to the theme
“equity-related barriers,” including “lack of access to RMTs in
low-resource settings” (eg, patients experiencing homelessness,
neighborhoods without access to libraries, households without
internet or devices, low-income communities unable to afford
RMTs or share RMTs; n=8), “low network quality or internet
connectivity or bandwidth,” which can impact quality of care
(n=6), and “low patient health literacy” (n=5). A total of 5 codes
were mapped to the theme “a lack of RMT implementation

guidelines and research,” with 9 publications reporting a
“paucity of high-quality data or guidelines to support effective
and safe RMT, particularly in acute care.” A total of 7 codes
were mapped to the theme “resources required for technology
development and implementation,” including “inadequate
control of patient flow with some RMTs” (eg, the fluctuating
recruitment of patients should be matched with staffing; n=5).
A total of 4 codes were mapped to the theme “challenging
patient experiences of RMTs,” including “the complexity or
intrusiveness of switching to online consultation or remote
monitoring and disruption to patient or worker processes and
routines” (n=5). A total of 3 codes were mapped to the theme
“confidentiality-related barriers,” including “the need to address
privacy concern when implementing RMTs” (n=9). A total of
3 codes were mapped to the theme “workforce training,”
including “the need for additional workforce education and
training in use of RMTs” (n=6). A total of 2 codes were mapped
to the theme “quality of information,” including “issues
regarding the quality of health information reported or collected”
(eg, self-reporting; n=6). Finally, 3 codes were mapped to the
theme “ethical concerns with RMTs,” of which the majority
(n=5) of the publications reported general ethical concerns. All
other codes were reported by <5 publications.
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Table 4. Perceived barriers to using remote monitoring technologies for patients with COVID-19.

Total publications, nThemes

16Equity-related barriers

12A lack of remote monitoring technology implementation guidelines and research

11Resources required for technology development and implementation

11Challenging patient experiences of remote monitoring technologies

10Confidentiality-related barriers

8Workforce training

8Quality of information

7Communication-related barriers

7Ethical concerns with remote monitoring technologies

7Policy requirements

4Quality of care

3Technology-specific barriers

2Technology integration–related barriers

2Financial barriers

Equity Factors
Equity groups were mapped deductively to the PROGRESS-Plus
acronym (Table 5). Several publications (n=23) noted how
remote monitoring provided information on characteristics of
populations that could stratify health opportunities and outcomes
(Multimedia Appendix 6). The most frequently reported
characteristic was the “Plus” code (n=17). This “Plus” code
refers to specific patient populations (ie, patients who distrust
the health care system, those with chronic conditions or
comorbidities, immune-suppressed patients, pregnant women,
acutely unwell patients, patients with cognitive impairment,
nonadherent patients, seniors, and youth). The next most
common PROGRESS-Plus code was “place of residence.” A
total of 11 publications commented on patient place of residence

as impacting the implementation of RMTs, including rural and
remote residences, nursing homes, or homelessness. A total of
7 publications reported socioeconomic factors, such as a lack
of community funding in low- and middle-income countries,
lack of access to technology, or low-income patients. A total
of 3 publications reported on race or ethnicity or culture or
language, occupation, and gender or sex, respectively.
Occupations considered were frontline workers and veterans.
Finally, in terms of PROGRESS-Plus equity considerations, 2
publications commented on education, specifically the health
literacy level of patients, which could impact their ability to
understand infection control information or assess the quality
of unregulated health information. Only one publication
commented on social capital and none on religion.
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Table 5. PROGRESS-Plus themes.

Demonstrative quoteTotal publications, nTheme

“It is also important to consider that some countries may not have the technological in-
frastructure to support [digital health]. Furthermore, there will be a significant proportion
of the population who will not have access to technology or internet connectivity” [40]

11Place of residence

“Mounting evidence suggests that the COVID-19 pandemic has far greater associated
morbidity and mortality in racialized groups that struggle with poverty and poor access
to health care; the pandemic has also been suggested to compound pre-existing inequities.
Similarly, there has been a lack of attention to health equity in the development of digital
health solutions” [41]

3Race or ethnicity or culture
or language

“Individuals exposed to the public (such as transit workers and police/force/emergency
medical services (EMS) workers) and cultural settings with risk for infection (eg, multi-
family settings with multiple house members working with high risk for COVID-19 ex-
posure settings), in addition to those in meat packing plants or the front-line grocery store
workers, are especially in the high-risk exposure category. This additionally emphasizes
the need for developing testing models of the breathing app from the breathing sound
database.” [23]

3Occupation

“In Dover and Belon’s model, which informs the foundation of the [Digital Health Equity
Framework], the process of social stratification within economic and cultural social
contexts refers to the hierarchical allocation and unequal distribution of power, prestige,
and resources; this stratification assigns individuals to a social location, which is defined
by intersectional factors such as race, age, income, geography, rurality, gender, ability,
and occupation as well as other social factors” [41]

3Gender or sex

—a0Religion

“Our findings suggest that even in high-income countries, such as the [United Arab
Emirates] with modern digital access and high general literacy rates, health literacy may
pose an obstacle for the adoption of telemedicine. It is, therefore, critical for countries
worldwide to improve health literacy to optimize patient access and engagement in this
expanding world of digital medical care delivery.” [64]

2Education

“Lastly, some developing countries face major obstacles to the effective delivery of dig-
ital health solutions in rural and remote locations, such as incomplete or insufficient basic
digital infrastructures (eg, computers, internet networks, and electricity), lack of sustainable
funding to develop, operate, and maintain digital platforms, and high telecommunication
costs” [42]

7Socioeconomic status

See “Gender or sex” above [41]1Social capital

“The network has focused on groups particularly vulnerable to severe symptoms of
COVID-19, including the elderly, pregnant women, children, and patients with chronic
health problems.” [43]

17Plus

aNot available.

Discussion

Principal Findings
A rapid review was conducted to present the different types of
RMTs deployed in response to the COVID-19 pandemic, the
perceived benefits of these technologies, and the perceived
barriers or challenges to their use in clinical work. There was
special emphasis placed on equity considerations.

Results indicate that many different RMTs are used when
providing health care to patients with COVID-19. Most RMTs
mirrored the real-time interpersonal communication processes
involved in prepandemic care, except that the care was being
delivered with physical distance—for instance, the use of
videoconferencing (25/48, 52%) and teleconferencing (15/48,
31%) rather than in-person appointments, and accessing medical
records remotely (8/48, 17%) rather in the office. Video was
likely favored because of the substantial advantage of being
able to use nonverbal cues and assessment. These innovations

were pertinent to monitoring, triage, and diagnosis (eg, symptom
tracking using mobile apps).

Benefits of RMTs and Implications
The most common reported benefit of RMTs was that it reduced
the risk of transmission of COVID-19 (n=18), including to
health care practitioners (n=10). This is unsurprising,
considering that concern about managing infection rates is one
of the forces driving rapid implementation of RMTs across
many specialties [67]. Further, with increasing pressure on the
health care system, RMTs could aid in reducing the burden on
hospitals (n=17), health care system costs (n=10), and the burden
of time of health care practitioners (n=16).

Use of these RMTs began or substantially increased in response
to COVID-19. If perceived advantages are borne out, this may
lead to wider adoption beyond the pandemic.

There may be several implications when considering the breadth
of RMTs already in use. First, both health care providers and
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patients may become accustomed to the remote modality and
its benefits, including increased convenience, meaning that
RMT use could continue beyond the duration of the pandemic.
Health care during the pandemic has increased patient
involvement in their own care (eg, symptom monitoring). This
may lead to a permanent shift in health care culture, in which
patients’ active participation is incorporated into the health
provision of other conditions. The development of health-related
software for signs and symptom monitoring and triage could
also continue and become refined and expand the tools through
which quality health care is delivered. When considering
whether or which changes might endure, it might be helpful to
distinguish between advantages of RMTs that are only relevant
to COVID-19 infection risk and those where the benefits might
persist beyond COVID-19 (eg, widespread use of health-related
apps to better monitor symptoms for other conditions). It is
possible and likely that the processes surrounding their use will
be refined to address and reduce concerns and barriers.

Barriers to Use of RMTs
The most commonly reported barrier themes were a lack of
guidance (n=12) and increased resources needed (n=11) for
implementation, development, and use of RMTs to treat
COVID-19. These barriers are likely due to the novel nature of
COVID-19 and thus could become less relevant over time.
Another main concern cited by several publications was that
rigorous privacy and security settings would be necessary to
protect patient information (n=9). However, despite emphasizing
the importance of privacy and security, only 5 publications of
18 describing implementation of a specific RMT reported on
security and privacy features or policies of the software used
[24-26,32,35]. Additionally, two publications noted that use of
RMTs could break down the humanitarian core of care as well
as patient-provider communication [43,50]. One way to promote
effective patient communication is to design user-friendly
technology with two-way communication [68]. Although patient
involvement in technology development can be used to
effectively tailor the technology to the specific needs of the
patient [69], no publications reported this in practice. This is
unfortunate considering the impact it can have on the success
of an RMT [70]. Future technologies should involve rigorous
user evaluation based on feedback from patients. The extent of
patient involvement in RMT implementation should be
thoroughly described to support use of the technology. Lastly,
it will take time and resources to bring RMTs to scale;
information regarding clinical utility and cost will help ascertain
which should be prioritized for investment of resources to aid
in this development.

Equity Factors
Equity factors also proved important to consider when
implementing RMTs. Health interventions should be tailored
according to population needs or they risk increasing health
inequities [17]. The most common overall barrier theme was
concerns regarding equitable use of RMTs (n=15). This is
concerning considering marginalized groups are already
disproportionately impacted by COVID-19. There is a higher
incidence of infection, as well as poorer outcomes, among
racialized communities and ethnic minorities [71-73]. More

than half of the included publications (n=28) noted challenges
that might be faced by minorities or emphasized the importance
of training health practitioners in equitable digital health
implementation and supporting low-income communities.
Alternatively, possible benefits were reported in some papers
(n=7), including the ability to support vulnerable
populations—for example, medically vulnerable individuals,
or those living in rural or remote communities. Overall, there
appeared to be conflicting perspectives on whether RMTs would
decrease or increase health inequities. There is evidence that
intervention-generated inequities—those caused by use of
interventions that provide limited benefit to vulnerable
populations—can decrease health outcomes among marginalized
groups [13]. It is important to track characteristics that may
stratify health outcomes in order to assess which RMTs will
benefit vulnerable populations. Overall, 23 of 48 total papers
(48%) and 7 of 18 (39%) implementation and development
papers reported on characteristics of populations that stratify
health outcomes. It is critical that an increasing number of
publications start to analyze data based on characteristics that
influence equitable outcomes to better support vulnerable groups
and reduce health inequities.

Limitations
This work has several time-related limitations due to the rapid
nature of this review. Only one screener (EH) reviewed the
titles, abstracts, and full texts of the records and coded during
the selection process. Further, given the delay between the use
of an intervention and publication of its evaluation, the
technologies presented here only reflect what was used during
a specific window of time and as new technologies are rapidly
developed and implemented, there will be a need to reassess
new and emerging benefits of and barriers to patient care.
Further periodic reviews should be conducted to assess how the
use of RMTs evolves. In addition, the quality of the analysis
was limited. Furthermore, the frequency of reporting does not
necessarily equal the magnitude of importance or the impact
on outcomes for patients. Lastly, certain papers reported on
multiple technologies but did not provide benefits and barriers
specific to each RMT individually, which limits the
generalizability of our findings. As such, most benefits and
barriers reported in this paper were categorized generally as
applicable to both synchronous and asynchronous RMTs.
Undoubtedly, many of these benefits and barriers will be more
or less relevant depending on the technology (eg, reduced
isolation is more applicable for treatment via video consultation
than for use of a digital pulse oximeter). Future reviews should
focus on separating benefits and barriers according to technology
type if possible.

Conclusion
This rapid review summarizes RMTs that were used in the early
stages of the COVID-19 pandemic and provides insights on the
benefits these technologies could provide for future use. It also
highlights perceived barriers to implementation of RMTs that
should be addressed in ongoing development projects.
Guidelines and policies developed for implementing RMTs
ought to be mindful of the identified barriers. RMTs have an
important role to play in supporting patients and communities
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through these unprecedented times. One key recommendation
is to establish best practices in the development of RMTs so

they are both equitable and effective going forward.
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Abstract

Background: MySurgery is a smartphone app designed to empower patients and their caregivers to contribute toward safer
surgical care by following practical advice to help reduce susceptibility to errors and complications.

Objective: The aim of this study is to evaluate service users’ perceptions of MySurgery, including its perceived acceptability,
the potential barriers and facilitators to accessing and using its content, and ideas about how to facilitate its effective implementation.
The secondary aim is to analyze how the intended use of the app might differ for diverse patients, including seldom-heard groups.

Methods: We implemented a diversity approach to recruit participants from a range of backgrounds with previous experience
of surgery. We aimed to achieve representation from seldom-heard groups, including those from a Black, Asian, and minority
ethnic (BAME) background; those with a disability; and those from the lesbian, gay, bisexual, transgender, queer (LGBT+)
community. A total of 3 focus groups were conducted across a 2-month period, during which a semistructured protocol was
followed to elicit a rich discussion around the app. The focus groups were audio recorded, and thematic analysis was carried out.

Results: In total, 22 individuals participated in the focus groups. A total of 50% (n=11) of the participants were from a BAME
background, 59% (n=13) had a disability, and 36% (n=8) were from the LGBT+ community. There was a strong degree of support
for the MySurgery app. The majority of participants agreed that it was acceptable and appropriate in terms of content and usability,
and that it would help to educate patients about how to become involved in improving safety. The checklist-like format was
popular. There was rich discussion around the accessibility and inclusivity of MySurgery. Specific user groups were identified
who might face barriers in accessing the app or acting on its advice, such as those with visual impairments or learning difficulties
and those who preferred to take a more passive role (eg, some individuals because of their cultural background or personality
type). The app could be improved by signposting further specialty-specific information and incorporating a calendar and notes
section. With regard to implementation, it was agreed that use of the app should be signposted before the preoperative appointment
and that training and education should be provided for clinicians to increase awareness and buy-in. Communication about the
app should clarify its scientific basis in plain English and should stress that its use is optional.

Conclusions: MySurgery was endorsed as a powerful tool for enhancing patient empowerment and facilitating the direct
involvement of patients and their caregivers in maintaining patient safety. The diversity approach allowed for a better understanding
of the needs of different population groups and highlighted opportunities for increasing accessibility and involvement in the app.

(JMIR Mhealth Uhealth 2021;9(4):e24065)   doi:10.2196/24065
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Introduction

Background
Health care is being called to better embrace the potential of
digital technology for transforming patient care. The
unprecedented spread of mobile digital technologies and their
potential to address health priorities has evolved into the field
of mobile health, which can be defined as “medical and public
health practice supported by mobile devices” [1]. Smartphone
apps, as an example of such technology, have emerged as a key
device for communicating health information at scale and for
improving patient empowerment, which is an important
long-term objective of health care internationally [2-6]. A
growing evidence base suggests that smartphone technology
may play an important role in improving mental and physical
health outcomes for a range of patient groups in both high- and
low-income countries [7-11]. In the future, the use of
smartphone technology to enable patients to be more involved
in their care and to connect them with their providers outside
the clinic is likely to be even more important. The recent
COVID-19 pandemic offers a prime example of a health system
response that has relied on the implementation of remote and
largely digital solutions for delivering and receiving care.

This paper focuses on MySurgery, an app for use within the
context of surgical care. MySurgery is a smartphone app
designed to empower patients and their caregivers to play a role
in improving safety in surgical care in the National Health
Service (NHS) of the United Kingdom. MySurgery was created
by a multidisciplinary team of clinicians, patient safety experts,
and patient and public representatives and is available for free
download on Apple devices from the App Store; to date, it has
had more than 6000 downloads [12]. The animated, jargon-free
app is centered around key areas of evidence-based surgical
risk, such as medication management, consent and identification,
wound care, falls, and hand hygiene (Figure 1). The app is
designed to be used as an optional supplementary tool, rather
than replacing any existing surgical educational material or
safety procedures. It provides practical step-by-step advice on
the actions patients and their caregivers can take to help mitigate
risks, including warning signs to look out for, things to do,
information to provide, and questions to ask. The objective is
to encourage behaviors that will help to reduce a patient’s

susceptibility to error, for example, by flagging up
inconsistencies or omissions, by encouraging behaviors that
reduce the risk of infection or falls, and by providing information
to allow better clinical decision making. It also helps patients
to prepare optimally before and after surgery. Previous research
has identified these as the kind of safety-related behaviors that
should be incorporated into interventions designed to enhance
patient involvement in safety [13-15]. The interventional
rationale behind MySurgery is much in keeping with that of
enhanced recovery programs, which are evidence-based
perioperative programs that employ a multidisciplinary and
multimodal approach based on implementing a checklist of
actions that help resolve issues that delay recovery and cause
complications [16]. These programs have been shown to
significantly reduce morbidity, mortality, and length of hospital
stay [17,18]. In a recent pilot evaluation of MySurgery with a
diverse group of 42 surgical patients, the app received positive
feedback [19].

The potential benefits of mobile apps such as MySurgery can
only be realized if they are deemed acceptable by the end user
and the initial intent to use the intervention translates to actual
user engagement with it. Engagement with a digital intervention
can be conceptualized as the extent (eg, amount, frequency,
duration, and depth) of use and a subjective experience
characterized by attention, interest, and affect [20].
Understanding the potential barriers to and facilitators of
engagement before the implementation of an intervention is
critical for successful implementation. A number of technology
adoption models have been proposed that define the kind of
factors that will influence perceived acceptability and intention
to use digital interventions, ranging from perceived ease of use,
social influences and subjective norms, requirement for access
to personal data and related security concerns, perceived
usefulness, and perceived behavioral control (or perceived
ability to carry out a given behavior promoted by the app)
[21-23]. The influence these factors have on engagement will
vary based on different features of the app at hand (eg, how
much personal data input an app requires); however, it is also
likely to vary for different patient groups. For example, those
from different cultures or with certain disabilities may
experience different barriers to and facilitators of using the app.
These potential group differences have rarely been explored in
app usability and evaluation studies.
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Figure 1. MySurgery app screenshots.

Objectives
This study has 2 aims. The first aim is to explore in-depth views
about MySurgery held by individuals who had previously
undergone surgery, using focus groups. Focus groups are a
fruitful way to gather the perceptions and experiences of groups
of service users that offer them more control of the interaction
[24]. Specifically, we aim to understand the perceptions related
to the following:

1. The content and usability of MySurgery, including its
perceived acceptability and usefulness

2. The perceived potential impact of using MySurgery on the
doctor-patient relationship

3. Potential barriers to and facilitators of using MySurgery
and associated strategies for overcoming any barriers

4. Potential strategies for introducing MySurgery into surgical
care pathways in the UK NHS
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The second aim is to implement a diversity and inclusion
approach for recruitment, which would allow the research to
address weaknesses in the literature to date. There are
long-standing criticisms about tokenism and the lack of diversity
in involving patients and the public in health care and health
care research [25,26]. By targeting seldom-heard groups in the
recruitment process, we aim to ensure that their representation
will enable us to gather feedback from a broader spectrum of
the population for whom the app is designed. We hypothesized
that the views held regarding the app, specifically perceived
barriers to using it in practice, would vary according to
sociocultural factors and disability status. Therefore, we felt
that a diversity approach was important.

Methods

Participants
To implement the diversity and inclusion approach, as described
later, the recruitment of individuals for the focus groups took
place via 2 routes. The first route was to advertise on People in
Research, which is a UK-hosted website designed to provide
opportunities for the public to become involved in NHS, public
health, and social care research. A bespoke study advert
(Multimedia Appendix 1) was published on the website, offering
participation in the focus groups or involvement in the project
steering group (the project steering group met biannually to
oversee the wider research program and consisted of public and
patient representatives, clinicians, and patient safety scientists.
It is not described further here). Interested individuals could
respond directly to the study team to express their interest in
taking part. The second route was to email the project advert to
individuals who had asked to be informed of upcoming research
opportunities through the Patient and Public Involvement (PPI)
Group at the Centre for Implementation Science (CIS), King’s
College London, where the research was hosted. The criteria
stipulated that individuals should only apply if they were over
the age of 18 years and could speak, understand, and read
English. We also set criteria that they should have experienced
surgery within the past 5 years, such that they could draw on
their experience to respond to the questions, which were focused
on patient involvement in surgical care.

Diversity and Inclusion Approach
As part of the study aims, we implemented a diversity and
inclusion approach whereby we sought to include representation
from individuals from seldom-heard groups. This approach
included the following elements:

1. We used the Equality Act 2010 [27] to inform our
conceptualization of diversity, which sets out 9 protected
characteristics that may be the subject of discrimination.
We chose to focus on 3 of these characteristics, which relate
to groups that have traditionally been underrepresented in
health care research: disability, race, and sexual orientation
[28,29].

2. Using the study advert (Multimedia Appendix 1), we invited
anyone with previous experience of surgery to participate
in the project. However, we also set out desired criteria
focused on the aforementioned 3 protected characteristics,
encouraging the following groups in particular to apply:

those with a disability; those from a Black, Asian, and
minority ethnic (BAME) group; and those from the lesbian,
gay, bisexual, transgender, and queer (LGBT+) community.

3. The CIS PPI Group (one of the aforementioned routes
through which we recruited participants) had just been set
up using a local community-based diversity approach, which
had drawn upon the Equality Act. Therefore, it had a
contacts list with a wide diversity of groups, which we felt
would assist in the recruitment of a diverse sample.

4. We drew upon the cultural competence and expertise of JO
as a researcher from a BAME background, with
long-standing expertise working on diversity issues.

5. An equality monitoring form (Multimedia Appendix 2) was
used to monitor the diversity of responses to our advert
with sections of the form based on categories in the Equality
Act 2010. We then aimed to ensure that we represented a
diverse range of groups by selecting at least 50% of our
sample from those stipulating that they held 1 of the 3
protected characteristics.

6. Before the commencement of the focus groups, the rules
for engagement were discussed and agreed upon by all,
with the aim of breaking down any potential barriers to
inclusion. These included practical points such as turning
off mobile phones and points on communication style, such
as not speaking over one another, allowing everyone to
speak, not needing permission to speak, and being able to
respond directly to one another. Participants were reassured
that there were no right or wrong answers and that we were
not trying to reach a consensus but rather to gather
information and understand a range of different viewpoints.

7. To encourage participation from diverse groups, all
participants received a one-off payment of UK £40 (US
$56), a lunch following the focus group, and their travel
expenses.

Design
Three 90-minute focus groups were conducted across a 3-month
period (November 11, 2017, to January 1, 2018). Each focus
group had a maximum capacity of 10 participants and was
facilitated by 2 researchers with previous experience and training
in facilitating focus groups (SR and JO). The project was
reviewed and approved by the King’s College London Ethics
Committee (REF: MR/17/18-108).

Materials

Equality Monitoring Team
To measure the diversity of our sample, we asked participants
to complete a standardized equality monitoring form
(Multimedia Appendix 2), which captured demographic
information, including age, ethnicity, disability status, and
sexuality.

Bespoke Focus Group Questionnaire
To better understand our sample, we asked individuals to
complete a short bespoke questionnaire (Multimedia Appendix
3) that captured information relating to their previous experience
of having had surgery (including date of last surgery and how
many procedures they had had in total) and their familiarity
with using smartphone apps.
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Semistructured Discussion Guide
A semistructured discussion guide was devised to assist the
facilitators in guiding the conversation during the focus groups.
It included questions and prompts structured around the study
aims and a rough schedule to ensure everything was covered in
the available time, building in room for refreshments and
comfort breaks (Multimedia Appendix 4). Thinking about taking
an inclusive approach was particularly important; this meant
thinking about room access, options for any special diets,
developing ground rules to ensure everyone was able to
participate equally, and building specific questions to prompt
discussion about how different groups might be able to use the
app. For example: Will the app be acceptable to all?; For whom
will the app be less useful?; What about people who do not own
or use a smartphone or iPad?; How can we get around the issues
identified?; Can you think of alternative ways of delivering this
information?; and Should this impact on the decision to take
the app forward?

Procedure
Individuals who responded to the study advert were sent a more
detailed study information sheet in the post or via email. Those
who were still interested in being involved were sent the study
questionnaires (equality monitoring form and bespoke focus
group questionnaire) and asked to bring the completed forms
to their focus group, which was booked for 1 of 3 dates in
November or December 2017. If they had access to an Apple
device, they were asked to download and familiarize themselves
with the MySurgery app before attending their focus group.

On the day of the focus group, participants arrived 30 minutes
before the commencement of the discussion to allow time to
complete their informed consent, meet the other group members,
and get refreshments. They could also use this time to familiarize
themselves with the MySurgery app (on study iPads), if they
had not been able to at home or if they wanted to refresh their
memory. The focus group itself was preceded by a 10-minute
presentation by the 2 facilitators, to introduce themselves and
the aims of the study and to provide a brief background on the
development and objectives of the MySurgery app. Following
this, the participants introduced themselves, and the rules for
engagement in the focus group discussion were outlined.
Relevant ethical issues such as how data would be stored and
used and the participants’ right to withdraw were also reviewed.

The discussions were audio recorded (with participants’
permission) for subsequent transcription for analysis purposes

and lasted for 90 minutes, with a 10-minute comfort and
refreshment break.

Data Analysis
The audio recordings of the 3 focus groups were transcribed to
allow a qualitative thematic analysis of the discussion. This was
completed separately by 2 researchers (SR and JO) with
expertise in qualitative data analysis. An inductive approach to
the analysis was undertaken whereby the raw textual data were
used to extract themes based on exploratory interpretation of
the material, providing a summary of its content. This approach
enables the development of a theory about the perceptions held
by the focus group participants, with clear links to the research
objectives [30]. Practically, this was achieved through the
following steps:

1. Focus group transcripts were combined and rearranged to
group answers together for each interview protocol question.

2. For each question, we noted the main ideas that were raised
in the discussion.

3. We reviewed the main ideas (across all questions) to
identify ideas that were raised again and again or
engendered a particularly rich discussion.

4. The researchers performed critical thinking about these
recurring ideas to identify emergent themes.

5. We identified quotations from the transcripts to illustrate
each theme.

To establish coding agreement between the researchers, initially
half of the transcripts were analyzed by both researchers, and
the extracted themes were compared and agreed upon.
Subsequently, the remaining half of the transcripts were divided
equally, and the researchers came together at the end to agree
on the final emergent themes.

Results

Participants
A total of 22 individuals participated in the focus groups (group
1: n=8, 36%; group 2: n=9, 41%; and group 3: n=5, 23%). The
participant characteristics are summarized in Table 1. There
was an even spread of males and females, and the groups were
diverse according to age, ethnicity, disability, and caregiver
status. Just over one-third (n=8, 36%) of the sample was from
the LGBT+ community. All participants had undergone surgery
within the past 5 years, excluding one individual who was
awaiting upcoming surgery.
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Table 1. Participant characteristics (N=22).

Participants, n (%)Characteristic

Sex

10 (45)Male

12 (54)Female

Age (years)

1 (5)18-24

2 (9)25-34

2 (9)35-44

4 (19)45-54

9 (43)55-65

3 (14)>65

Ethnicity

11 (50)White

11 (50)BAMEa

3 (14)Asian/Asian British

5 (23)Black/African/Caribbean/Black British

3 (14)Mixed/multiple ethnic groups

Sexual orientation

14 (64)Heterosexual

3 (14)Gay

1 (4)Lesbian

4 (18)Other

Disability

13 (59)Yes

9 (41)No

Caregivers

9 (41)Yes

13 (59)No

Number of previous surgeries

1 (4.5)0

9 (41)1-2

10 (45)3-4

2 (9)≥5

Smartphone user

20 (91)Yes

2 (9)No

Would you use a smartphone for health-related purposes

19 (86)Yes

3 (14)No

aBAME: Black, Asian, and minority ethnic.
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Thematic Analysis of Focus Group Discussions
The following themes were extracted from the focus group
transcripts. Illustrative quotes are provided in Multimedia
Appendix 5.

Perceptions Regarding Patient Involvement in Safety
There was a strong sense of support for the concept that patients
should be closely involved in the safety of their own care. Some
participants were very confident about this notion:

Nothing about us, without us.

It’s about taking responsibility for your care and we
need to be moving in that direction.

A number of areas were highlighted where most patients do
naturally become involved in the safety of their care, including
complying with instructions around food, drink, and
medications; attending preoperative appointments; and asking
questions. However, it was suggested that there are areas where
it might be difficult to become involved in safety, particularly
where it involves conflict behaviors such as asking many
questions, challenging the decisions of health care workers, or
highlighting inconsistencies, suggesting that this may have a
negative impact on the doctor--patient relationship and erode
trust. For example, in some cultures, it is frowned upon to
question a figure of authority (it was suggested that some
minority groups might feel that such behaviors might affect the
standard of care they receive), those with less assertive
personality types might simply feel unable to engage in these
behaviors, and others may feel more comfortable with the
passivity of the traditional patient role:

What if you’ve got a patient who actively just wants
to be told what to do, doesn’t want to have that
responsibility.

It was agreed that for these areas particularly, facilitation to
become involved in safety would be needed, including
encouragement and empowerment from the health care workers
themselves, information around how to contribute, and education
around the broader safety-related areas patients and their
advocates can feasibly influence:

Patients can get involved in patient safety but they
need encouragement by clinicians and to be told in
what ways they can contribute.

The importance of the involvement of family, friends, and
caregivers was also highlighted, particularly for individuals
who were too unwell to be involved themselves.

MySurgery App: Concept, Content, and Usability
MySurgery was endorsed as a positive step toward patient
empowerment and an acceptable approach to facilitating patient
involvement in safety. In a practical sense, the app was
recognized to help participants prepare before and after surgery,
for example, by detailing what to take into hospital and how to
care for surgical wounds. From a safety perspective, participants
agreed that by enhancing their knowledge of surgical risks and
listing specific actions for mitigating them, the app shows the
possibility of becoming more involved in safety and very real

opportunities for avoiding errors or complications, regardless
of the type of procedure being performed:

I think they (patients) ought to know what they can
and can’t do, and if they can ask questions and it’s a
two-way communication. That’s what this app seems
to do, it shows people the possibilities, shows patients
the possibilities.

It was agreed that MySurgery raises safety matters that might
be of relevance but that might not have been thought about and
that patients could address these issues using their own approach
and style. In particular, MySurgery was recognized as a useful
communication tool, informing patients about the areas they
may wish to discuss with their health care team and about the
information they should provide:

It just empowers you in a way because it doesn’t mean
you have the confidence to say, have you washed your
hands, but maybe next time you’ll be able to or maybe
you can attempt to, or know that that’s important, or
discuss it in a different way with the health worker.

It was stressed, however, that unless users of the app understood
the context of patient empowerment and involvement within
which the app sits, they might not fully grasp its relevance and
importance, which may prevent buy-ins.

In terms of detail, participants liked the level of content in
MySurgery in that it was not information overload and was
clean, clear, and simple, with no jargon, even for individuals
who struggle with medical information. The checklist-like layout
of the app content was approved, as participants liked the feeling
that they could cross items off their list and that they had
covered off all of the important things. As a quick aide-memoire,
the top 10 things to remember tab within the app was also
popular. The app content was deemed generic enough to be
appropriate for all surgical patients; however, it was discussed
that those having very minor procedures or multiple procedures
may only need to check the top 10 section or may only be
interested in 1 or 2 sections. In terms of usability, the app was
described generally as being user friendly, easy to navigate, and
nicely animated:

I liked it, I thought it was very user friendly, it wasn’t
information overload so when you opened it and
thought, oh god, I’m going to have to sit and spend
ages reading through loads of...but it’s quite
interactive and it’s short.

Some suggestions were made to improve MySurgery. Currently,
the app requires you to work through it in a set order, meaning
that later sections cannot be accessed until earlier sections have
been completed. This was not a popular feature, as participants
felt that they wanted to access whichever section looked most
relevant to them, skipping other sections (eg, those having repeat
or very minor procedures may only want to look at 1 or 2
sections). It was widely agreed that this limitation should be
addressed. Others suggested that although the level of content
was good, some users would like more details and information,
perhaps specific to the procedure they are having done, and
links and signposts to this kind of information could be built
into the app:
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How about links to information about the procedure
you are having, or somewhere to find more
information?

Some further suggestions were made around personalizing the
app and incorporating more general support for managing one’s
care, including the addition of a calendar to provide alerts for

appointments or medications, a contacts list to record names of
key clinicians, and an area in which to make notes. Finally, it
was suggested that if you could enter your surgery date into the
app, alerts could then be provided to remind you to check it.
The suggested improvements to MySurgery are summarized in
Textbox 1.

Textbox 1. Summary of findings: recommendations for the development and implementation of MySurgery.

Content

• Include links and signposts to further resources and specialty-specific content.

• Include a calendar for inputting appointments with an integrated alert system, for example, “check you have everything before attending hospital
tomorrow.”

• Include an area to make notes, for example, to record clinicians’ names and important phone numbers.

• App store information—make it clear that the use of the app is optional and noninterventional (ie, education only) and communicate the objectives
of the app in plain English.

Usability

• Remove the requirement to work through the app in a set order.

Accessibility

• Develop audio and easy-to-read versions of the app.

• Make MySurgery available for Android devices.

• Distil the information into appropriate format for hard copies of the app, for example, booklet, leaflet, or posters.

• Make MySurgery available in different languages.

• Include information around where to find help in using the app.

Implementation strategy

• MySurgery should be recommended to patients before their preoperative appointment.

• Promote the use of the app through inclusion in the preop letter, via posters in primary care General Practice surgeries and pharmacies, and by
displaying on the television screens in hospital wards.

• Educate clinicians to secure buy-in and promote the use of the app.

• Involve clinical teams and patients in adapting the app to specific surgical specialties or hospital units.

• Include information around how to download the app.

• Include guidance on how to use the app in practice.

Accessibility
The degree to which MySurgery is accessible and inclusive was
an important point of discussion. If a safety intervention is
accessible to some but not others, there is a moral issue to be
considered in terms of equity, with some being unable to access
information that might enhance their care. The viewpoints
around this were varied, and the discussion was rich. MySurgery
is currently available on Apple devices, meaning that those who
cannot access an Apple device will not be able to benefit from
the information within the app. Examples of groups falling into
this category are those with Android devices, those who do not
have access to a smartphone or tablet, those who find apps and
technology difficult to use, those who do not speak English,
those with visual impairments, those with learning difficulties
or dementia, and those within institutions:

I think that the app is very clear and the language is
very clear however there might be groups of society

who have a lot of surgery that find it difficult. I’m
talking about learning disabilities, Alzheimer’s and
so on..., or people that have had neurological trauma
and also people who might already be very unwell in
hospital.

It is very important to consider how the accessibility of
technology to these diverse groups can be enabled or improved.
For example, MySurgery will soon be available on Android
devices. Other adaptations might include developing an audio
version of the app, developing easy-to-read versions, translating
the app into different languages (so far, the app is available in
English and French), developing paper-based versions, and
considering whether the app needs to be adapted for situations
where it will be used by a caregiver as opposed to the patient
themselves (eg, when the patient is a child, has dementia, or is
too sick to use the technology themselves).

The use of MySurgery by older individuals (ie, 65+ years) was
also discussed, as there was a question around how accessible
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smartphone technology is to this population. There was
widespread agreement that although certain individuals in this
bracket may not be as familiar with smartphone technology as
others, older individuals in general are increasingly comfortable
with technology and are equally likely to own and use a
smartphone or tablet (this is supported by the national survey
data) [31]. Thus, it should not be assumed that older individuals
will struggle to access the intervention; however, alternative
formats, such as a hard copy of the app content, might be
preferred:

Don’t make assumptions about the elderly...[be]cause
there is a presumption that the elderly don’t like
technology. I’ve spoken to some people in their 70s,
I never say to them, do you know how to use an iPad,
you just hand it over.

Another group of individuals were identified who have access
to technology but would not wish to engage with this kind of
information or do not want to know about risk—the traditionally
passive patient described earlier. This reinforces the point that
the use of technology should not be forced but rather presented
as an option for enhancing care.

As a positive endorsement of MySurgery, there was agreement
among most members of the group that the identified barriers
to accessibility, although important to address, should not
prevent investment in or implementation of the app, particularly
where substantial improvements in the efficiency and safety of
care might be realized by its use for so many:

You cannot with one thing reach all people. You
probably won’t be able to reach a certain percentage,
but the point is it’s actually much more efficient for
most.

The group agreed, therefore, that as an intervention, MySurgery
should be taken forward but with the support of efforts to make
adaptations to improve adoption and accessibility where
necessary.

Implementation
Participants agreed on some key factors that would be important
to the implementation success of MySurgery (see Textbox 1
for a summary of these findings). First is the adoption of a
multifaceted approach that targets patients before their
preoperative appointment. The preoperative appointment
typically takes place within a few weeks before surgery and is
an opportunity for the patient (who may attend with a relative
or friend) to discuss their upcoming surgery and to ask questions.
Viewing the app before the appointment would mean they would
have time to digest the information and to prepare any questions
or information they feel are relevant, also giving them time to
take any necessary actions before their procedure. A number of
suggestions for signposting patients toward the app at this time
point were made. These included mentioning the app in the
preoperative letter (or including a flyer with the letter) with
information about it and instructions about how to download
it; providing information about the app on posters or on-screen
adverts in pharmacies, GP surgeries, and hospital waiting rooms;
or having tablets available in waiting rooms for patients to
explore the app:

The letter that goes out to you says, you might want
to look at this app first of all and if you have any
worries about patient safety, bring them up in the
interview, in the consultation. That is embedded in
part of the consultation process and accepted.

The app could also be made available in paper version for those
who find it difficult to use the technology. It will be important
to make use of the NHS digital champions linked to trusts to
help support implementation and to aid with adaptations such
as this that might make it more accessible.

The second factor raised by the participants was that the
implementation process should educate not only patients about
the app but also clinicians. Fundamentally, MySurgery, like
any safety intervention, should be something that all
stakeholders, including clinical staff, are aware of and bought
into to optimize its effectiveness. In the case of MySurgery,
having buy-in and awareness from the clinicians would mean
they could recommend the app if the patient had not yet heard
about it, promoting uptake and endorsing its validity, and in
doing so encourage patients to engage in safety-related
behaviors. This sends the signal to the patient that their
involvement is considered appropriate, as opposed to feeling
that they are challenging or questioning the clinician’s ability.
It would also help to reduce any potential strain on the
patient--doctor relationship resulting from a patient mentioning
an intervention the clinician is unaware of:

There’s a dual process going on here. As well as
education of patients and empowering them, it’s also
the education of the clinicians and I think it’s
imperative that you speak to clinicians about it, so
the onus isn’t on you to have to bring it up.

The next point around implementation focused on the content
of the communications put out around the app. One potential
untoward effect identified during the discussion was that the
nature of the app content, which is focused on patient behaviors
that can mitigate risks to safety, may be uncomfortable or even
anxiety provoking for some patients. A second potential issue
was that patients may feel that they have to use the app but may
potentially struggle with accessing it or using the technology.
To address these concerns, it was agreed that several points
should be set out clearly in any promotional material around
the app, including preoperative letters, poster or flyers, verbal
communications, the App Store description of the app, and the
introductory content of the app itself. It should be made clear
that use of the app is supported by the NHS but that it is optional
and supplementary to the safety procedures already in place.
The context and scientific basis of the app (including the context
of patient empowerment in which it sits) should be clarified in
plain jargon-free English such that users understand why the
use of the app may be beneficial and precisely what the app is
trying to achieve. It should be made clear how to download the
app, how to access help in using the app, and how the app
content can be accessed if the users do not have a smartphone
or tablet. Finally, examples of how to use the app in practice
should be set out to give users ideas about where and how they
might apply it to their care:
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If you want some help to access this app or would
like to discuss the information, you could contact your
local A, B, C...

Finally, there was some conversation around creating
specialty-specific versions of MySurgery, which are tailored to
the specific risk profiles of different surgical specialties with
more specific information around procedures and related
recovery advice. There was also the suggestion of tailoring the
app for specific hospital departments or units and integrating it
with existing protocols and procedures to engender buy-in from
staff and to help streamlining.

Discussion

Principal Findings
MySurgery is a smartphone app designed to empower patients
and their caregivers to contribute toward safer surgical care.
The animated checklist-type tool educates patients about simple
behaviors they can undertake to mitigate a number of key
evidence-based risks that are relevant to any hospital-based
surgical procedure, with the objective of preventing avoidable
surgical and medical complications. In this study, we conducted
focus groups with 22 diverse service users who had experience
of surgery to explore in-depth perceptions about the acceptability
of the app, approaches to aid effective implementation, and
strategies to address barriers to inclusion and accessibility.

As a general concept, participants supported the idea of patient
involvement in safety but felt that education around how to
become involved was important and that some would need
assistance in doing so, which is in line with previous research
[32]. MySurgery was endorsed as an acceptable approach to
facilitating patients to become involved in safety by setting out
key areas of risk that patients are able to influence (but which
they may not have been aware of) and the safety-related
behaviors they can participate in to mitigate their risk. The app
was deemed acceptable in terms of content and usability, and
participants agreed that by becoming better informed and
understanding where problems might arise, use of the app should
assist communication with health care professionals. It was also
deemed probable that use of the app would reduce susceptibility
to avoidable errors, given that patients would be more likely to
capture errors themselves or would be more active in helping
to avoid error-inducing conditions by following the advice. In
this sense, patients would act as an extra safeguard, adding to
the available resources in the health care system for improving
safety. Some important suggestions for improvement to the app
were provided, both in terms of content (eg, including links to
more detailed procedure-specific information) and usability (eg,
making it possible for users to access all sections of the app
rather than having to work through it in a specified order).

The study also offered important insights into the diversity and
inclusivity of its end users in terms of how to make the app
accessible to as many patients as possible. By virtue of the
recruitment approach undertaken, we achieved a diverse sample,
including representation from seldom-heard groups such as
those with a disability and those from a BAME background.
This contributed toward a rich and varied conversation with
reflections around the acceptability of MySurgery and barriers

to its use from many different perspectives. There were some
examples in which the app was deemed to be well set up in
terms of accessibility, such as the level of detail, animation, and
avoidance of jargon, making it accessible to those who might
not be comfortable or familiar with medical information.
However, the discussion also identified areas where further
development is required to make the app accessible to certain
groups or where barriers to using the information in the app
may arise.

Three key groups of individuals were identified who may
experience different kinds of barriers to using MySurgery. The
first were those who would like to use the app but cannot, for
very practical reasons, access it in its current format, for
example, those with visual impairments, those with learning
difficulties, those who do not have access to a smartphone or
tablet or who find technology difficult to use, those in prison
or other institutions, and those who do not speak English.
Various adaptations to the content and presentation of
MySurgery have been suggested to address the barriers to
inclusion, which should be explored and built into the ongoing
development of the app. The issue of digital exclusion has been
illuminated during the recent COVID-19 pandemic, which has
seen those in certain groups, such as those who cannot afford
the data required to download and interact with apps,
disproportionately set back in a number of respects [33].
Alternative approaches to accessing the content of apps, such
as MySurgery, must be made available to such groups.

The second group identified were those who would like to use
the app but who felt they would encounter difficulties in acting
on the information and advice provided. This may be due to
intrapersonal barriers (ie, relating to the user of the app
themselves), for example, if they are shy or feel psychologically
vulnerable in some way, which means they find it difficult to
become involved; interpersonal barriers (ie, between the user
of the app and health care professionals), for example, where
patients or professionals struggle to express themselves in a
way that is easy to understand; or cultural barriers (on behalf
of the user of the app and/or the health care professional), for
example, where some patients from certain cultures might deem
it inappropriate to question a person of authority or if health
care professionals are resistant to patient involvement. The
extent to which the barriers impede patient involvement may
vary from behavior to behavior. For example, some behaviors
recommended by the app can be completed privately with very
little interaction with health care workers, for example, ensuring
nonslip footwear is worn and caring appropriately for surgical
wounds following discharge, whereas other behaviors rely
heavily on effective communication and may be more strongly
influenced by the barriers described, for example, providing
information about medicines and medical history or checking
if health care workers have washed their hands. Previous work
on patient involvement in safety predicts that these kinds of
barriers will arise and outlines the importance of overcoming
them by understanding alternative approaches to empowering
patients [13]. This will require ongoing work with these patients
to understand which approaches to empowerment would be
acceptable to them. A final group was identified who may not
wish to use the app at all, for example, because they find it
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anxiety provoking or because they prefer to take a more passive
role. For these individuals, it should be made clear that use of
the app is optional. However, further work should also explore
how to repackage the content of MySurgery and other such
interventions into a format that may empower and educate these
individuals without pushing them outside of their comfort zone
or placing a perceived additional burden on them at a time when
they may already feel anxious. When patients become better
informed and prepared for their surgery (eg, by being exposed
to the information in the app), safety-related behaviors such as
communication with health care workers should improve
naturally [15].

These findings highlight an important point for app developers
in the health care sector. Although there are clearly many
benefits of apps in mobilizing knowledge, it is naïve to think
that apps alone democratize access to information. As
demonstrated here, there are cohorts of the population who, for
a range of reasons, are unable or unwilling to use health apps,
even when they have access to the technology. These barriers
to use may only be revealed when examining closely the
perceptions of users from a diverse range of backgrounds. It
may not be possible to overcome every barrier to app use, and
it may be that certain apps remain unsuitable for certain
individuals. However, in this study, given the broad support for
the MySurgery app, it was agreed by the participants that
recognizing the presence of barriers to use should not prevent
its development or future implementation but rather be used to
enhance the implementation process by building strategies to
improve accessibility. One approach that is likely to be
important for encouraging use across all patient groups is the
provision of support and encouragement for patient involvement
from health care professionals themselves, particularly for those
behaviors that patients perceive as potentially confrontational
(eg, asking a health care professional if they have washed their
hands before examining them). Indeed, the important role of
health care professionals in promoting the use of MySurgery
was a strong emergent theme in this study and is a
well-established finding in the safety literature [32,34].

Once the suggested improvements have been made to
MySurgery, the next step will be to trial implementation of the
app on a small scale within 1 or 2 surgical departments.
However, such interventions need to be initiated at the right
time with the right tools to be effective; therefore, careful
planning of the implementation strategy will be key. Several
important points were raised in the discussions that should be
fed into this approach. Regarding timing, it was agreed that
users should be signposted toward the app just before their
preoperative appointment when the information contained is
most salient to them and when they have time to act on the
advice, for example, by discussing safety-related matters with
their clinician at their appointment and by ensuring they have
followed the advice about preparing for surgery. It was also
deemed critical to engage clinicians in the roll out of the app
such that they are aware of the intervention and can promote it
with their patients and empower them to discuss any concerns.
This will likely involve not only education sessions and the
appointment of clinical champions but also, as mentioned before,
a long-term cultural effort to break down resistance to patient

involvement. Finally, part of the implementation approach
should focus on thorough communication of the remit and scope
of MySurgery, the broader safety context within which it sits,
and available assistance for downloading and using the app.

Strengths and Limitations
Common to qualitative research of this type, we had a small
sample size, which limits the generalizability of the results.
However, the objective of choosing focus groups over
quantitative approaches is that it allows for the generation of
far-richer data sets, which are desirable during the early phases
of evaluating an intervention and planning its implementation.
We achieved data saturation in the analysis, which allowed us
to understand in depth the perceptions of the intervention and
a theory of how it might work and the various themes we
discussed relating to its accessibility and implementation. By
carefully planning a diversity approach, we had representation
from individuals from groups that tend to be underrepresented
in health care research, including those with a disability, those
from a BAME background, and those from the LGBT+
community. We feel this enriched the data in making it more
representative of the population, encapsulating wide-ranging
views of individuals from diverse backgrounds. This resulted
in several points being raised, particularly around the inclusivity
of the MySurgery intervention, which may not have been
captured otherwise. To achieve this diversity, it was important
to plan the focus group meetings carefully to ensure that they
were accessible to all, that financial compensation for time and
travel was provided, and that all dietary requirements were
catered for. Incorporating a diversity approach in research such
as this will allow us to have a more nuanced way of
understanding the needs of different population groups and
therefore in addressing if and where digital exclusions apply
and how they can best be addressed. Given the close links
between engagement with a digital intervention and adherence
to its content, establishing an understanding of the factors that
will influence engagement is a critical activity that should be
undertaken with direct input from service users early on in the
process of app design. This helps in identifying the design
features that will draw users to (or deter them from) the
intervention in the first place and features of the app that will
enhance user motivation and autonomy and personal relevance
and credibility of the intervention for different groups [20,35].

Next Steps
Going forward with this program of research, it will be important
to triangulate our findings with the implementation science
literature to provide a theoretical lens and systematic approach
to finalize the implementation plan. Implementation scientists
are interested in understanding how best to promote the uptake
of research findings into routine health care, calling on
theoretical approaches to provide better understanding and
explain how and why implementation succeeds or fails.
Applying implementation science theory can help to map out
the entire implementation approach—using a single taxonomy
to identify the factors that might influence implementation
effectiveness, including identifying the relevant stakeholders,
the likely barriers to and facilitators of implementation, and
how these interact within the context at hand. If used to evaluate
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the initial stages of implementation, theoretical frameworks can
help to produce findings to inform stakeholders on
improvements to the intervention and its implementation. The
literature also provides guidance in the selection of
implementation strategies (ie, discrete methods or techniques
used to enhance the adoption and sustainability of an
intervention). Recent research has identified more than 70
discrete implementation strategies relevant to health care
researchers, ranging from assessing readiness for change within
an organization; providing supervision and training; tailoring
the intervention to the specific context, right through planning
marketing approaches; and considering incentive plans [36].
By consulting and cross-referencing these with the strategies
identified as being important in this study and matching them
to the barriers and facilitators identified, the approach to
implementation becomes more robust, and strategies that may
be helpful but may not have been considered can be built-in. In
addition, by applying a theoretical framework to the evaluation
of the implementation, it can aid in the implementation, which
increases the efficacy of research and allows results to be more
reliably generalized and built upon across future studies and
contexts [37,38]. A later step will be to consider economic
evaluation of the intervention to establish its role (if any) in cost
saving. Such evaluation is rarely attempted, despite offering a
more evidence-based assessment of the scalability,
sustainability, and benefits of broader investment in such

technology tools [39,40]. Finally, as raised in the focus group
discussion, it seems likely that there will be interest from
providers in tailoring apps such as MySurgery to specific
specialties or hospital units, to achieve better streamlining and
integration of processes of care. Adaptation of interventions to
specific contexts in this sense is an important principle of quality
improvement work of this kind, not least to engender increased
buy-in from staff. We will, therefore, be looking to collaborate
with NHS Trusts to produce tailored versions of MySurgery for
evaluation going forward. We will continue to build on the
theory and practice of incorporating a diversity and inclusion
approach into this study, as we believe, for reasons already
mentioned, that adopting this approach could have significant
benefits in making interventions more effective.

Conclusions
This study was successful in establishing a diverse and inclusive
stakeholder group to provide formative in-depth feedback on
the MySurgery app. The app was received enthusiastically. It
was endorsed as a powerful tool for enhancing patient
empowerment in general and an appropriate approach to
addressing well-established aims to involve patients and their
relatives directly in maintaining patient safety. Various
adaptations to the app should be made to make it more accessible
to certain groups, which will involve the development of a
comprehensive and multipronged implementation approach
informed by diverse stakeholders.

 

Acknowledgments
The authors would like to acknowledge the valued contributions made by all members of the focus groups and the time they
committed to the project. SR, JO, and NS were supported by the National Institute for Health Research (NIHR) Applied Research
Collaboration South London (ARC South London) at the King’s College Hospital NHS Foundation Trust. SR (creator of
MySurgery) is supported by the NIHR through a Knowledge Mobilization Fellowship to evaluate the MySurgery app over a
3-year program. JO was supported by the Health Foundation through an Improvement Science Fellowship. NS is a member of
King’s Improvement Science, which is part of the NIHR ARC South London and comprises a specialist team of improvement
scientists and senior researchers based at the King’s College London. Its work was funded by King’s Health Partners (Guy’s and
St Thomas’ NHS Foundation Trust, King’s College Hospital NHS Foundation Trust, King’s College London, and South London
and Maudsley NHS Foundation Trust), Guy’s and St Thomas’ Charity, the Maudsley Charity, and the Health Foundation. The
views expressed are those of the authors and not necessarily those of the NHS, the NIHR, or the Department of Health and Social
Care.

Conflicts of Interest
NS is the director of the London Safety and Training Solutions Ltd, which offers training in patient safety, implementation
solutions, and human factors to health care organizations.

Multimedia Appendix 1
Study advert.
[DOCX File , 600 KB - mhealth_v9i4e24065_app1.docx ]

Multimedia Appendix 2
Equality monitoring form.
[DOCX File , 114 KB - mhealth_v9i4e24065_app2.docx ]

Multimedia Appendix 3
Questionnaire regarding previous experience of surgery and smartphone apps.
[DOCX File , 157 KB - mhealth_v9i4e24065_app3.docx ]

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e24065 | p.410https://mhealth.jmir.org/2021/4/e24065
(page number not for citation purposes)

Russ et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

mhealth_v9i4e24065_app1.docx
mhealth_v9i4e24065_app1.docx
mhealth_v9i4e24065_app2.docx
mhealth_v9i4e24065_app2.docx
mhealth_v9i4e24065_app3.docx
mhealth_v9i4e24065_app3.docx
http://www.w3.org/Style/XSL
http://www.renderx.com/


Multimedia Appendix 4
Focus group discussion guide.
[DOC File , 231 KB - mhealth_v9i4e24065_app4.doc ]

Multimedia Appendix 5
Illustrative quotes.
[DOCX File , 18 KB - mhealth_v9i4e24065_app5.docx ]

References
1. Ryu S. Book Review: mHealth: New Horizons for Health through Mobile Technologies: Based on the Findings of the

Second Global Survey on eHealth (Global Observatory for eHealth Series, Volume 3). Healthc Inform Res 2012;18(3):231
[FREE Full text] [doi: 10.4258/hir.2012.18.3.231]

2. Calvillo J, Román I, Roa LM. How technology is empowering patients? A literature review. Health Expect 2015
Oct;18(5):643-652 [FREE Full text] [doi: 10.1111/hex.12089] [Medline: 23711169]

3. Alhomod A, Alzahrani S. Patient Empowerment via Mobile Personal Health Records and Mobile Health Applications: A
Review of the Current Use. 2019 Aug Presented at: Portland International Conference on Management of Engineering and
Technology (PICMET) (pp. ). IEEE; 2019 Aug 25; Portland, USA p. 1-4. [doi: 10.23919/picmet.2019.8893847]

4. All Party Parliamentary Groups. Patient empowerment: for better quality, more sustainable health services globally. London:
House of Commons. 2014. URL: https://www.iapo.org.uk/news/2014/may/22/
report-patient-empowerment-better-quality-more-sustainable-health-services-globally [accessed 2021-03-11]

5. The Joint Commission. Speak Up About Your Care. 2018. URL: https://www.jointcommission.org/resources/for-consumers/
speak-up-campaigns/about-your-care/ [accessed 2021-03-11]

6. Tritter J. Public and patient participation in health care and health policy in the United Kingdom. Health Expect 2011
Jun;14(2):220-223 [FREE Full text] [doi: 10.1111/j.1369-7625.2011.00697.x] [Medline: 21592265]

7. Radovic A, Badawy SM. Technology Use for Adolescent Health and Wellness. Pediatrics 2020 May;145(Suppl 2):S186-S194.
[doi: 10.1542/peds.2019-2056G] [Medline: 32358210]

8. Ramsey WA, Heidelberg RE, Gilbert AM, Heneghan MB, Badawy SM, Alberts NM. eHealth and mHealth interventions
in pediatric cancer: A systematic review of interventions across the cancer continuum. Psychooncology 2020 Jan;29(1):17-37.
[doi: 10.1002/pon.5280] [Medline: 31692183]

9. 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]

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. Zhao J, Freeman B, Li M. Can Mobile Phone Apps Influence People's Health Behavior Change? An Evidence Review. J
Med Internet Res 2016 Oct 31;18(11):e287 [FREE Full text] [doi: 10.2196/jmir.5692] [Medline: 27806926]

12. Make + Ship. MySurgery iPhone app helps NHS patients get the best outcome from their surgery. URL: https://www.
makeandship.com/project/mysurgery/ [accessed 2021-03-11]

13. Harris K, Søfteland E, Moi AL, Harthug S, Storesund A, Jesuthasan S, et al. Patients' and healthcare workers'
recommendations for a surgical patient safety checklist - a qualitative study. BMC Health Serv Res 2020 Jan 16;20(1):43
[FREE Full text] [doi: 10.1186/s12913-020-4888-1] [Medline: 31948462]

14. Davis R, Sevdalis N, Jacklin R, Vincent C. An examination of opportunities for the active patient in improving patient
safety. J Patient Saf 2012 Mar;8(1):36-43. [doi: 10.1097/PTS.0b013e31823cba94] [Medline: 22258225]

15. World Health Organisation. What you need to know before and after surgery. 2015. URL: https://www.who.int/surgery/
publications/patients_communication_tool.pdf?ua=1 [accessed 2021-03-11]

16. Ljungqvist O, Scott M, Fearon KC. Enhanced Recovery After Surgery: A Review. JAMA Surg 2017 Mar 01;152(3):292-298.
[doi: 10.1001/jamasurg.2016.4952] [Medline: 28097305]

17. Howard R, Yin YS, McCandless L, Wang S, Englesbe M, Machado-Aranda D. Taking Control of Your Surgery: Impact
of a Prehabilitation Program on Major Abdominal Surgery. J Am Coll Surg 2019 Jan;228(1):72-80 [FREE Full text] [doi:
10.1016/j.jamcollsurg.2018.09.018] [Medline: 30359831]

18. Khan SK, Malviya A, Muller SD, Carluke I, Partington PF, Emmerson KP, et al. Reduced short-term complications and
mortality following Enhanced Recovery primary hip and knee arthroplasty: results from 6,000 consecutive procedures.
Acta Orthop 2014 Feb;85(1):26-31 [FREE Full text] [doi: 10.3109/17453674.2013.874925] [Medline: 24359028]

19. Russ S, Latif Z, Hazell AL, Ogunmuyiwa H, Tapper J, Wachuku-King S, et al. A Smartphone App Designed to Empower
Patients to Contribute Toward Safer Surgical Care: Community-Based Evaluation Using a Participatory Approach. JMIR
Mhealth Uhealth 2020 Jan 20;8(1):e12859 [FREE Full text] [doi: 10.2196/12859] [Medline: 31958067]

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e24065 | p.411https://mhealth.jmir.org/2021/4/e24065
(page number not for citation purposes)

Russ et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

mhealth_v9i4e24065_app4.doc
mhealth_v9i4e24065_app4.doc
mhealth_v9i4e24065_app5.docx
mhealth_v9i4e24065_app5.docx
https://doi.org/10.4258/hir.2012.18.3.231
http://dx.doi.org/10.4258/hir.2012.18.3.231
http://europepmc.org/abstract/MED/23711169
http://dx.doi.org/10.1111/hex.12089
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23711169&dopt=Abstract
http://dx.doi.org/10.23919/picmet.2019.8893847
https://www.iapo.org.uk/news/2014/may/22/report-patient-empowerment-better-quality-more-sustainable-health-services-globally
https://www.iapo.org.uk/news/2014/may/22/report-patient-empowerment-better-quality-more-sustainable-health-services-globally
https://www.jointcommission.org/resources/for-consumers/speak-up-campaigns/about-your-care/
https://www.jointcommission.org/resources/for-consumers/speak-up-campaigns/about-your-care/
http://europepmc.org/abstract/MED/21592265
http://dx.doi.org/10.1111/j.1369-7625.2011.00697.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21592265&dopt=Abstract
http://dx.doi.org/10.1542/peds.2019-2056G
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32358210&dopt=Abstract
http://dx.doi.org/10.1002/pon.5280
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31692183&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
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.jmir.org/2016/11/e287/
http://dx.doi.org/10.2196/jmir.5692
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27806926&dopt=Abstract
https://www.makeandship.com/project/mysurgery/
https://www.makeandship.com/project/mysurgery/
https://bmchealthservres.biomedcentral.com/articles/10.1186/s12913-020-4888-1
http://dx.doi.org/10.1186/s12913-020-4888-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31948462&dopt=Abstract
http://dx.doi.org/10.1097/PTS.0b013e31823cba94
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22258225&dopt=Abstract
https://www.who.int/surgery/publications/patients_communication_tool.pdf?ua=1
https://www.who.int/surgery/publications/patients_communication_tool.pdf?ua=1
http://dx.doi.org/10.1001/jamasurg.2016.4952
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28097305&dopt=Abstract
http://europepmc.org/abstract/MED/30359831
http://dx.doi.org/10.1016/j.jamcollsurg.2018.09.018
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30359831&dopt=Abstract
http://europepmc.org/abstract/MED/24359028
http://dx.doi.org/10.3109/17453674.2013.874925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24359028&dopt=Abstract
https://mhealth.jmir.org/2020/1/e12859/
http://dx.doi.org/10.2196/12859
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31958067&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


20. Perski O, Blandford A, West R, Michie S. Conceptualising engagement with digital behaviour change interventions: a
systematic review using principles from critical interpretive synthesis. Transl Behav Med 2017 Jun;7(2):254-267 [FREE
Full text] [doi: 10.1007/s13142-016-0453-1] [Medline: 27966189]

21. Lai P. THE LITERATURE REVIEW OF TECHNOLOGY ADOPTION MODELS AND THEORIES FOR THE NOVELTY
TECHNOLOGY. JISTEM 2017 Apr 30;14(1). [doi: 10.4301/s1807-17752017000100002]

22. Dou K, Yu P, Deng N, Liu F, Guan Y, Li Z, et al. Patients' Acceptance of Smartphone Health Technology for Chronic
Disease Management: A Theoretical Model and Empirical Test. JMIR Mhealth Uhealth 2017 Dec 06;5(12):e177 [FREE
Full text] [doi: 10.2196/mhealth.7886] [Medline: 29212629]

23. Hennings C, Herstatt C. Belief elicitation study: Identifying salient beliefs of patients towards the use of mHealth. Working
Paper; 2019. URL: https://www.econstor.eu/handle/10419/192994 [accessed 2012-03-11]

24. Tritter J, Landstad B. Focus Groups. In: Qualitative Research in Health Care. Online: John Wiley & Sons Ltd; Jan 2020:15-66.
25. Ocloo J, Matthews R. From tokenism to empowerment: progressing patient and public involvement in healthcare

improvement. BMJ Qual Saf 2016 Aug;25(8):626-632 [FREE Full text] [doi: 10.1136/bmjqs-2015-004839] [Medline:
26993640]

26. Ocloo J. Being heard, not, "seldom heard": democratising research with diverse communities during the covid-19 pandemic.
BMJ Opinion. 2020. URL: https://blogs.bmj.com/bmj/2020/06/02/
being-heard-not-seldom-heard-democratising-research-with-diverse-communities-during-the-covid-19-pandemic/ [accessed
2021-03-11]

27. Equality Act 2010. Equality Act. 2010. URL: https://www.legislation.gov.uk/ukpga/2010/15/contents [accessed 2021-03-11]
28. Dawson S, Campbell SM, Giles SJ, Morris RL, Cheraghi-Sohi S. Black and minority ethnic group involvement in health

and social care research: A systematic review. Health Expect 2018 Feb;21(1):3-22 [FREE Full text] [doi: 10.1111/hex.12597]
[Medline: 28812330]

29. NIHR. Going the extra mile: Improving the nation's health and well-being through public involvement in research. URL:
https://www.nihr.ac.uk/documents/about-us/our-contribution-to-research/how-we-involve-patients-carers-and-the-public/
Going-the-Extra-Mile.pdf [accessed 2021-03-11]

30. Thomas DR. A General Inductive Approach for Analyzing Qualitative Evaluation Data. American Journal of Evaluation
2016 Jun 30;27(2):237-246. [doi: 10.1177/1098214005283748]

31. Williams R. One in five people aged 75 and over now use a smartphone. Jan. 2019. URL: https://inews.co.uk/news/
one-in-five-people-aged-75-and-over-now-use-a-smartphone-245856 [accessed 2021-03-11]

32. Davis RE, Sevdalis N, Vincent CA. Patient involvement in patient safety: How willing are patients to participate? BMJ
Qual Saf 2011 Jan;20(1):108-114. [doi: 10.1136/bmjqs.2010.041871] [Medline: 21228083]

33. The Guardian. Digital divide 'isolates and endangers' millions of UK's poorest. 2020. URL: https://www.theguardian.com/
world/2020/apr/28/digital-divide-isolates-and-endangers-millions-of-uk-poorest [accessed 2021-03-11]

34. Rose SA, Poynter PS, Anderson JW, Noar SM, Conigliaro J. Physician weight loss advice and patient weight loss behavior
change: a literature review and meta-analysis of survey data. Int J Obes (Lond) 2013 Jan;37(1):118-128. [doi:
10.1038/ijo.2012.24] [Medline: 22450855]

35. Perski O, Blandford A, Ubhi HK, West R, Michie S. Smokers' and drinkers' choice of smartphone applications and
expectations of engagement: a think aloud and interview study. BMC Med Inform Decis Mak 2017 Feb 28;17(1):25 [FREE
Full text] [doi: 10.1186/s12911-017-0422-8] [Medline: 28241759]

36. Powell BJ, Waltz TJ, Chinman MJ, Damschroder LJ, Smith JL, Matthieu MM, et al. A refined compilation of implementation
strategies: results from the Expert Recommendations for Implementing Change (ERIC) project. Implement Sci 2015 Feb
12;10:21 [FREE Full text] [doi: 10.1186/s13012-015-0209-1] [Medline: 25889199]

37. Tabak RG, Khoong EC, Chambers DA, Brownson RC. Bridging research and practice: models for dissemination and
implementation research. Am J Prev Med 2012 Sep;43(3):337-350 [FREE Full text] [doi: 10.1016/j.amepre.2012.05.024]
[Medline: 22898128]

38. Nilsen P. Making sense of implementation theories, models and frameworks. Implement Sci 2015 Apr 21;10:53 [FREE
Full text] [doi: 10.1186/s13012-015-0242-0] [Medline: 25895742]

39. Badawy SM, Kuhns LM. Economic Evaluation of Text-Messaging and Smartphone-Based Interventions to Improve
Medication Adherence in Adolescents with Chronic Health Conditions: A Systematic Review. JMIR Mhealth Uhealth 2016
Oct 25;4(4):e121 [FREE Full text] [doi: 10.2196/mhealth.6425] [Medline: 27780795]

40. 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. [doi: 10.1371/journal.pone.0170581] [Medline:
28152012]

Abbreviations
BAME: Black, Asian, and minority ethnic
CIS: Centre for Implementation Science
LGBT+: lesbian, gay, bisexual, transgender, and queer

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e24065 | p.412https://mhealth.jmir.org/2021/4/e24065
(page number not for citation purposes)

Russ et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://europepmc.org/abstract/MED/27966189
http://europepmc.org/abstract/MED/27966189
http://dx.doi.org/10.1007/s13142-016-0453-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27966189&dopt=Abstract
http://dx.doi.org/10.4301/s1807-17752017000100002
https://mhealth.jmir.org/2017/12/e177/
https://mhealth.jmir.org/2017/12/e177/
http://dx.doi.org/10.2196/mhealth.7886
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29212629&dopt=Abstract
https://www.econstor.eu/handle/10419/192994
http://qualitysafety.bmj.com/lookup/pmidlookup?view=long&pmid=26993640
http://dx.doi.org/10.1136/bmjqs-2015-004839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26993640&dopt=Abstract
https://blogs.bmj.com/bmj/2020/06/02/being-heard-not-seldom-heard-democratising-research-with-diverse-communities-during-the-covid-19-pandemic/
https://blogs.bmj.com/bmj/2020/06/02/being-heard-not-seldom-heard-democratising-research-with-diverse-communities-during-the-covid-19-pandemic/
https://www.legislation.gov.uk/ukpga/2010/15/contents
http://europepmc.org/abstract/MED/28812330
http://dx.doi.org/10.1111/hex.12597
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28812330&dopt=Abstract
https://www.nihr.ac.uk/documents/about-us/our-contribution-to-research/how-we-involve-patients-carers-and-the-public/Going-the-Extra-Mile.pdf
https://www.nihr.ac.uk/documents/about-us/our-contribution-to-research/how-we-involve-patients-carers-and-the-public/Going-the-Extra-Mile.pdf
http://dx.doi.org/10.1177/1098214005283748
https://inews.co.uk/news/one-in-five-people-aged-75-and-over-now-use-a-smartphone-245856
https://inews.co.uk/news/one-in-five-people-aged-75-and-over-now-use-a-smartphone-245856
http://dx.doi.org/10.1136/bmjqs.2010.041871
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21228083&dopt=Abstract
https://www.theguardian.com/world/2020/apr/28/digital-divide-isolates-and-endangers-millions-of-uk-poorest
https://www.theguardian.com/world/2020/apr/28/digital-divide-isolates-and-endangers-millions-of-uk-poorest
http://dx.doi.org/10.1038/ijo.2012.24
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22450855&dopt=Abstract
https://bmcmedinformdecismak.biomedcentral.com/articles/10.1186/s12911-017-0422-8
https://bmcmedinformdecismak.biomedcentral.com/articles/10.1186/s12911-017-0422-8
http://dx.doi.org/10.1186/s12911-017-0422-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28241759&dopt=Abstract
https://implementationscience.biomedcentral.com/articles/10.1186/s13012-015-0209-1
http://dx.doi.org/10.1186/s13012-015-0209-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25889199&dopt=Abstract
http://europepmc.org/abstract/MED/22898128
http://dx.doi.org/10.1016/j.amepre.2012.05.024
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22898128&dopt=Abstract
https://implementationscience.biomedcentral.com/articles/10.1186/s13012-015-0242-0
https://implementationscience.biomedcentral.com/articles/10.1186/s13012-015-0242-0
http://dx.doi.org/10.1186/s13012-015-0242-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25895742&dopt=Abstract
https://mhealth.jmir.org/2016/4/e121/
http://dx.doi.org/10.2196/mhealth.6425
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27780795&dopt=Abstract
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
http://www.w3.org/Style/XSL
http://www.renderx.com/


NHS: National Health Service
NIHR: National Institute for Health Research
PPI: Patient and Public Involvement

Edited by G Eysenbach; submitted 15.09.20; peer-reviewed by S Badawy, K Ferrini; comments to author 31.10.20; revised version
received 15.01.21; accepted 31.01.21; published 08.04.21.

Please cite as:
Russ S, Sevdalis N, Ocloo J
A Smartphone App Designed to Empower Patients to Contribute Toward Safer Surgical Care: Qualitative Evaluation of Diverse
Public and Patient Perceptions Using Focus Groups
JMIR Mhealth Uhealth 2021;9(4):e24065
URL: https://mhealth.jmir.org/2021/4/e24065 
doi:10.2196/24065
PMID:33830062

©Stephanie Russ, Nick Sevdalis, Josephine Ocloo. Originally published in JMIR mHealth and uHealth (http://mhealth.jmir.org),
08.04.2021. 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 2021 | vol. 9 | iss. 4 | e24065 | p.413https://mhealth.jmir.org/2021/4/e24065
(page number not for citation purposes)

Russ et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://mhealth.jmir.org/2021/4/e24065
http://dx.doi.org/10.2196/24065
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33830062&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Measuring the Quality of Clinical Skills Mobile Apps for Student
Learning: Systematic Search, Analysis, and Comparison of Two
Measurement Scales

Tehmina Gladman1, PhD; Grace Tylee2, MBChB; Steve Gallagher3, PhD; Jonathan Mair2, MBChB; Rebecca Grainger1,
PhD
1Education Unit, University of Otago Wellington, Wellington, New Zealand
2Hutt Valley District Health Board, Lower Hutt, New Zealand
3Education Unit, Dunedin School of Medicine, University of Otago, Dunedin, New Zealand

Corresponding Author:
Tehmina Gladman, PhD
Education Unit
University of Otago Wellington
PO Box 7343
Newtown
Wellington, 6242
New Zealand
Phone: 64 04 918 6749
Email: tehmina.gladman@otago.ac.nz

Abstract

Background: Mobile apps are widely used in health professions, which increases the need for simple methods to determine the
quality of apps. In particular, teachers need the ability to curate high-quality mobile apps for student learning.

Objective: This study aims to systematically search for and evaluate the quality of clinical skills mobile apps as learning tools.
The quality of apps meeting the specified criteria was evaluated using two measures—the widely used Mobile App Rating Scale
(MARS), which measures general app quality, and the Mobile App Rubric for Learning (MARuL), a recently developed instrument
that measures the value of apps for student learning—to assess whether MARuL is more effective than MARS in identifying
high-quality apps for learning.

Methods: Two mobile app stores were systematically searched using clinical skills terms commonly found in medical education
and apps meeting the criteria identified using an approach based on PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines. A total of 9 apps were identified during the screening process. The apps were rated independently
by 2 reviewers using MARS and MARuL.

Results: The intraclass correlation coefficients (ICCs) for the 2 raters using MARS and MARuL were the same (MARS ICC
[two-way]=0.68; P<.001 and MARuL ICC [two-way]=0.68; P<.001). Of the 9 apps, Geeky Medics-OSCE revision (MARS
Android=3.74; MARS iOS=3.68; MARuL Android=75; and MARuL iOS=73) and OSCE PASS: Medical Revision (MARS
Android=3.79; MARS iOS=3.71; MARuL Android=69; and MARuL iOS=73) scored highly on both measures of app quality
and for both Android and iOS. Both measures also showed agreement for the lowest rated app, Patient Education Institute (MARS
Android=2.21; MARS iOS=2.11; MARuL Android=18; and MARuL iOS=21.5), which had the lowest scores in all categories
except information (MARS) and professional (MARuL) in both operating systems. MARS and MARuL were both able to
differentiate between the highest and lowest quality apps; however, MARuL was better able to differentiate apps based on teaching
and learning quality.

Conclusions: This systematic search and rating of clinical skills apps for learning found that the quality of apps was highly
variable. However, 2 apps—Geeky Medics-OSCE revision and OSCE PASS: Medical Revision—rated highly for both versions
and with both quality measures. MARS and MARuL showed similar abilities to differentiate the quality of the 9 apps. However,
MARuL’s incorporation of teaching and learning elements as part of a multidimensional measure of quality may make it more
appropriate for use with apps focused on teaching and learning, whereas MARS’s more general rating of quality may be more
appropriate for health apps targeting a general health audience. Ratings of the 9 apps by both measures also highlighted the
variable quality of clinical skills mobile apps for learning.
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Introduction

Background
Mobile apps are widely used by health care professionals and
have been shown to improve documentation, workflows, access
to information, and clinical decision support [1]. Apps can be
found from web-based vendors (app stores), web-based
repositories (app repositories, online communities, and news
stories), and peer-reviewed literature [2]. A recently published
framework for finding apps [3] recommends peer-reviewed
literature as the first source of information on quality apps. This
nascent body of literature includes high-quality evaluations of
single apps and systematic searches of app stores for apps, often
including the appraisal of app quality. There is an emerging
literature on systematic app store searches for apps to support
clinical care [4-10] and the development of instruments for
assessing app quality, such as the Mobile App Rating Scale
(MARS) [11]. Although mobile apps are now widely accessible
and being implemented in clinical care, the role of mobile apps
in medical education is less well evaluated.

Mobile app use for teaching and learning has been an area of
exploration since the first smartphones became available, and
there has been growing use since then [12]. With this increased
use, some studies have aimed to determine the characteristics
of mobile apps that best contribute to student learning [12,13].
The app characteristics that users identify as best-promoting
self-regulated and deep learning include perceived usefulness,
perceived satisfaction, and interactivity [13,14]. Although
frameworks for implementing mobile technology in medical
education have been proposed [15], the evaluation of mobile
technology use among medical students is largely limited to
surveys evaluating types of apps used and extent of use [16-19]
and barriers and facilitators to the use of mobile devices [20,21].
To date, there have not been many studies to identify or evaluate
apps to support medical student learning or any systematic app
store searches to identify and evaluate the potential quality of
apps aimed at medical students. Such studies would be useful
for medical teachers in their role as resource curators [22] so
that they can easily compare, identify, and direct students to
content-relevant, high-quality apps to support learning. Medical
students would also be consumers of such research to find apps
that may support self-directed learning. By considering aspects
of an app, such as the usefulness of the content being presented,
the interactivity of the app in its presentation of content, and its
use of methods of learning that increase student satisfaction and
interest, such as case-based learning [23], and combining
user-centered qualities with technology-centered qualities such
as functionality, stability, esthetic appeal, and ease of use [24],
we can identify apps that are likely to be effective aids for
learning.

We have previously worked with medical students to develop
a rubric to evaluate the value of mobile apps to support medical
student just-in-time learning [25]. This instrument, the Mobile

App Rubric for Learning (MARuL), can be rapidly and easily
used by teachers or students to rate the quality of an app and its
potential to be useful for learning. MARuL contains 4
categories: teaching and learning measures (n=9), user-centered
measures (n=7), professional measures (n=3), and usability
measures (n=7). As mobile apps do not yet seem to be widely
endorsed or promoted by medical schools to support learning
[15,26], MARuL may offer a tool for the faculty to confidently
evaluate the quality of apps to support learning [27].

Although the general quality of any health app can be evaluated
with the well-established MARS instrument, apps for medical
student learning are a subset of health apps that have a specific
purpose requiring additional aspects for evaluation. MARuL,
though adapting 9 items from MARS, was designed specifically
to measure aspects of an app related to its value for medical
student learning [25].

Objectives
This study reports on the use of MARS and MARuL to evaluate
apps designed to help medical students develop clinical skills.
Clinical skills are a competency that all medical students need
to acquire, requiring complex knowledge, psychomotor skills,
and integration skills. Good-quality apps could be a useful
learning tool for students to acquire these skills. We define
clinical skills as any discrete and observable act within the
overall process of patient care [27], and for the purposes of this
study, we focus on clinical skills required during a traditional
doctor-patient interaction. The apps of interest might support
the development of history taking, physical examination skills,
and patient explanation, which are often assessed in objective
structured clinical examinations (OSCEs).

To extend previous work in developing methods of systematic
app store search and app evaluation [28] specifically for apps
for medical student learning, we aim to do the following:

• Undertake a systematic search of app stores to identify apps
available to support clinical skills development by medical
students.

• Evaluate the perceived quality of those apps using MARS
and the potential value of those apps for student just-in-time
learning of clinical skills using MARuL.

• Compare MARS and MARuL as methods for evaluating
perceived quality and value of apps for learning.

Methods

App Identification
We performed a systematic app search in the New Zealand
Apple iOS App Store and Google Play Store between January
15 and February 1, 2019. Search terms were chosen to focus on
apps for teaching and learning in health. Three of the authors
(TG, GT, and RG) developed the search terms and inclusion
and exclusion criteria through preliminary searches and
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discussion. The final set contained 14 search terms that were searched one at a time (Textbox 1).

Textbox 1. Search terms used in app stores grouped by focus of search term.

General:

• Clinical skills

Objective Structured Clinical Examination:

• OSCE

• Objective Structured Clinical Examination

History taking:

• Medical history taking

• Clinical history taking

• Patient history

Examinations:

• Medical examination

• Medical exam

• Physical examination

• Physical exam

• Clinical examination

• Clinical exam

Explanation:

• Planning and explaining

• Patient education

Eligibility Criteria
Apps were initially screened during the search by reading the
title and description of the app in the app store. Apps were
eligible for inclusion in the review if, in the initial screening,
they fulfilled the following 6 inclusion criteria: (1) were
available in English; (2) included at least one of the keywords
(Textbox 1) in the title or description; (3) included an interactive
element requiring some form of input (as deliberate practice
with active learning is more effective [14]—to be interactive,
an app must require students to perform in some way, eg, by
filling in a form, answering questions, or interacting with an
image by rotation or other means); (4) their target audience
included medical students based on a statement in the app
description; (5) supported iOS 8 or later and Android version
5 or later (to include devices in the last 5 years that used these
systems); (6) were available for both Android and iOS to ensure
student accessibility.

Apps were excluded if they failed to meet the inclusion criteria
or if they met any of the following exclusion criteria: (1) priced
more than NZ $10 (US $7) for a monthly subscription or as a
one-off price; based on a discussion with GT, student research
collaborator, and RG, a local leader in medical education and
experienced clinician; this was thought to be a reasonable
maximum cost that either a student would spend on themselves
or an institution would be willing to spend per user; (2) were
reference-only apps (passive with no student input, ie, do not

require students to interact beyond basic touchscreen
requirements such as page turning or pressing play on a video,
eg, textbook apps or apps that contain videos of clinical skills
being performed that students watch but do not interact with);
(3) designed for staff-only use in formative or summative
assessment contexts; (4) complemented other software (not
stand alone); and (5) required a log in or sign up to be used
[29,30] based on a discussion with GT who noted that requiring
an initial signup or registration was a barrier to use for most of
her student colleagues. These exclusion criteria were based on
potential barriers to students’ use or reduced quality of learning
for students.

Data Extraction
A data screening and extraction spreadsheet was developed and
refined by 2 researchers (GT and TG) using Airtable [31] before
the search. The app name, developer, operating system,
reviewer, and whether the app was included or excluded were
recorded in the spreadsheet during the initial search and
screening of the app store search. Apps were excluded if one
of the exclusion criteria was met, and the reason for exclusion
was recorded. The iOS store was searched using an iPhone 7
(Apple Inc) and an iPhone 8 using iOS version 12.1.3, and the
Google Play Store was searched using 2 Samsung Galaxy J1
Ace phones using Android version 5.1.1.

The app search for the iOS App Store and Google Play Store
was completed in parallel but independently by 2 authors (GT
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and TG). GT and TG then jointly reviewed the apps where there
was a lack of agreement. Each discrepancy was discussed, and
a final decision was made regarding inclusion or exclusion and
the grounds for exclusion. The search and screening are reported
based on the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) phase 1 guidelines, modified for
app stores and app metadata [32].

App Rating
All included apps were independently rated by 2 reviewers (JM
and SG) with MARS [11] and MARuL [25]. The 2 reviewers
were chosen because of their relationship to the student
experience. One reviewer is a near peer of medical students,
and the other reviewer works extensively with web-based
learning for medical education to support student learning. Both
MARS and MARuL versions include instructions to consider
the target audience for the app, and the individual items of each
measure use language keeping the target audience in mind.

First, the 2 reviewers met on videoconference to confirm their
understanding of each rubric and its submeasures. They then
completed a pilot rating on one excluded app and met on
videoconference to discuss their scoring on the items and come
to an agreement on how to interpret items that they differed on.
The reviewers then independently downloaded and reviewed
the included apps in iOS (iPhone 6 Plus and iPhone 6s) and
Android (Samsung Galaxy J1 Ace) between November 10 and
December 9, 2019. App reviews were completed using the
MARS and MARuL in a web-based form (Qualtrics), with data
exported to an Excel spreadsheet (Microsoft Office, version
16.40,20081000). The reviewers interacted with each app to
fully explore its features before completing the MARS and
MARuL. Both category and overall scores on MARS and
MARuL for each app were calculated for each reviewer. To
measure interrater reliability for MARS and MARuL, intraclass
correlation coefficient (ICC) estimates were calculated with
their 95% CIs in RStudio [33] based on a single-rating,
consistency, two-way mixed effects model [34].

MARS comprises four categories of perceived app
quality—engagement, functionality, esthetics, and
information—and 1 category of subjective quality. Each
category score is the mean of the items, rated on a 5-point
Likert-type scale (from 1=inadequate to 5=excellent) within its
category. The overall quality score was calculated by taking the
mean of the 4 app quality category scores, with a final score
ranging from 0 to 5 [11].

MARuL is composed of four categories, each of which receives
a score. The category scores are summed together to reach an
overall value for the learning score. The MARuL category score
is calculated by adding the rating for each item on a 5-point
Likert-type scale (0=does not fulfill the item requirements,
1=poorly fulfills the requirements, 2=somewhat fulfills the
requirements, 3=mostly fulfills the requirements, and 4=fully
meets the requirements) within each category to reach a total
score for that category (teaching and learning=36,
user-centered=28, professional measures=12, and usability=28).
Summing the categories gives the user an overall score of 104.
Apps are then categorized by their scoring range (<50=not at
all valuable, 51-69=potentially valuable, and >69=probably
valuable) [25].

Results

App Store Search
A total of 1291 iOS apps and 4193 Android apps were screened
in the iOS App Store and Google Play Store, respectively.
Following the app title and description screening, 1210 iOS
apps and 4087 Android apps were excluded. Despite using the
same search terms, sometimes discrepancies in the results from
the search carried out by the 2 reviewers were seen, such as
some apps only being found by one reviewer. Only the apps
that were found by both reviewers were included in the final
sample. We made this decision as our goal for this study was
to rate commonly found apps available in both iOS and Android
app stores. If the same apps appeared in a search by both a
student and staff member, it was felt that they would be
commonly located despite any search optimization in use. The
two main reasons for exclusion of Android apps were that no
keywords were found within the title or description (1897/4087,
46.4%) or that they were only found by one of the 2 researchers
(1599/4087, 39.1%). The two main reasons for exclusion of
iOS apps were no keywords in the title or description (890/1210,
73.6%), followed by a price greater than NZD $10 (US $7) as
a one-off or recurring cost (129/1210, 10.7%). For iOS, 81 apps
from the 14 search terms were identified, 35 of which were
unique apps. For Android apps, a total of 106 apps were
identified, of which 29 were unique. Of the 35 unique iOS apps
and 29 unique Android apps, 9 apps were found on both iOS
App Store and Google Play Store for inclusion. A search of the
Apple Store in the United States using the website fnd.io [35]
did not find any further apps that were also available in the
international Google Play Store. Figure 1 shows the search and
screening process.
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Figure 1. Flowchart for the identification of the Google Play Store and iOS App Store clinical skills apps. MARS: Mobile App Rating Scale; MARuL:
Mobile App Rubric for Learning. OSCE: objective structured clinical examinations.

App Characteristics
The characteristics of the apps are summarized in Table 1. The
apps ranged in size from 2.7 to 229.2 MB. All apps were free
to download except OSCE PASS: Medical Revision, which cost

NZD $10 (US $7). Three of the apps, Geeky Medics-OSCE
revision; InSimu: The Patient Simulator; and Resuscitation!,
had in-app purchases available for additional content. Of the 9
apps, 7 apps were stated to be for medical students and 5 apps
specifically focused on clinical skills for OSCE practice.
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Table 1. Characteristics of the 9 included apps.

DescriptionApp size (MB)CostApp versionDeveloperApp name

Interactive 3D heart anatomy
and educational pathology
videos

229.2Free3.0 (iOS); 2.3
(Android)

American College of
Cardiology

CardioSmart; Heart Ex-
plorer

OSCE guides for medical stu-
dents

76.6Free; in-app purchases up
to NZ $18.99 (US $13.41)
on iOS and NZ $29.99 (US
$21.18) on Android

2.81 (iOS); 2.46
(Android)

Geeky Medics LTDGeeky Medics-OSCEa

revision

Virtual clinic environment or
simulation, work-through di-
agnosis

51.8Free; in-app purchases up
to NZ $499.99 (US
$353.09) for lifetime ac-
cess

1.7.7 (iOS); 1.8.7
(Android)

InSimuInSimu—The Patient
Simulator (iOS); In-
Simu—Diagnose Virtual
Clinical Cases (Android)

Written guides and video
demonstrations for clinical
skills

8.3 (iOS); 3.79
(Android)

NZ $10 (US $7)1.1 (iOS); 1.0
(Android)

Entremed LtdOSCE PASS: Medical
Revision

OSCE revision guides with
test function

10.2Free1.2.1 (iOS); 1.1.5
(Android)

Matthew RocheOSCE Revision for Med-
ical Students (iOS);
OSCE Revision (An-
droid)

Guides for clinical skills with
test and practice options

22.2Free1.0Ahmad Alhashemi
(iOS); Essentials of
clinical examination
(Android)

OSCEr

Interactive checklists for
physical examination

2.9Free3.1Charles Goldberg
(iOS); MedEd Apps
(Android)

Pocket PEx: Physical
Exam Aid (iOS); Pocket
PEx (Android)

Virtual patient simulator,
work-through diagnosis

82.7Free; in-app purchases up
to NZ $16.99 (US $11.99)

2.8 (iOS); 2.0
(Android)

EM Gladiators LLCResuscitation!

Medical illustrations2.7Free1.2.3 (iOS); 1.2.2
(Android)

Olaf Breukhoven (iOS);
The Patient Education
Institute (Android)

Patient Education Insti-
tute

aOSCE: objective structured clinical examination.

App Rating
The 9 apps reviewed by the 2 researchers were CardioSmart
Heart Explorer; Geeky Medics-OSCE revision; InSimu—The
Patient Simulator; OSCE Revision; OSCEr; Pocket PEx:

Physical Exam Aid; OSCE PASS: Medical Revision; Patient
Education Institute; and Resuscitation! ICC scores for MARuL
was ICC (two-way)=0.68 (P<.001) and for MARS was ICC
(two-way)=0.68 (P<.001), indicating moderate reliability (Table
2) [34].

Table 2. Interrater reliability scores for the Mobile App Rubric for Learning and Mobile App Rating Scale.

F test with true value 095% CIIntraclass correlationRating measures

P valueF test (df)

<.0015.2 (367)0.618-0.7290.677MARSa

<.0015.18 (415)0.621-0.7250.676MARuLb

aMARS: Mobile App Rating Scale.
bMARuL: Mobile App Rubric for Learning.

The total app quality mean scores from the MARS evaluation
ranged from 2.11 to 3.71 on the 9 iOS apps and 2.21 to 3.79 on
the 9 Android apps (Table 3), with lowest scores generally
occurring in the engagement and information categories. OSCE

PASS: Medical Revision (iOS=3.71; Android=3.79), Geeky
Medics-OSCE revision (iOS=3.68; Android=3.74), and
CardioSmart Heart Explorer (iOS=3.53; Android=3.53) were
the top-scoring apps on iOS and Android.
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Table 3. Average Mobile App Rating Scale scores from the 2 raters for the 9 apps tested.

Subjective qualityInformationAestheticsFunctionalityEngagementTotalOperating system and app name

Android

3.883.433.834.633.603.79OSCEa PASS: Medical Revision

3.883.294.004.383.703.74Geeky Medics-OSCE revision

2.003.004.334.383.103.53CardioSmart Heart Explorer

3.632.793.504.383.603.45Resuscitation!

2.002.713.674.252.903.24OSCEr

1.882.503.173.633.203.03InSimu—The Patient Simulator

1.882.572.674.002.102.76Pocket PEx: Physical Exam Aid

1.632.213.002.752.002.39OSCE Revision for Medical Students

1.002.362.172.751.602.21Patient Education Institute

iOS

3.883.364.004.503.403.71OSCE PASS: Medical Revision

3.753.294.174.753.103.68Geeky Medics-OSCE revision

2.383.144.334.253.003.53CardioSmart Heart Explorer

3.632.793.674.503.603.50Resuscitation!

2.132.573.504.252.903.16OSCEr

1.752.712.674.132.102.84Pocket PEx: Physical Exam Aid

1.752.143.333.382.802.76InSimu—The Patient Simulator

1.882.213.003.132.702.66OSCE Revision for Medical Students

1.002.292.002.631.502.11Patient Education Institute

aOSCE: objective structured clinical examination.

The MARuL overall app scores ranged from 21.5 to 73.0 for
the 9 iOS apps and 18.0 to 75.0 for the 9 Android apps. Two
apps, Geeky Medics-OSCE revision and OSCE PASS: Medical
Revision, scored as probably valuable in both iOS and Android,
and 1 app—Resuscitation!—as potentially valuable in both iOS

and Android (Table 4). CardioSmart Heart Explorer scored at
the low end of the range for potentially valuable in Android
only. The remaining apps had a MARuL score of less than 50
or not at all valuable.

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e25377 | p.420https://mhealth.jmir.org/2021/4/e25377
(page number not for citation purposes)

Gladman et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Table 4. Average Mobile App Rubric for Learning scores from the 2 raters for the 9 apps tested.

Usability score
out of 28

Professional score
out of 12

Teaching and learning
score out of 36

User-centered score
out of 28

Total score
out of 104

Operating system and app name

Android

22.58.5242075Geeky Medics-OSCEa revision

19.55.5242069OSCE PASS: Medical Revision

205211965Resuscitation!

21.59.512.51154.5CardioSmart Heart Explorer

15.56.519.58.550OSCE Revision for Medical Students

17.5615947.5OSCEr

15.58.514.57.546Pocket PEx: Physical Exam Aid

185.58.58.540.5InSimu—The Patient Simulator

1052118Patient Education Institute

iOS

218.52419.573Geeky Medics-OSCE revision

20825.519.573OSCE PASS: Medical Revision

205.52218.566Resuscitation!

18.51010.510.549.5CardioSmart Heart Explorer

16.58168.549Pocket PEx: Physical Exam Aid

17616948OSCEr

207.58.5945InSimu—The Patient Simulator

13.56.5145.539.5OSCE Revision for Medical Students

12621.521.5Patient Education Institute

aOSCE: objective structured clinical examination.

Discussion

Principal Findings
This systematic app store search of the iOS App Store and
Google Play Store for apps supporting the development of
clinical skills required in the doctor-patient consultation in
medical students resulted in the inclusion of 9 relevant apps.
The evaluation of the 9 apps—using MARS [11] and MARuL
[25]—found only 2 apps that scored highly in fulfilling the
quality criteria across both measures of perceived quality for
both mobile operating systems, Geeky Medics-OSCE revision
and OSCE PASS: Medical Revision. However, each operating
system and quality measure identified 3 apps that scored highly
in fulfilling the criteria. The top 3 apps as rated by MARS were
OSCE PASS: Medical Revision, Geeky Medics-OSCE revision,
and CardioSmart Heart Explorer. For MARuL, Geeky
Medics-OSCE revision, OSCE PASS: Medical Revision, and
Resuscitation! were the top-scoring apps.

MARS and MARuL were designed to measure the perceived
quality of apps for different purposes. Although MARS was
developed as a method for measuring the perceived quality of
a health mobile app for general use purposes [11], MARuL was
specifically developed as a measure of the perceived value of
a health education app to support student learning [25]. Both
measures differentiated between apps of varying quality, as

shown by the similarity of their top-ranked apps and the
consistency with which they categorized the lowest ranked app,
Patient Education Institute, across most of their categories. The
similar results for the ranking of apps across the 2 measures
indicate that both measures are helpful in characterizing the
perceived value or quality of mobile health apps. However,
having a category specifically designed to measure teaching
and learning allows teachers to use MARuL to measure
perceived value for student learning. For example, although
CardioSmart Heart Explorer was the third highest rated app
using MARS, MARuL rated it at the low end of the category
potentially valuable on Android devices (54.5), and the iOS
version had an overall score of <50 (49.5). Scrutiny of the
individual categories of MARuL reveals that CardioSmart Heart
Explorer had the third lowest score for teaching and learning
in both iOS (10.5) and Android (12.5).

After review using both MARS and MARuL, it was found that
the quality of the 9 apps was highly variable. For example, in
the MARS evaluations, apps tended to score the highest in the
functionality category, followed by esthetics. The scores for
engagement and information were the lowest. The engagement
category of MARS considers whether the app is fun, interesting,
customizable, interactive, and well-targeted to the audience.
Similarly, the user-centered category of MARuL considers
aspects of the app, such as satisfaction, user experience, and
engagement. Of the 9 apps, 6 scored less than half of the
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possible points in this category. It is concerning that apps
consistently scored low in this category, as interest and
enjoyment have been found to be strong influencers on students’
persistence of learning [36-38].

One of the criteria for inclusion of apps in our review was the
presence of interactivity within the app. Interactivity was
evaluated in both MARS and MARuL. Interactivity increases
engagement and may stimulate better learning of a topic [14].
Although all the apps reviewed were interactive, the degree of
interactivity varied among apps. For example, the app Pocket
PEx: Physical Exam Aid had minimal interactivity with
checkboxes for each component of a physical exam, whereas
the app InSimu had a comprehensive diagnostic scenario with
interactivity for each step of the diagnostic process.

Both MARS and MARuL contain a category that includes items
on information quality and credibility. Apps performed poorly
in this category with only one app, Pocket PEx: Physical Exam
Aid, containing easy-to-find references for information. No
references were provided for the other apps. This poses a
challenge for all types of health apps because of the importance
of accurate and evidence-based information [39-41].

As noted earlier, MARuL has a category for the teaching and
learning aspects of an app. It includes items on app purpose,
pedagogy, capacity to generate learning, quantity of information,
relevance to study or course, instructional features, user
interactivity, feedback, and efficiency. The highest scoring apps
in the teaching and learning category were Geeky Medics-OSCE
revision, OSCE PASS, and Resuscitation!, which were also the
top-scoring apps overall. Although the teaching and learning
category has the highest weighting in the MARuL overall score,
and the scoring trend for most apps across the other categories
was similar to the teaching and learning category, taking a
multidimensional approach to evaluation is important because
of the interdependence of the dimensions in measuring value
[24]. These findings of variable quality of clinical skills learning
apps are consistent with findings from app reviews for
patient-centered health-related apps [10,42] and are likely
because of the poorly regulated market for mobile health apps.

Limitations
The app store search was conducted in the New Zealand iOS
App Store and Google Play Store. Although this could limit the

generalizability of our findings to other countries with different
app stores, it should be noted that the Google Play Store is
international and a search of the iOS store in the United States
using fnd.io [35] did not find any new apps that were included
in the Google Play Store. This limitation has been discussed in
other app reviews. However, this study specifically focuses on
New Zealand medical students; therefore, generalizability is
not an immediate concern [43]. The app stores were searched
in early 2019. As the rate of change in the app stores is high, it
is possible that the apps we originally excluded have now
changed enough to be included and other apps may have been
removed since the search and review were conducted. The
constantly changing nature of apps and their availability in app
stores have also been discussed in previous reviews [44,45]. As
such, it may prove challenging to keep an up-to-date list of
good-quality apps for students to use. The interrater reliability
of our MARS and MARuL scores was moderate, which was
slightly lower than that described in the MARS and similar to
the MARuL development. Although higher reliability might
change scoring somewhat, it is unlikely to change our findings,
as each individual reviewer identified the same top 3 apps, albeit
in a different order, for both MARS and MARuL.

Next Steps
The results across the 2 measures of app quality indicate the
potential convergent and discriminant validity of raters’
perceptions across MARS and MARuL. Further research to
develop the construct validity of these 2 measures by using
student outcome data with regard to highly rated apps will help
to confirm their usefulness in their respective areas of focus.

Conclusions
This systematic search for and evaluation of clinical skills
mobile apps for perceived general quality and value for learning
has highlighted the importance of using a fit-for-purpose
measure of quality or value of mobile apps. The findings suggest
that both MARS and MARuL instruments are useful and
somewhat complementary. This study also highlights the
variable quality of health-related education apps, likely because
of the lack of regulation of health apps, in the iOS App Store
and Google Play Store. However, Geeky Medics-OSCE revision
and OSCE PASS are examples of how good practice in the
development of apps can lead to quality apps for learning.
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MARuL: Mobile App Rubric for Learning
OSCE: objective structured clinical examination
PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses
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Abstract

Background: Spinal cord injury (SCI) severely impairs the physical and mental health of patients, decreasing their self-efficacy
in coping with daily life and quality of life (QOL). In China, a large gap remains between the complex long-term health needs
of SCI patients and the current community care system. With the prevalence of mobile terminals, the usage of mobile health apps
has the potential to fill this gap by extending qualified medical resources to the families of SCI patients. Our team developed the
app Together for the transitional care of home-dwelling SCI patients in China.

Objective: This study aimed to evaluate the effects of app-based transitional care on the self-efficacy and QOL of SCI patients.

Methods: Through a three-round Delphi process, an Android app was designed. Both medical staff and patients could access
the app. Medical staff used it for providing remote transitional care to SCI patients. Patients used it to view transitional care time
and send messages to medical staff. Thereafter, a multicenter and assessor-blinded randomized controlled trial was conducted.
Participants (n=98) who had SCI and lived at home following discharge were recruited and randomly assigned to a study group
(n=49) and control group (n=49) using a randomized number list in four research centers. Patients in both groups received
systematic discharge education before discharge. The study group received five follow-ups conducted by trained nurses through
the app, which had four core functions, namely remote assessment, health education, interdisciplinary referral, and patient
interaction, at weeks 2, 4, 6, 8, and 12 following discharge. The control group received a routine telephone follow-up conducted
by nurses at week 12 following discharge. The outcome measures were the Moorong Self-Efficacy Scale (MSES) and 36-item
Short-Form Health Survey (SF-36) scores. Data were collected before discharge (T0) and at weeks 12 (T1) and 24 following
discharge (T2). Differences between the groups were tested by repeated measures analysis of variance and simple effect analysis.

Results: After the follow-up, the total MSES scores in the study group improved over time (T0=67.80, T1=71.90, and T2=76.29)
and were higher than those in the control group (T2=64.49) at 24 weeks following discharge (simple effect analysis: F1=8.506,
P=.004). Regarding the total SF-36 score, although it was higher in patients from the study group (T2=65.36) than those from
the control group (T2=58.77) at 24 weeks following discharge, only time effects were significant (F2,95=6.671, P=.002) and neither
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the group effects nor the interaction effects influenced the change in QOL (group effects: F1,96=0.082, P=.78; interaction effects:
F2,95=3.059, P=.052).

Conclusions: This study confirmed that app-based transitional care improves the self-efficacy of SCI patients. Nevertheless,
QOL improvement is not yet evident. Future investigations with larger sample sizes and longer observation periods are warranted
to further verify the effects.

Trial Registration: Chinese Clinical Trial Registry ChiCTR-IPR-17012317; http://www.chictr.org.cn/showproj.aspx?proj=19828

(JMIR Mhealth Uhealth 2021;9(4):e22960)   doi:10.2196/22960
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Introduction

Spinal cord injury (SCI) is often a serious and life-changing
disease with approximately 200,000 to 500,000 individuals
newly diagnosed annually worldwide [1,2]. In China, the annual
incidence of SCI is 23.7 to 60.6 persons per million [3-5]. SCI
is a disastrous event for patients and their families owing to the
associated lifelong disabilities and types of complications, which
lead to deterioration of functioning independence [6], higher
depression [7], higher readmission [8], poorer self-efficacy [1],
and more problems compared with those observed in individuals
without SCI. It can decrease one’s quality of life (QOL) and
have high care and treatment burdens.

In China, most newly injured patients with SCI live at home
after acute treatment and subacute rehabilitation [9]. They
urgently require professional medical support and rehabilitation
services in communities. However, there is a gap between the
health needs of patients with SCI and the existing developing
community care system in China. The complexity of SCI means
there are more professional requirements for community medical
care. The present community medical resources across China
remain imbalanced. Many communities are unable to meet the
needs of patients with SCI based on the competency of health
professionals and basic community medical facilities [10]. Some
well-equipped comprehensive hospitals and rehabilitation
centers have attempted to fill the gap through transitional care,
which extends professional medical care to the families of
patients with SCI. In China, for patients with SCI who have just
returned home from hospitals, transitional care involves
continuing care services, and medical staff members provide
patients with self-management knowledge and skills to help
them avoid complications and unplanned readmissions, and
better adapt to family and social life. The most common formats
are home visits, telephone follow-ups, and outpatient services.
However, some limitations continue to exist in these approaches,
such as a small number of beneficiaries because of distance and
insurance [11,12] and inconvenience for patients with motor
disabilities receiving outpatient services [13].

With the development of the internet and prevalence of mobile
terminals, such as intelligent cell phones and tablets, mobile
health is playing a more important role in the Chinese medical
service. A mobile health app is a form of mobile health that is
installed on mobile electronic devices and has a variety of
functions, including assisting in diagnosis, tele-health education,
and follow-up [14]. Nowadays, apps are widely applied in the

transitional care of patients with chronic diseases [15],
postoperative patients [16,17], and puerperium women [18].
Numerous studies have demonstrated that app-based transitional
care could enhance self-efficacy [15,18,19], prevent
complications [16,17], improve QOL [20], and reduce
readmissions [21] among patients.

With the development of modern medicine, one of the ultimate
goals of rehabilitation for patients with SCI is to improve their
QOL. QOL has been identified as one of the most common
outcome indicators for patients with SCI, which could provide
a comprehensive picture of the individual’s
physical-psychological health and social domains [22]. Owing
to the different degrees of dysfunction, patients with SCI have
a marked decline in QOL compared with the general population
[23]. An improvement in QOL suggests an adaptive process
operating over a long period of time [24]. Interestingly,
self-efficacy has been shown to be an important predictor of
QOL in patients with SCI [22]. Self-efficacy is a psychological
concept that describes the confidence of a person in performing
specific activities and pursuing desired goals [25]. For patients
with SCI, self-efficacy includes general self-efficacy and
SCI-specific self-efficacy, such as self-efficacy in coping with
daily life and in self-management [26]. SCI patients with low
levels of self-efficacy tend to have a poor QOL [22]. In addition,
low self-efficacy is strongly associated with depressive moods
in patients with SCI [27]. The improvement of self-efficacy in
patients with SCI is likely to promote life-long behaviors of
daily life and self-regulation for health maintenance [28,29].
Therefore, improvement of the QOL and self-efficacy of patients
with SCI was the focus of this study.

In view of the superiority of apps, our research team developed
an app, named Together, specifically for the transitional care
of patients with SCI. At present, our app has two user interfaces
(medical staff and patients). The current language is Chinese,
and the copyright is held by Sun Yat-sen University [30]. The
app Together includes the following four core functions: remote
assessment, health education, interdisciplinary referral, and
patient interaction. The aim of this study was to test the effects
of app-based transitional care on the self-efficacy and QOL of
patients with SCI through a randomized controlled trial (RCT),
thereby providing clinical evidence and guidance for the
development of transitional care for patients with SCI in China.
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Methods

Study Design and Settings
This research was a multicenter and assessor-blinded RCT
(Chinese Clinical Trial Registry, ChiCTR-IPR-17012317). It
was implemented in four research centers, which included one
rehabilitation department in a comprehensive hospital and three
rehabilitation hospitals in Guangzhou, Chengdu, and Shiyan in
China. We conducted RCTs in each of the research centers over
the same period.

Development of the App
The app Together was developed based on the International
Classification of Functioning, Disability, and Health (ICF),
which offered a platform for health professionals to provide
transitional care for patients with SCI at home in China. The
development process of the app is scientific and rigorous. A
three-round Delphi expert panel and expert consultation were
performed step by step to build the framework of the app, which
included the contents of remote transitional care, including SCI
follow-up indicators, measurement methods, and standardized
guidelines [31,32].

With regard to the construction of the SCI follow-up indicators,
an ICF set for the transitional care outcome indicators of patients
with SCI in China was developed through a three-round Delphi
expert panel in preliminary studies [31,32]. ICF is a unified and
standard terminology system for multidisciplinary use. It
provides a comprehensive perspective in describing one’s
functioning, and the interdisciplinary focus rendered it more
suitable for multidisciplinary teamwork [33]. Each ICF category
can reflect the individual’s function by using ICF qualifiers
(divided into 0 to 4 levels). In our study, ICF categories were
the follow-up indicators to evaluate SCI patients’ functioning.
A total of 52 experts took part in the Delphi process, all of whom
were nursing experts and were certified rehabilitation nurses
with at least 5 years of clinical experience in nursing.
Considering the feasibility of clinical practice, the outcome
indicators suitable for SCI follow-up (32 for large follow-up
and 12 for small follow-up) (Table 1) were selected from the
ICF set above by an expert panel consisting of two rehabilitation
physicians and three nursing specialists in SCI. In this study,
the medical staff provided the “small follow-up” intervention
at 2, 4, 6, and 8 weeks following discharge, with a total of 12
follow-up indicators. It was considered that patients needed
frequent follow-ups within 3 months when they returned home,
so we set less follow-up indicators to meet clinical needs. The
medical staff provided the “large follow-up” intervention at 12
weeks following discharge, with a total of 32 follow-up
indicators. Since patients with SCI had been discharged from
the hospital for a period of time, a regular systematic follow-up
for them was necessary, so we set more large follow-up

indicators to comprehensively assess the patient’s current
functioning. To test the validity of the SCI follow-up indicators,
we used Rasch analysis [34] to examine each component of the
ICF set and the overall fit to a Rasch model. The results [35]
of the Rasch analysis showed good fit to the Rasch model for
the different components of the ICF set in the app after
modification. Both overall and single-item fits were satisfactory.
These results indicated the suitability of our selected ICF set as
follow-up indicators to evaluate the functioning of patients with
SCI.

With regard to the construction of measurement methods and
standardized guidelines, for each follow-up indicator, the
operational measurement method was set based on literature
review and existing measurements by expert consultation [36].
We transformed patient information into ICF qualifiers
according to different criteria, such as percentages, frequency,
and medical staff assessment results. For example, for b4200
Increased blood pressure and b4201 Decreased blood pressure,
we transformed patient information into ICF qualifiers according
to frequency. Stable blood pressure over the past month was
rated as 0, whereas high/low blood pressure almost every day
received a rating of 4. Our app can automatically transform
routine clinical assessments into the unified ICF qualifiers (“0,”
no problem; “1,” mild problem; “2,” moderate problem; “3,”
serious problem; “4,” complete problem; and “9,” not
applicable) for better understanding among the multidisciplinary
team. Moreover, a standardized health education program for
each follow-up indicator was developed by expert consultation
based on the Knowledge-Attitude-Practice theory [37].

Based on previous work, software engineers developed the
mobile app using the Java language according to the
requirements set by the researchers [31]. Eventually, an Android
version of the app was designed. Visitors to the app could be
medical staff or patients, but they were required to apply for
registration with their real identity first. Thereafter, the
researchers verified applicants’ information before they could
log in. Unregistered users could not access the app even if they
had downloaded it. In addition, medical staff and patients had
different access interfaces after logging in. Medical staff entered
a follow-up system and used it to provide transitional care for
patients with SCI. The patient interface could be only used to
view follow-up time and send messages to the medical staff.
For each follow-up, medical staff needed to record the patient’s
follow-up outcomes in the app. The collected information was
stored in the cloud, which was actually a cloud computing server
like Google cloud for data storage with good security. The
security measures of our app were as follows: (1) user login
required a password for secure login; (2) users’ sensitive
information was encrypted and saved to prevent data leakage;
and (3) data were regularly saved to the cloud to prevent loss.
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Table 1. Follow-up outcome indicators of transitional care for patients with spinal cord injury.

Large follow-upaSmall follow-upVariableClassification

b134 Sleep functions

b152 Emotional functions

b280 Sense of pain

b415 Blood vessel functions

b4200 Increased blood pressure

b4201 Decreased blood pressure

b435 Immunological system functions

b440 Functions of the respiratory system

b530 Weight maintenance functions

b640 Sexual functions

b660 Procreation functions

b710 Mobility of joint functions

b730 Muscle power functions

b735 Muscle tone functions

b280 Sense of pain

b415 Blood vessel functions

b435 Immunological system functions

b440 Functions of the respiratory system

b4200 Increased blood pressure

b4201 Decreased blood pressure

b530 Weight maintenance functions

Body functionICFb category

s810 Structure of areas of skins810 Structure of areas of skinBody structureICF category

d410 Changing basic body position

d420 Transferring oneself

d450 Walking

d465 Moving around using equipment

d510 Washing oneself

d520 Caring for body parts

d5300 Regulating urination

d5301 Regulating defecation

d540 Dressing

d550 Eating

d560 Drinking

d9205 Socializing

d760 Family relationships

d5300 Regulating urination

d5301 Regulating defecation

d410 Changing basic body position

d420 Transferring oneself

Activities and partic-
ipation

ICF category

e1201 Assistive products and technology for personal indoor
and outdoor mobility and transportation

e155 Design, construction, and building products and technol-
ogy of buildings for private use

Acceptance of life in a wheelchair/in bed

Coping with everyday life

Adjustment to new body image

Knowledge about spinal cord injury

N/AdContextual factorscICF category

Ability of the caregiverAbility of the caregiverN/AConcepts not cov-

ered in the ICFe

aThe large follow-up indicators include all small follow-up indicators.
bICF: International Classification of Functioning, Disability, and Health.
cThe contextual factors consisted of environmental factors and personal factors. Considering medical staff’s heavy workload, it is not realistic to evaluate
four components of ICF at each follow-up. The small follow-up was conducted within 3 months following discharge. During this time, we paid more
attention to the health conditions of patients. Thus, the contextual factors were not included in the small follow-up.
dN/A: not applicable.
eThrough the Delphi process, we exacted one concept not covered in the ICF (ability of the caregiver). This reflected the views of Chinese experts.

Participants
Participants were recruited from May 2018 to December 2019.
The inclusion criteria were as follows: (1) diagnosis of complete
or incomplete SCI according to the International Standards for
the Neurological Classification of SCI of the American Spinal

Injury Association, 2016 [38], with confirmation by computed
tomography/magnetic resonance imaging (either traumatic or
nontraumatic); (2) onset of SCI within the past 2 years; (3) being
alert and conscious, and capable of daily verbal communication;
(4) age >18 years; (5) living at home following discharge; (6)
availability of mobile terminals and internet access at home;
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and (7) familiarity with the usage of mobile terminals. The
exclusion criteria were as follows: (1) congenital spinal cord
disease; (2) severe cardiovascular, brain, pulmonary, liver, or
renal complications; and (3) admission to other medical
institutions following discharge.

Randomization was performed using the software Research
Randomizer [39]. This software generated a random number
list for each center with two numbers in the list (“1” and “2”),
which referred to the study group and control group,
respectively. According to the discharge sequence and
corresponding randomized number, the recruited patients were
randomly assigned to the study group and control group. The
unused numbers were discarded after completion of the study.

The sample size was estimated based on the primary outcome
measure (Moorong Self-Efficacy Scale [MSES] score) between
the groups. In the study conducted by Martin et al [40], the
mean difference in the MSES score at week 12 was normally
distributed, with a mean of 1.95 and a standard deviation (SD)
of 2.77. A total of 84 patients (42 patients in each group) were
required for the study, with a two-tailed α of .05 and a power
of 0.80. We planned to recruit 98 patients in total to allow for
a 15% dropout rate.

Pilot Study
Prior to the RCT, a pilot study was conducted. First, for testing
the functions of the app, we selected a multidisciplinary team
that included two nurses, a rehabilitation physician, a physical
therapist, and an occupational therapist, and 20 patients with
SCI who met the inclusion criteria to download and use the app
at one research center in Guangzhou. Owing to limited time,
we only tested the first small follow-up. Both medical staff and
patients were asked about the app’s user experience through a
face-to-face interview. From the interview, we learned that
medical staff generally believed that the app can help them to
carry out follow-up visits in terms of comprehensive content,
a user-friendly interface, and simple operation, and patients
found it easy to contact their health care providers through the
app. Subsequently, the researchers and software engineers
optimized the app according to the suggestions. Second, for
testing the validity and reliability of the outcome measures, 20
patients were asked to fill out the MSES and QOL scale at
baseline.

Interventions
Both the study and control groups received routine systematic
discharge education provided by the medical team in the
research centers before discharge, including information on
medication, bladder management, bowel management,
respiratory training, activities of daily living training, and
prevention of complications (pressure ulcers, infections, falls,
autonomic dysfunction, orthostatic hypotension, deep vein
thrombosis, etc).

Study Group
A multidisciplinary team, including one follow-up nurse, one
rehabilitation physician, one physical therapist, and one
occupational therapist, managed the app-based transitional care
in each center. The nurse was in charge of the team and
responsible for the app-based transitional care. All follow-up
nurses were required to have over 3 years of working experience
in caring for patients with SCI.

The follow-up nurses provided information on the installation
and usage of the app to the patients and their main caregivers
in the study group prior to discharge. Five follow-ups based on
the app were conducted for the study group by the
multidisciplinary team at 2, 4, 6, 8, and 12 weeks following
discharge. The timing and frequency of postdischarge
interventions were set according to previous studies and the
feasibility of this study. A longitudinal study suggested that the
QOL of patients with SCI at 3 months following discharge was
an important predictor of QOL at 15 months [41]. One telephone
counselling program that delivered seven tele-counseling
sessions over a 12-week period was effective in managing
psychological outcomes [42]. Therefore, the researchers focused
on patients with SCI who were discharged from the
rehabilitation center within 3 months and developed the
transitional care plan with five follow-ups based on the app
within 3 months following discharge. The app would
automatically remind the follow-up nurse of the patients that
had to be contacted within 1 week prior to the end of the
follow-up. The app-based transitional care intervention provided
by the multidisciplinary team for patients with SCI included
the following four parts: (1) remote health assessment, (2) health
education, (3) interdisciplinary referral, and (4) patient
interaction.

Remote Health Assessment

In the follow-up system of the medical staff interface, ICF
categories were displayed as follow-up indicators. The nurse
could remotely evaluate patients’ functioning by questioning
patients via telephone according to preset instructions on the
app. A verbal prompt was provided in the medical staff interface
of the app to guide them in implementing a standard assessment,
and the app automatically transformed the original clinical
assessment results to the ICF qualifiers according to preset
operational measuring guidelines. For example, for b280 Sense
of pain (Figure 1), the verbal prompt was “If 0 is not painful
and 10 is the most painful, how serious is your pain?” After the
nurse selected the appropriate number from 0 to 10 according
to the patient’s answer, the app automatically transformed the
assessment results to ICF qualifiers. If the patient’s condition
did not change greatly from the last follow-up, the nurse could
click on “The current condition is the same as the last
follow-up.” Subsequently, the system could achieve this
automatically. The setting can automatically synchronize the
results of the last follow-up, which not only facilitates the
medical staff to obtain the patients’ previous functional status,
but also saves their time.
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Figure 1. Remote assessment interface for the category of "b280 Sense of pain." ICF评分值 means “ICF qualifiers.” After clicking, ICF qualifiers
will be shown. 话术 means “verbal prompt.” After clicking, preset instructions will be shown. 病情同上次随访 means “The current condition is the
same as the last follow-up.” 电话联系 means “Telephone.” The phone number of the patient is shown here. After clicking, the follow-up nurse can
contact the patient by telephone. ICF: International Classification of Functioning, Disability, and Health.

Health Education

The app provided a standard health education framework on
each ICF category based on the Knowledge-Attitude-Practice
theory. The health education framework of each ICF category
was only visualized in the medical staff interface of the app.
The follow-up nurses combined their own clinical experience
and knowledge to provide health education for patients
according to the prompted and standard health education

framework in the app. Figure 2 shows the health education
framework for the ICF category of b4200 Increased blood
pressure in the app. The education program included
emphasizing the importance of preventing autonomic dysreflexia
(AD), checking the monitoring records regarding AD, reviewing
emergency management for the occurrence of AD, assessing
the prevention and management of AD, providing medication
guidance, etc.

Figure 2. Health education interface for the category of "b4200 Increased blood pressure." 指导 means “Health education.” 指导内容 means “Health
education contents.” The health education contents for the ICF category "b4200 Increased blood pressure" are as follows: (1) the attitude toward
preventing AD is positive and cautious; (2) instructing patients in the monitoring of AD; (3) instructing patients in the treatment of AD; (4) instructing
patients in the prevention and management of AD; (5) medication guidance; and (6) others. AD: autonomic dysreflexia; ICF: International Classification
of Functioning, Disability, and Health.

Interdisciplinary Referral

The referral function is a closed loop processing mode. When
the follow-up nurses encountered problems that did not belong
to the SCI nursing specialty, such as drug use and home
modifications, referral messages were sent by the nurses to the

corresponding members of the multidisciplinary team (eg,
rehabilitation physician, physical therapist, or occupational
therapist) through the app. The team members were required to
log in to the app within 3 days and handle the referral problems
by contacting the patients. In the end, the physician or therapist
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needed to fill in the referral record in the app. If the specialist
was unable to contact the patient within 3 days, the referral
record was not allowed to be filled in anymore and the patient

was forced to withdraw from our study. Figure 3 shows an
occupational therapist using the app.

Figure 3. An occupational therapist using the app.

Patient Interaction

Medical staff could communicate with patients via telephone
and the messaging function of the app. In turn, patients could
contact medical staff by sending messages. Before every
follow-up or contacting patients, medical staff read the messages
received. In addition, nurses dealt with the messages from
patients every Monday. If they encountered problems that they
could not handle, they needed to send referral messages to other
specialists. Relevant specialists were required to log in to the
app to contact patients within 3 days.

Control Group
No transitional care service was provided to the control group
in the 3 months following discharge. At 12 weeks following
discharge, the patients in the control group received a routine
telephone follow-up conducted by nurses to mainly assess the
functional level and complications of the patients and the disease
management knowledge and skills of the patients and their
caregivers. Corresponding health education was also included.

Outcome Measures
Demographic and disease-related data were collected before
discharge. All patients were assessed using the MSES and
36-item Short-Form Health Survey (SF-36) at baseline (prior
to discharge; T0), 12 weeks following discharge (T1), and 24
weeks following discharge (T2).

Demographic Disease Characteristics
The demographic disease inquiry consisted of two parts, namely
demographic information and disease information. Patients were
required to fill out the demographic information (name, gender,
age, education background, marital status, insurance, occupation
status, per capita income, main caregivers, etc), and nurses filled

out the disease information (diagnosis, injury level, injury
severity, causes, disease duration, etc) according to medical
records.

MSES
MSES is a 16-item self-report scale developed by Middleton
that measures one’s ability to control behavior and outcomes,
specifically among patients with SCI [43]. It consists of
three-factor structures (social function self-efficacy, general
self-efficacy, and personal function self-efficacy), and utilizes
a 7-point Likert scale ranging from 1 (very uncertain) to 7 (very
certain). Higher scores indicate better self-efficacy of patients.
In a previous study, it exhibited adequate reliability (Cronbach
α of .94) and validity (content validity index [CVI] of 0.91)
[44,45]. With the permission of the original authors, we
developed a Chinese version of the MSES through forward and
backward translation. In the study, the scale CVI was 0.99
(evaluated by eight clinical nursing specialists) and the item
CVI ranged from 0.88 to 1.00. In addition, the Cronbach α was
.91 in a pilot test.

SF-36
SF-36 is commonly used to measure the health-related QOL of
patients with SCI [46]. It contains 36 items that measure
perceived health in eight domains (physical functioning,
role-physical, bodily pain, general health, vitality, social
functioning, role-emotional, and mental health), with higher
scores (range 0-100) reflecting better perceived health. The first
four domains form the physical component summary (PCS),
and the last four domains form the mental component summary
(MCS). The Chinese version of the SF-36 was translated in
1998 [47]. When applied in patients with SCI, the Cronbach α
values of the domains of the SF-36 ranged from .76 to .90 [48].
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Procedure
First, face-to-face training for the follow-up team members of
each research center was conducted simultaneously. The training
lasted 4 hours and consisted of an introductory lecture on the
study and app, as well as a workshop on the operation of the
app. All members participated in a qualification test after
training, with a minimum requirement score of ≥80/100.

Subsequently, the RCT was performed after the training. Eligible
patients were recruited prior to discharge and randomly assigned
to the study or control group according to their sequence of
discharge. Both groups received routine systematic discharge
education, and the patients in the study group received guidance
on the usage of the app. The patients or medical staff
downloaded the app by scanning a QR code. A verification
system was set in the app, and only patients in the study group
could pass the identity verification and use the patient interface
of the app. The study group underwent five app-based
follow-ups (at 2, 4, 6, 8, and 12 weeks following discharge)
performed by the multidisciplinary team, while the control group
underwent one routine telephone follow-up conducted by nurses.
The outcome measures were collected by researchers at T0, T1,
and T2 by sending online survey links to the mobile phones of
patients. After completing the data collection, patients received
a US $3 reward online.

Ethical Considerations
The study protocol was approved by the ethics committee of
Sun Yat-sen University (2017ZSLYEC-062). All patients were
informed of the research process, the aims, their privacy
protection, and their rights. All patients were required to sign
the informed consent form. For patients who could not sign the
consent form owing to disabilities, consent was considered if
the patient verbally agreed in the presence of a witness.

Statistical Analysis
SPSS version 25.0 software (IBM Corp) was used for data
analysis. The frequency, percentage, mean, SD, median, and
IQR were used to describe the demographic and disease-related
data of the patients in the study group and those in the control
group. Mean (SD) or median (IQR) was used to describe the
scores of the MSES and SF-36. At the baseline assessment, the
chi-squared test, t test, or Wilcoxon rank-sum test was used for
balance testing of all variables, including demographic disease
characteristics and outcome measures, between the study and
control groups. The normality of the outcome indicators was
tested and Box-Cox transformation was used to transform
nonnormally distributed data into normally distributed data.
Repeated measures analysis of variance was used to analyze
the main effects of time, group, and time*group interaction on
the MSES and SF-36 scores. In the presence of an interaction
effect, simple effect analysis was further performed. A P value
<.05 was considered to indicate a statistically significant
difference.

Results

Response to Follow-Up
Figure 4 shows the CONSORT (Consolidated Standards of
Reporting Trials) flow diagram of this study. Patients with SCI
(n=108) were assessed for eligibility, and 102 patients meeting
the inclusion criteria were randomly allocated to the study group
and the control group. Eventually, only 98 patients completed
the study (49 patients per group). In the study group, two
patients were lost to follow-up at week 24. The reasons were
suicide and disconnection in the two patients. In the control
group, two patients were lost to follow-up (owing to
disconnection) at weeks 12 and 24. The overall effective
follow-up rate in this study was 96.1% (98/102), and the attrition
rate was 3.9% (4/102).
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Figure 4. The CONSORT flow diagram of this study.

Balance Test

Between the Group Within Guangzhou and the Group
Outside Guangzhou
There were two research centers within Guangzhou and two
outside Guangzhou (in Shiyan and Chengdu). Because our study
researcher team was in Guangzhou, it was easier to control the
study quality of research centers within Guangzhou. Therefore,
we divided the four centers into two groups according to the

region (the group within Guangzhou and the group outside
Guangzhou). As shown in Table 2, there were no statistically
significant differences in the demographic and disease-related
data and the baseline scores of self-efficacy and QOL among
patients between the group within Guangzhou and the group
outside Guangzhou. Thus, we regarded the patients in the four
research centers as a whole and carried out repeated measures
analysis of variance to analyze the outcome indicators between
the study group and control group.
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Table 2. Balance test between the group within Guangzhou and the group outside Guangzhou (T0).

P valuet/χ2/ZTotal (n=98)Group outside Guangzhou
(n=64)

Group within Guangzhou
(n=34)

Variable

.96at96=−0.0641.71 (12.14)41.77 (11.46)41.62 (13.51)Age (years), mean (SD)

.62bχ2
1=0.25Sex, n (%)

81 (83)52 (81)29 (85)Male

17 (17)12 (19)5 (15)Female

.71bχ2
3=1.40Education level, n (%)

28 (29)19 (30)9 (27)Primary school

40 (41)27 (42)13 (38)Junior high school

17 (17)9 (14)8 (24)High school

13 (13)9 (14)4 (12)College or above

.37bχ2
1=0.79Marital status, n (%)

16 (16)12 (19)4 (12)Unmarried/di-
vorced

82 (84)52 (81)30 (88)Married

.06bχ2
2=5.63Income (RMB/person/month), n (%)

65 (66)47 (73)18 (53)<3000

22 (22)13 (20)9 (27)3000-4999

11 (11)4 (6)7 (21)≥5000

.57dN/AcOccupation, n (%)

5 (5)3 (5)2 (6)Employed

93 (95)61 (95)32 (94)Unemployed

.47bχ2
1=0.52Disease duration (months), n (%)

88 (90)59 (92)29 (85)0-12

10 (10)5 (8)5 (15)13-22

>.99dN/AEtiology, n (%)

89 (91)58 (91)31 (91)Traumatic

9 (9)6 (9)3 (9)Nontraumatic

.78bχ2
1=0.08Injury severity, n (%)

48 (49)32 (50)16 (47)Complete SCIe

50 (51)32 (50)18 (53)Incomplete SCI

.92bχ2
2=0.17Injury level, n (%)

29 (30)18 (28)11 (32)Cervical

46 (47)31 (48)15 (44)Thoracic

23 (24)15 (23)8 (24)Lumbar/sacral/cau-
da equina

.15at96=−1.4770.93 (21.29)74.06 (21.64)67.80 (20.68)MSESf score, mean
(SD)

.25at96=−1.1724.35 (6.75)25.14 (6.75)23.55 (6.73)Social function
self-efficacy

.19at96=−1.3217.04 (6.00)17.84 (6.21)16.25 (5.75)General self-effica-
cy
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P valuet/χ2/ZTotal (n=98)Group outside Guangzhou
(n=64)

Group within Guangzhou
(n=34)

Variable

.15at96=−1.4629.54 (10.48)31.08 (11.01)28.00 (9.79)Person function
self-efficacy

.22hZ=−1.2358.16 (50.53-71.30)57.69 (49.89-68.48)58.69 (52.29-81.16)SF-36g score, median
(IQR)

.37hZ=−0.9019.17 (14.64-26.40)18.06 (13.41-21.63)20.28 (17.95-29.91)PCSi

.99hZ=−0.0138.63 (30.95-46.04)40.65 (30.69-45.63)36.78 (30.95-52.76)MCSj

aP value of the independent sample t test between the study and control groups.
bP value of the chi-square test between the study and control groups.
cN/A: not applicable.
dP value of the Fisher exact test between the study and control groups.
eSCI: spinal cord injury.
fMSES: Moorong Self-Efficacy Scale.
gSF-36: 36-item Short-Form Health Survey.
hP value of the Wilcoxon rank-sum test between the study and control groups.
iPCS: physical component summary.
jMCS: mental component summary.

Between the Study and Control Groups
There was no significant difference in baseline data between
the study and control groups (Table 3). On average, the majority
of patients were male (81/98, 83%) with a mean age of 41.71
(SD 12.14) years (range 18-65 years). Most patients had an
education level of junior high school or below (68/98, 69%).
Almost 95% (93/98) of patients were unemployed. Prior to the
injury, the majority were workers and farmers (workers: 55/98,
56%; farmers: 19/98, 19%).

The disease duration in most patients was less than 1 year
(88/98, 90%) (range 1-22 months). Traumatic SCI accounted
for 91% (89/98) of cases. Among them, the top three causes of
the disease were falling from a height, traffic accidents, and
being struck by objects (42/98, 43%; 31/98, 32%; and 13/98,
13%; respectively). The numbers of patients with complete and
incomplete SCI were almost equal. Thoracic SCI was the most
common injury (46/98, 47%).
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Table 3. Balance test between the study and control groups.

P valuet/χ2/ZTotal (n=98)Control group (n=49)Study group (n=49)Variable

.27 at96=−1.1041.71 (12.14)43.06 (12.06)40.37 (12.18)Age (years), mean (SD)

.79bχ2
1=0.07Sex, n (%)

81 (83)40 (82)41 (84)Male

17 (17)9 (18)8 (16)Female

.25bχ2
3=4.15Education level, n (%)

28 (29)12 (25)16 (33)Primary school

40 (41)20 (41)20 (41)Junior high school

15 (17)12 (25)5 (10)High school

10 (11)5 (10)8 (16)College or above

>.99bχ2
1=0.00Marital status, n (%)

16 (16)8 (16)8 (16)Unmarried/divorced

82 (84)41 (84)41 (84)Married

.50bχ2
2=1.39Income (RMB/person/month), n (%)

65 (66)30 (61)35 (71)<3000

22 (22)12 (25)10 (20)3000-4999

11 (11)7 (14)4 (8)≥5000

>.99dN/AcOccupation, n (%)

5 (5)2 (4)3 (6)Employed

93 (95)47 (96)46 (94)Unemployed

.51bχ2
1=0.45Disease duration (months), n (%)

88 (90)43 (88)45 (92)0-12

10 (10)6 (12)4 (8)13-22

>.99dN/AEtiology, n (%)

89 (91)44 (90)45 (92)Traumatic

9 (9)5 (10)4 (8)Nontraumatic

.69bχ2
1=0.16Injury severity, n (%)

48 (49)23 (47)25 (51)Complete SCIe

50 (51)26 (53)24 (49)Incomplete SCI

.92bχ2
2=0.17Injury level, n (%)

29 (30)15 (31)14 (29)Cervical

46 (47)22 (45)24 (49)Thoracic

23 (24)12 (25)11 (22)Lumbar/sacral/cauda
equina

.15at96=−1.4770.93 (21.29)74.06 (21.64)67.80 (20.68)MSESf score, mean (SD)

.25at96=−1.1724.35 (6.75)25.14 (6.75)23.55 (6.73)Social function self-
efficacy

.19at96=−1.3217.04 (6.00)17.84 (6.21)16.25 (5.75)General self-efficacy

.15at96=−1.4629.54 (10.48)31.08 (11.01)28.00 (9.79)Person function self-
efficacy
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P valuet/χ2/ZTotal (n=98)Control group (n=49)Study group (n=49)Variable

.48hZ=−0.7158.16 (50.53-71.30)59.50 (51.44-71.69)57.55 (49.71-67.07)SF-36g score, median
(IQR)

.96hZ=−0.0519.17 (14.64-26.40)18.70 (14.94-27.20)19.38 (14.14-25.11)PCSi

.62hZ=−0.4938.63 (30.95-46.04)38.85 (30.02-48.08)38.27 (31.40-45.02)MCSj

aP value of the independent sample t test between the study and control groups.
bP value of the chi-square test between the study and control groups.
cN/A: not applicable.
dP value of the Fisher exact test between the study and control groups.
eSCI: spinal cord injury.
fMSES: Moorong Self-Efficacy Scale.
gSF-36: 36-item Short-Form Health Survey.
hP value of the Wilcoxon rank-sum test between the study and control groups.
iPCS: physical component summary.
jMCS: mental component summary.

MSES in the Study and Control Groups
The total scores and three-factor structure scores of the MSES
for the study and control groups at T0, T1, and T2 are shown in
Table 4. There were no differences between the groups in time
effects and group effects. However, differences in the interaction
effects were statistically significant (total scores: F2,95=20.389,
P<.001; social function self-efficacy: F2,95=13.445, P<.001;
general self-efficacy: F2,95=16.063, P<.001; person function
self-efficacy: F2,95=13.604, P<.001). Simple effect analysis was

applied to further compare the scores of the study and control
groups (Table 5). The total scores and three-factor structure
scores at T2 were significantly higher in the study group than
in the control group (total scores: F1=8.506, P=.004; social
function self-efficacy: F1=8.698, P=.003; general self-efficacy:
F1=6.684, P=.01; person function self-efficacy: F1=6.684,
P=.01). Trend charts (Figure 5) showed that the total score and
scores of the three-factor structures in the study group trended
upward over time. In contrast, the scores in the control group
showed a decreasing trend over time.
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Table 4. Repeated measures analysis of variance for the Moorong Self-Efficacy Scale and the 36-item Short-Form Health Survey between the study
group (n=49) and control group (n=49).

Interaction effectGroup effectTime effectT2
cT1

bT0
aOutcome

P valueF 2,95P valueF 1,96P valueF 2,95

<.00120.389.710.144.221.556MSESd scoree, mean (SD)

76.29 (19.50)71.90 (20.36)67.80 (20.68)Study
group

64.49 (19.33)73.33 (18.46)74.06 (21.64)Control
group

<.00113.445.600.275.301.234Social function self-efficacye, mean (SD)

25.45 (6.06)24.00 (6.49)23.55 (6.73)Study
group

21.69 (6.21)24.45 (5.46)25.14 (6.75)Control
group

<.00116.063.970.001.550.607General self-efficacye, mean (SD)

18.38 (5.46)16.78 (5.56)16.25 (5.75)Study
group

15.47 (5.64)17.98 (5.42)17.84 (6.21)Control
group

<.00113.604.660.193.181.745Person function self-efficacye, mean (SD)

32.47 (9.57)31.12 (9.62)28.00 (9.79)Study
group

27.33 (9.36)30.90 (9.65)31.08 (11.01)Control
group

.053.059.780.082.0026.671SF-36f scoreg, median (IQR)

65.36 (59.98-
78.54)

61.06 (52.23-
74.67)

57.55 (49.71-
67.07)

Study
group

58.77 (53.37-
79.19)

58.83 (53.24-
71.74)

59.50 (51.44-
71.69)

Control
group

.082.551.500.459<.00124.516PCSh scoreg, median (IQR)

23.92 (20.32-
32.80)

27.20 (19.37-
33.50)

19.38 (14.14-
25.11)

Study
group

20.80 (15.11-
28.12)

25.66 (20.13-
31.06)

18.70 (14.94-
27.20)

Control
group

.660.421.770.086.142.039MCSi scoreg, median (IQR)

40.01 (32.03-
49.59)

30.60 (26.17-
49.58)

38.27 (31.40-
45.02)

Study
group

41.22 (31.38-
53.57)

31.79 (27.84-
40.42)

38.85 (30.02-
48.08)

Control
group

aPrior to discharge (baseline).
bAt 12 weeks following discharge.
cAt 24 weeks following discharge.
dMSES: Moorong Self-Efficacy Scale.
eNormally distributed data.
fSF-36: 36-item Short-Form Health Survey.
gNonnormally distributed data. After conversion to normally distributed data by Box-Cox transform, the data were subsequently analyzed using repeated
measures analysis of variance.
hPCS: physical component summary.
iMCS: mental component summary.
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Table 5. Simple effect analysis results of the Moorong Self-Efficacy Scale between the study and control groups.

P valueFMean squaredfTimeOutcome

.122.400961.7241T0
bMSESa

.720.12550.0001T1
cMSES

.0048.5063409.0201T2
dMSES

.211.56362.0821T0Social function self-efficacy

.730.1244.9391T1Social function self-efficacy

.0038.698345.4691T2Social function self-efficacy

.171.92662.0821T0General self-efficacy

.301.10235.5201T1General self-efficacy

.016.382205.7551T2General self-efficacy

.122.400232.6631T0Person function self-efficacy

.910.0131.2351T1Person function self-efficacy

.016.684648.0001T2Person function self-efficacy

aMSES: Moorong Self-Efficacy Scale.
bPrior to discharge (baseline).
cAt 12 weeks following discharge.
dAt 24 weeks following discharge.

Figure 5. Trend charts of total Moorong Self-efficacy Scale (MSES) scores and scores of three-factor structures. Time 1: prior to discharge (baseline);
time 2: at 12 weeks following discharge; time 3: at 24 weeks following discharge.
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SF-36 in the Study and Control Groups
The total scores and two-component scores of the SF-36 for the
study and control groups at T0, T1, and T2 are summarized in
Table 4. Differences in the time effects of the total scores and
PCS scores were statistically significant (total scores:
F2,95=6.671, P=.002; PCS: F2,95=24.516, P<.001). However,
there were no differences between the study and control groups

in the time effects in the MCS, interaction effects, and group
effects. Trend charts (Figure 6) showed that the total scores in
the study group trended upward, whereas the control group
scores decreased over time. The PCS scores of both groups
showed an increasing tendency at the beginning and then a
declining tendency after 12 weeks following discharge. The
tendency in MCS scores for both groups was consistent with
the opposite tendency in PCS scores.

Figure 6. Trend charts of total 36-item Short-Form Health Survey (SF-36) scores and scores of two components. MCS: mental component summary;
PCS: physical component summary; time 1: prior to discharge (baseline); time 2: at 12 weeks following discharge; time 3: at 24 weeks following
discharge.

Discussion

Principal Findings
We found that patients in the study group who received
app-based transitional care had better levels of self-efficacy
than those in the control group. However, there was no
significant statistical difference in QOL between the study and
control groups.

Our findings indicated that app-based transitional care was
effective at enhancing the self-efficacy of patients with SCI.
This is consistent with the results of studies involving other
populations, such as puerperium women [18], gestational
diabetes patients [49], and stoma patients [50]. The study
conducted by MacGillivray et al [19] also revealed that a mobile
app could enhance the confidence of patients with SCI in bowel
self-management. The study showed that reinforcing the

health-related knowledge of patients can enhance their
self-efficacy and self-management behaviors [51]. In our study,
the follow-up indicators were extracted from the ICF
components, body function, body structure, activities and
participation, and contextual factors, which covered the most
important issues faced by home-dwelling patients with SCI.
These issues included physiological and psychological
functional disorders, complications, activities of daily living,
and social participation. According to the assessment results of
each indicator, standardized health education was provided to
patients with SCI, focusing on their knowledge, attitudes, and
practice. The delivery and reinforcement of health information
from medical staff to patients with SCI may be the main reason
for the promotion of self-efficacy in patients. Moreover,
app-based transitional care extends social support from
professional medical staff to patients. It was demonstrated that
higher levels of social support are linked to higher levels of
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self-efficacy [52]. Compared with the control group, the social
support provided to patients and caregivers in the study group
by the multidisciplinary team was more diverse. Additionally,
the abilities of caregivers in caring for patients were also
assessed, and they received interventions in this study. This
approach was also valuable for establishing an effective social
support system for the patients.

Although we observed that the study group exhibited a greater
improvement in QOL total scores than the control group, there
were no significant differences observed between the study and
control groups. The results were also consistent with those of
the study conducted by Kryger et al [53], which examined the
effect of an app on patient QOL. Among other tele-interventions
for patients with SCI, Shem et al [54] used FaceTime, a
videotelephony app installed on an iPad (Apple Inc), to provide
a telemedicine program, and it did not greatly improve the QOL
of patients with SCI at 6 months following discharge from the
hospital. It is established that the effects of SCI on patients can
influence their physiological health, mental health, and social
participation in the long term [55]. Therefore, the QOL of
patients with SCI was not easily altered. QOL is a
multidimensional concept, composed of one’s state of the
physical, psychological, and social domains [56]. For the
physical aspect, the disabilities manifest with paraplegia or
tetraplegia, and they seriously affect the functioning and daily
activities of patients. For the psychological aspect, patients with
SCI often exhibit negative reactions, such as anxiety and
depression due to the accident, disabilities, pain, etc, which

greatly affect the subjective feelings of patients regarding life
[57]. For social participation, some studies have shown that
relevant barriers to social participation exist for patients with
SCI owing to environmental constraints, the attitudes of others,
and family economic status [58]. Therefore, improving the QOL
of patients with SCI requires patients, families, health
professionals, and even the whole society to provide long-term
integrated support covering all aspects of their physical, mental,
and social domains. Notably, the QOL total score and PCS score
of the study group showed better trends than those of the control
group. Fan [59] conducted an RCT and found that the QOL of
patients with SCI at 12 months following discharge improved.
A longer observation period may provide more valuable
information regarding the effects of app-based transitional care
on the QOL of patients with SCI.

Limitations
The study had some limitations. First, when developing the
outcome indicators suitable for SCI follow-up, we did not
include patients in our expert panel. In the future, quantitative
or qualitative research could be performed to make the follow-up
indicators more comprehensive and meet patient needs. Second,
the sample size of the study was small. Owing to the low
incidence of SCI and the limitation on the disease duration
(within 2 years), only 98 eligible patients recruited from four
research centers completed the follow-up. Third, the observation
period was limited. We followed discharged patients with SCI
up to only 24 weeks. Thus, the long-term effects of app-based
transitional care should be further investigated.
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Abstract

Background: Atrial fibrillation (AF) is the most common arrhythmia after cardiac surgery, yet the precise incidence and
significance of arrhythmias after discharge home need to be better defined. Photoplethysmography (PPG)-based smartphone apps
are promising tools to enable early detection and follow-up of arrhythmias.

Objective: By using a PPG-based smartphone app, we aimed to gain more insight into the prevalence of AF and other
rhythm-related complications upon discharge home after cardiac surgery and evaluate the implementation of this app into routine
clinical care.

Methods: In this prospective, single-center trial, patients recovering from cardiac surgery were asked to register their heart
rhythm 3 times daily using a Food and Drug Administration–approved PPG-based app, for either 30 or 60 days after discharge
home. Patients with permanent AF or a permanent pacemaker were excluded.

Results: We included 24 patients (mean age 60.2 years, SD 12 years; 15/23, 65% male) who underwent coronary artery bypass
grafting and/or valve surgery. During hospitalization, 39% (9/23) experienced postoperative AF. After discharge, the PPG app
reported AF or atrial flutter in 5 patients. While the app notified flutter in 1 patient, this was a false positive, as electrocardiogram
revealed a 2nd-degree, 2:1 atrioventricular block necessitating a permanent pacemaker. AF was confirmed in 4 patients (4/23,
17%) and interestingly, was associated with an underlying postoperative complication in 2 participants (pneumonia n=1, pericardial
tamponade n=1). A significant increase in the proportion of measurements indicating sinus rhythm was observed when comparing
the first to the second month of follow-up (P<.001). In the second month of follow-up, compliance was significantly lower with
2.2 (SD 0.7) measurements per day versus 3.0 (SD 0.8) measurements per day in the first month (P=.002). The majority of
participants (17/23, 74%), as well as the surveyed primary care physicians, experienced positive value by using the app as they
felt more involved in the postoperative rehabilitation.

Conclusions: Implementation of smartphone-based PPG technology enables detection of AF and other rhythm-related
complications after cardiac surgery. An association between AF detection and an underlying complication was found in 2 patients.
Therefore, smartphone-based PPG technology may supplement rehabilitation after cardiac surgery by acting as a sentinel for
underlying complications, rhythm-related or otherwise.

(JMIR Mhealth Uhealth 2021;9(4):e26519)   doi:10.2196/26519
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Introduction

Postoperative atrial fibrillation (POAF) is one of the most
important complications after cardiac surgery, occurring in
10%-65% of patients, depending on their risk profile and surgery
type [1-3]. The burden of this complication on health care and
the economy is significant, as it leads to elevated stroke risk,
higher postoperative mortality, longer hospitalization, and an
increase in medical costs [3-5]. AF and other arrhythmias
typically occur early after surgery, with the incidence of AF
peaking on the second to third postoperative day, correlating
with the inflammatory peak [2,6,7]. In studies with extensive
follow-up using noninvasive telemetry or invasive event
recorders, late-onset POAF occurs in approximately 9% of
patients [8-13]. Recurrent POAF is more common, with an
estimated recurrence rate of 30% in the first months
postoperatively [14,15]. The precise incidence of late-onset or
recurrent AF remains uncertain due to discrepancies between
previous studies.

The basic principle of photoplethysmography (PPG) technology
is the detection by an optical sensor of variations in light
intensity, as reflected by or transmitted through tissue. The
tissue perfusion with every heartbeat can be registered, and by
extrapolating the RR-interval, the underlying heart rhythm can
be determined. FibriCheck (Qompium NV, Hasselt, Belgium)
is an example of a Conformité Européenne– and Food and Drug
administration–approved smartphone app that employs the
phone’s flashlight and camera, thereby offering a low-budget
and widely accessible platform for early diagnosis and close
follow-up of AF [16,17]. Previous studies have extensively
confirmed its accuracy in detecting AF and the feasibility of
use in a primary care setting or as a large-scale screening tool
[17-19]. While there are currently no reports on the systematic
use of a PPG-based smartphone app after cardiac surgery, such
an approach is promising to detect late-onset or recurrent POAF
that may otherwise be missed in routine clinical follow-up. On
the other hand, the importance and therapeutic implications of
these sometimes short and asymptomatic episodes of AF are
uncertain. Therefore, the potential added value of PPG
technology in postoperative rehabilitation must be evaluated.

The objective of this study was to gain insight into the
prevalence of arrhythmias upon discharge home after cardiac
surgery by using a PPG-based app. Furthermore, we aimed to
evaluate the added value and obstacles to implementation of
this app into routine clinical care.

Methods

Study Design
This study was constructed as an observational, monocentric
cohort study. An a priori sample size calculation was not

performed for this proof-of-concept trial. This study was
approved by the Ethics Committee Research of University
Hospitals (UZ)/Katholieke Universiteit Leuven (S63159) and
was conducted in accordance with the Declaration of Helsinki.

At discharge, participants were educated on the use of the app
by a member of the research team before starting a follow-up
period of 60 days in which they used FibriCheck to assess their
heart rhythm. The home monitoring consisted of 3 measurements
per day, with each measurement being 1 minute long. If
compliance decreased, the participant was sent a reminder. At
the end of the study period, participants were contacted and
asked to complete a short questionnaire on their personal
experience of using the smartphone app as a follow-up tool.

FibriCheck App and Evaluation of PPG Registrations
The specific PPG-based smartphone app under evaluation was
FibriCheck, which is capable of distinguishing multiple different
arrhythmias. Measurements are performed by placing a finger
over the camera of a smartphone for 1 minute. During this
period, the smartphone’s optical sensor detects variations in
tissue perfusion related to the heart rhythm, enabling
extrapolation of the RR-interval. An example of a measurement
is provided in Multimedia Appendix 1. Each measurement is
then uploaded to a server and immediately analyzed by a
dedicated algorithm, classifying the measurement into 1 of 4
categories (normal, warning, urgent, insufficient quality).
Warning measurements include non-AF arrhythmias, and urgent
measurements include possible AF arrhythmias. Measurements
indicating normal sinus rhythm are validated immediately by
the algorithm, whereas measurements with possible irregularities
are reviewed by highly trained personnel within, at most, 48
hours. As specified in the instructions for use, every arrhythmia
detected by FibriCheck should be confirmed by an
electrocardiogram (ECG).

As per standard protocol for FibriCheck, all PPG measurements
were immediately available to the research team through the
online dashboard of the app. To prevent delays in diagnosis,
the investigators checked this dashboard daily for abnormal
measurements. If an unconfirmed measurement was suspected
by the research team to indicate AF, the study participant was
contacted, and the research team suggested that they visit their
primary care physician (PCP). Furthermore, patients were
instructed at study inclusion to seek emergent medical care if
they felt unwell and not rely on the app to guide them. An
overview of the protocol in case of arrhythmia detection is
shown in Figure 1.
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Figure 1. Schematic overview of the protocol for management of detected arrhythmias during the follow-up phase. AF: atrial fibrillation; PCP: primary
care physician.

Outcome Measures
The primary outcome was the detection of postoperative
arrhythmias after hospital discharge, mainly focusing on
late-onset or recurrent postoperative AF. Secondary outcomes
included the detection of other rhythm-related events, the impact
and added value of FibriCheck on routine postoperative care,
and the experience of patients and PCPs.

Participant Recruitment and Eligibility Criteria
Patients were recruited during their recovery period after cardiac
surgery at UZ Leuven. Inclusion criteria consisted of (1) a
minimum age of 18 years, (2) possession of a smartphone, (3)
underwent cardiac surgery at UZ Leuven, and (4) written
informed consent. Exclusion criteria were (1) permanent AF;
(2) pacemaker-dependent heart rhythm or ventricular assist
device; (3) significant cognitive impairment (eg, dementia); (4)
poor finger perfusion (eg, intensive callus formation, perniosis);
(5) tremor, Parkinson’s disease, or other disabilities resulting
in the inability to perform measurements; (6) nonnative Dutch
speakers; and (7) long and complicated postoperative
hospitalization, for example after endocarditis surgery.

Data Collection and Analysis
Data were collected and processed anonymously, in accordance
with regulations on data protection, ethics, and written informed
consent. Patient-related information was retrieved from the
electronic medical records system used at UZ Leuven, while
data on the PPG registrations were exported from the FibriCheck
app interface.

Continuous variables are presented as mean (SD), and
categorical variables are presented as numbers and percentages.
The Shapiro-Wilk test was used to test normality. The Student
t test, Wilcoxon rank sum test, and Fisher exact test were used
to determine significance when comparing variables between
subgroups. The 2-proportion z test was used to determine the
significance of proportions between subgroups. Statistical
significance was set at P<.05, and data were analyzed using R
Studio version 1.1.447 (RStudio Inc, Boston, MA) or Microsoft
Excel for Mac version 16.36 (Microsoft Corporation, Redmond,
WA).

Results

Study Population
Between January 29, 2020 and March 12, 2020, patients
recovering from cardiac surgery at UZ Leuven were screened
for participation. In this period, 24 patients were initially
enrolled in the study. A total of 23 participants completed the
study period, as 1 participant received a permanent pacemaker
for late-onset, second-degree atrioventricular (AV) block with
2:1 conduction. All remaining 23 participants were home
monitored for 30 days, and 17 were followed for an additional
30 days. The mean age was 60.2 (SD 12) years, and the majority
of the study population was male (15/23, 65%). Table 1 provides
an overview of demographic and other variables of the study
population.
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Table 1. Overview of (demographic) variables of the study population (n=23).

ValuesVariables

60.2 (12)Age (years), mean (SD)

15 (65)Gender (male), n (%)

26.5 (5)BMI (kg/m2), mean (SD)

2 (9)Diabetes, n (%)

9 (39)Hypertension, n (%)

7 (30)Hypercholesterolemia, n (%)

3 (13)BMI >30 kg/m2, n (%)

2 (1)CHA2DS2-VASca score, mean (SD)

1 (1)HAS-BLEDb score, mean (SD)

1.4 (1)EuroScore II, mean (SD)

58.2 (6)LVEFc, mean (SD)

47.9 (8)LVDDd (mm), mean (SD)

30.9 (8)LAVIe (mL/m2), mean (SD)

1.5 (2)Length of ICUf stay (days)g, mean (SD)

6.9 (3)Total length of stay (days)g, mean (SD)

Surgery type, n (%)

8 (35)AVRh/root/arch replacement

7 (30)CABGi

5 (22)Mitral valve surgery

1 (4)ASDj closure

1 (4)CABG + AVR

1 (4)MVPk + root replacement

aCHA2DS2-VASc: congestive heart failure, hypertension, age (>75 years), diabetes, stroke/transient ischemic attack, vascular disease, previous myocardial
infarction, age (65-75 years), and sex category.
bHAS-BLED: hypertension, abnormal renal and liver function, stroke, bleeding, liable INR, elderly, drugs or alcohol.
cLVEF: left ventricle ejection fraction.
dLVDD: left ventricle diastolic diameter.
eLAVI: left atrial volume index.
fICU: intensive care unit.
gUz025 length of ICU stay is removed as an outlier; cut off boundaries were set at >20 days.
hAVR: aortic valve repair.
iCABG: coronary artery bypass grafting.
jASD: atrium septum defect.
kMVP: mitral valve plasty.

During hospitalization, POAF occurred in 9 of the 23 (39%)
patients, 4 of whom underwent isolated coronary artery bypass
grafting surgery. The remaining 5 participants who experienced
in-hospital POAF underwent various procedures. Other
arrhythmias detected by telemetry during the postoperative
hospitalization included several episodes of supraventricular
tachycardia, sinus bradycardia, and frequent ventricular
extrasystoles and one ventricular tachycardia episode.

A total of 42 patients were excluded prior to participation, and
these patients were significantly older than the study population
(average age of 71.7 vs 60.2 years, P=.002). Reasons for
exclusion were lack of smartphone possession (n=13), patients
that were transferred to other hospitals (n=9), permanent
pacemaker (n=7), refusal (n=6), permanent AF (n=4), and
nonnative Dutch-speaking patients (n=3).
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Overview of All FibriCheck Measurements
The total number of measurements performed by the 23
participants was 3271, with 2808 (2808/3271, 85.9%) being
normal, 288 (288/3271, 8.8%) measurements labelled as a
warning, and 27 (27/3271, 0.8%) prompted urgent action. The
remaining 148 (148/3271, 4.5%) measurements were of
insufficient quality. A majority of the warning measurements
(159/288, 55.2%) occurred in one patient experiencing very
frequent extrasystoles, and 67% (18/27) of all urgent
measurements originated from one other patient. Concerning
the diagnosis assigned to each measurement, 2792 (2792/3271,
85.4%) were sinus rhythm, 295 (295/3271, 9.0%) measurements
were premature ventricular contractions, and bradyarrhythmias
and tachyarrhythmias accounted for 5 (5/3271, 0.2%) and 2
(2/3271, 0.1%) of the measurements, respectively. Of all
measurements, 27 (27/3271, 0.8%) were diagnosed as atrial
flutter or fibrillation.

Most measurements (2929/3271, 89.5%) with the “normal” or
“insufficient quality” label were automatically diagnosed as
sinus rhythm or “insufficient quality” by the algorithm without
further review by FibriCheck staff. The remaining 342
(342/3271, 10.5%) measurements, mostly warning and urgent
measurements, were manually reviewed by FibriCheck staff.
The mean timespan between measurement performance and
review was 16.6 (SD 11.8) hours, and the maximum duration
seen was 47.0 hours.

Detection of Atrial Fibrillation
AF was confirmed in 4 participants (4/23, 17%) and
interestingly, was associated with underlying complications in
2 participants. One 70-year-old male participant who

experienced recurrent POAF 7 days after discharge
simultaneously presented with a late-occurring pericardial
tamponade. After surgical drainage, AF was not reported any
more by the app. The second patient with an underlying
complication was a 48-year-old man in whom FibriCheck
detected late-onset AF on days 4 and 5 after discharge. After
subsequent readmission, a diagnosis of pneumonia was made.
He received intravenous antibiotics and underwent an electrical
cardioversion.

Detection of a Second-Degree AV Block
During follow-up, FibriCheck indicated bradycardia
accompanied by frequent premature ventricular contractions in
one participant during the first 9 days after discharge. This
participant was a 56-year-old woman with Barlow’s disease
who underwent minimally invasive mitral valve repair. Starting
on the 10th day after discharge (postoperative day 15), the app
indicated atrial flutter. This was found to be a false positive as
an ECG revealed a 2nd-degree 2:1 AV block requiring a
permanent pacemaker, excluding her for the remainder of the
trial.

First Versus Second Month of Follow-Up
All 23 participants were followed for 30 days, and 17
participants were followed for an additional 30 days. Table 2
depicts the differences between the first and second months of
follow-up. Significantly fewer measurements were performed
in total, and less were of insufficient quality. We observed a
significant increase in the proportion of measurements diagnosed
as sinus rhythm as well as a decrease in the prevalence of other
arrhythmias (Figure 2).

Table 2. Overview of compliance, calculated as the average amount of measurements performed per day, with optimal compliance considered as 3
measurements daily.

P valueaSecond month

(n=17)

First month

(n=23)

Entire study

(n=23)

Variable

.0022.2 (0.7)3.0 (0.8)2.7 (0.9)Measurements per day, mean (SD)

.0010 (0)12 (52)7 (30)Participants performing ≥3 measurements per day, n (%)

.00811 (65)23 (100)21 (91)Participants performing ≥2 measurements per day, n (%)

aObtained using a t test or 2-proportion z test.
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Figure 2. Overview of FibriCheck results comparing the proportion of each rhythm diagnosis between the first and second month of follow-up, with
significance determined using 2-proportion z tests. AF: atrial fibrillation; PVC: premature ventricular contraction, SR: sinus rhythm.

On average, 2.7 (SD 0.9) measurements were performed per
day. Compliance was significantly better in the 1st vs 2nd month
(Table 2), and 21 participants (21/23, 91%) indicated that
performing 3 measurements per day was manageable. Patients
attributed the decrease in compliance mostly to feeling better
and returning to work.

Participants and Primary Care Physician’s Experience
Most participants found that using FibriCheck after discharge
was reassuring and made them feel safer (17/23, 74%). Two of
the participants experienced mild stress, and 1 participant
experienced severe distress. Even though some participants
experienced stress while performing the measurements, 20 out
of 23 participants (87%) recommended it to be used in common
practice. The surveyed PCPs experienced positive value by the
added use of the app as a follow-up method as they felt more
involved in the postoperative rehabilitation.

Discussion

PPG technology–based smartphone apps show great promise
to improve follow-up during rehabilitation after cardiac surgery.
To our knowledge, this study is the first to evaluate the

systematic use of a PPG-based app for remote heart rhythm
monitoring in the first 1-2 months after cardiac surgery. In 23
patients with 30 days of follow-up, AF was detected in 4 (17%)
patients. In 2 of these patients, the detection of AF by
FibriCheck led to the diagnosis of an underlying complication.
This finding suggests that late-onset or recurrent POAF after
cardiac surgery may be an alarm symptom. In 1 patient, a
late-onset AV block Mobitz II was detected as the irregular
rhythm triggered a false positive registration of atrial flutter.

Study Population
The population of our study consisted of a mixed cohort of
surgical patients, representative for a tertiary care center. The
mean age and CHA2DS2-VASc score in our population were
lower compared to other short-term, invasive and noninvasive
follow-up studies [14,20]. While this may indicate that our
population was at a relatively low risk for AF, POAF occurred
in 9 out of 23 patients (39%) during hospitalization [7]. It would
be incorrect to draw conclusions from the demographic variables
and compare these to the risk factors reported in the literature
because of the limited number of included patients.
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Detection of Events by FibriCheck
Even with a limited sample size, our study showed an incidence
of POAF after discharge of 17% (4 out of 23 participants). The
value of FibriCheck is not limited to the detection of AF as it
may enable early diagnosis of postoperative complications.
While FibriCheck is not (yet) able to specifically detect
atrioventricular conduction abnormalities, the app enabled the
detection of a second-degree AV block by giving a false positive
registration for atrial flutter [21]. Furthermore, this case indicates
the importance of confirming the diagnosis of arrhythmias
detected by PPG with a 12-lead ECG. In 1 patient in our study,
POAF recurrence was most likely caused by a pericardial
tamponade [22]. Likewise, we detected an episode of late-onset
AF related to pneumonia. These associations suggest that AF
may serve as a marker for underlying complications, supported
by the established relation between AF and inflammation. In
the case of pericardial tamponade or pneumonia, it is likely that
a combination of hemodynamic effects and inflammatory status
led to AF [23].

When comparing the first month of follow-up to the second
month, several significant differences were noted. The
proportion of normal or sinus rhythm measurements was
significantly higher in the second month, and consequently, the
numbers of warning and urgent measurements were significantly
lower. This is in keeping with evidence that most recurrence
arises within the first month after surgery [9,14,24].

Strengths and Weaknesses of the App
The ability to perform measurements at any moment is one of
the most attractive features of PPG-based smartphone
technology, especially in a clinical culture in which remote
follow-up is becoming increasingly important. It also offers a
unique opportunity to study and broaden knowledge of the
occurrence of postcardiac surgery complications as we observed
with our patients with AV block, pericardial tamponade, and
pneumonia. In our experience, FibriCheck accurately categorizes
the urgency of a measurement, making it easier and less
time-consuming for researchers or physicians to use the app.

Nonetheless, the implementation of PPG-based apps still faces
several obstacles. First, certain arrhythmias, such as an AV
block, cannot be diagnosed as such. Second, review time can
cause some inconvenience, so active follow-up is warranted.
When considering routine implementation of a PPG-based app
into a postoperative setting, dedicated personnel is likely needed
to ensure a streamlined follow-up and lower the additional
workload. Basic understanding of PPG has proven useful to
interpret the measurements ourselves. Finally, patient
compliance, with sufficient measurements performed per day,
seems essential to the success of smartphone-based PPG
technology in the diagnosis and follow-up of AF. In this study,

only 7 out of 23 participants (30%) performed the required 3
measurements per day, yet 21 out of 23 participants (91%)
performed 2 measurements per day. As compliance decreased
over time in this study, built-in reminders may ensure sufficient
measurements. On the other hand, all of the arrhythmias with
clinical implications diagnosed in our study were detected
because patients performed a PPG registration because they
were symptomatic. This highlights the importance of having a
diagnostic tool readily available for patients at risk for
arrhythmias, in the postoperative setting or otherwise.

Study Limitations and Implications for Future Studies
When designing this study, it was anticipated that a large
proportion of the elderly population, with a higher risk of
arrhythmias, would not possess a smartphone [25] and thus be
excluded from participation, thereby creating a selection bias.
Indeed, the average age of included patients was rather young
(mean 60.2, SD 12 years) and significantly younger than the
patients excluded due to the lack of smartphone possession
(mean 77, SD 8.5 years, P<.001). As the fraction of adults aged
65 years or older using smartphones rose from 18% to 42%
between 2013 and 2016, the implications for future studies may
be diminished in the future [25]. Alternatively, future projects
can actively reduce this bias by providing devices or involving
caregivers.

While the small sample size of this study prevents us from
offering new insights on arrhythmia occurrence after cardiac
surgery, our study did find an interesting association between
POAF and underlying complications. The COVID-19 outbreak
(in March 2020) hindered patient inclusion and follow-up
consultations. Future trials will have a larger study population
and include a scaled questionnaire of patient and PCP experience
to enable continued improvement of the application.

Conclusions
This study was the first to evaluate FibriCheck in a setting after
cardiac surgery. Implementation of smartphone-based PPG
technology enabled the detection of AF and other
(rhythm-related) complications. After discharge, even with only
23 patients included, FibriCheck detected POAF in 4 patients
(17%) and a second-degree AV block in 1 patient. An
association between AF detection and an underlying
complication was found in 2 patients. Early detection of these
complications by FibriCheck likely improved the patients’
clinical outcomes. Therefore, smartphone-based PPG technology
may supplement rehabilitation after cardiac surgery by acting
as a sentinel for underlying complications, rhythm-related or
otherwise. With dedicated personnel and a streamlined workflow
for the management of detected arrhythmias, the systemic
implementation of FibriCheck into follow-up after cardiac
surgery is very promising.
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Abstract

Background: Many people constantly use their smartphones in all kinds of situations. Often smartphones are used in a meaningful
and targeted way, but frequently they are used as a pastime without any purpose. This also applies to patients and therapists in
treatment situations.

Objective: The aim of this study was to investigate how purposeful smartphone use compared with recreational smartphone
use (by a physiotherapist or by a patient) influenced the perception of a physiotherapeutic treatment situation. We examined the
impact of smartphone use during a physiotherapy session on the perception of the physiotherapist, evaluation of attentiveness,
and evaluation of smartphone use in physiotherapy in general.

Methods: Members of various music and sports clubs were invited to participate in an online randomized controlled trial.
Participants were randomly assigned to one of four conditions. They watched a video in which a physiotherapeutic treatment was
shown and in which a smartphone was used or not used in the following four different ways: (1) therapeutically purposeful use,
(2) recreational use by the physiotherapist (looking at the phone from time to time with no therapeutic purpose), (3) recreational
use by the patient, and (4) no smartphone use (control condition). After watching the video, the participants indicated their
perception of the physiotherapist’s professional competence, social competence, and empathetic behavior. They also rated the
physiotherapist’s and patient’s attentiveness and evaluated the usage of smartphones generally in physiotherapy.

Results: The analysis included 118 participants (63 women and 55 men). When the physiotherapist used the smartphone in a
purposeful way, the physiotherapist was perceived as more professionally competent (P=.007), socially competent (P=.03), and
empathetic (P=.04) than if the physiotherapist used it with no therapeutic purpose. These effects occurred because recreational
smartphone use by the physiotherapist was evaluated more negatively than the behavior in the control condition (professional
competence: P=.001; social competence: P=.03; empathy: P=.04). Moreover, when the physiotherapist used the smartphone in
a recreational way, the physiotherapist was perceived as being less attentive (P<.001). Likewise, when the patient used the
smartphone in a recreational way, the patient was perceived as being less attentive (P<.001). Finally, smartphone use in
physiotherapy was rated as more positive in general when the smartphone was used in a purposeful way compared with the
conditions in which the physiotherapist or patient looked at the smartphone with no therapeutic purpose (P<.001). This positive
evaluation occurred because purposeful use led to a more positive rating than no smartphone use (P<.001, R=0.42).

Conclusions: Smartphones are only appropriate for therapists and patients if they are used directly for a therapeutic purpose.
Otherwise, it is better not to use smartphones during treatment.

Trial Registration: AsPredicted (aspredicted.org) #24740; https://aspredicted.org/blind.php?x=vv532i

(JMIR Mhealth Uhealth 2021;9(4):e25717)   doi:10.2196/25717
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Introduction

Background
Smartphones and other mobile devices are ubiquitous. They
enable their users to complete a large number of tasks with little
effort. They can be used not only for all kinds of everyday tasks,
but also expressly for medical diagnostics [1-4] and therapeutic
purposes [5-7]. Whether the use of smartphones is perceived as
meaningful and helpful, or rather as unnecessary and even
disruptive, certainly depends on the concrete way in which they
are used. On the one hand, smartphones are versatile tools that
can be used for a variety of tasks and activities like social
interactions [8,9], education [10-12], and work-related activities
[13,14]. On the other hand, many people are often distracted by
their smartphones as they constantly look at them and check
whether there is something new, even if this has nothing to do
with the actual situation they are in at that moment [15,16].
Despite the positive possibilities offered by smartphones, the
devices have dangers. People tend to spend several hours a day
with their devices and social interactions can be disturbed [15].
Communication via the smartphone has become faster, easier,
and a matter of course. The expectation of being “permanently
online and permanently connected” seems to be established in
society, in private life, and at work [17-19]. This is particularly
noticeable in certain behaviors, such as the frequent habit of
briefly “checking” the phone [20-22]. People focusing on their
smartphones instead of their physically present communication
partners is such a common situation that the term “phubbing”
has been created to describe this phenomenon [23-25].

Checking behavior refers to people’s habit of constantly
inspecting their smartphones. This includes receiving messages
from other people and reports of news through websites or social
media. Habits are repetitive procedures and activities in certain
situations. This checking habit is a kind of ritual for many
people, which mostly happens unconsciously [25,26]. The short
repetitive checks are thus automatic behaviors and can be
increased by external stimuli, such as visual and auditory stimuli
[26]. Constant distraction and interruption can lead to errors
and a reduction in efficiency [27]. Negative effects may occur
owing to minor interruptions in everyday activities, such as
working, learning, and driving. In some cases, smartphone use
can even be considered an addiction [28-30]. In everyday life,
smartphones accompany many patients and therapists in
physiotherapy sessions. As in other situations, smartphones can
offer opportunities for therapy [31-33], but at the same time,
they can present risks.

Smartphone Use in Physiotherapy
In physiotherapy, new exercises are often shown to build up
muscles or train balance and body awareness. One technique
that is often used to support such learning processes is learning
through observing one’s own behavior or the behaviors of
human role models [34-37]. This includes learning by observing
a demonstration of a target movement. Video exercise
instruction [38-40], video feedback [41], and video
self-modeling [42,43] are possible implementations of this
principle.

Through video self-modeling (ie, a video recording of the patient
herself/himself during the implementation of a motor movement
sequence), visual evidence is produced. This differs from the
video exercise instruction, which shows a film excerpt with the
motion sequence being performed by an expert or professional.
Many studies have confirmed the usefulness of video feedback
to improve athletic performance [44,45]. In physiotherapy, a
video recording can be used to alert the patient to errors and to
request correction of these errors. With the help of smartphones,
video recording is made easier and is possible for any patient.
Therefore, the video feedback approach with modern
smartphones in physiotherapy should be considered as a possible
support method.

The interaction between therapists and patients is a complex
construct. The therapeutic relationship between therapists and
patients is an important factor for the success of physiotherapy.
In this type of relationship, aspects, such as social and
professional competence and empathy, are particularly important
[46-48]. To support successful treatment, attention and
motivation are relevant. Distractions of any kind, for example,
by a smartphone, can have a negative effect on the success of
therapy. In addition, the perceived use of smartphones can
influence the therapy. Professional and social competence as
well as empathy and attentiveness are factors that contribute to
the success of physiotherapeutic treatments. At the same time,
these are variables that are potentially affected by the use of
smartphones, and accordingly, represent relevant outcome
variables for this study [49,50]. A recent study showed that
observing the use of smartphones in social interactions
influences the perception of smartphone users’ warmth and
competence [51]. So far, it is unclear whether this also applies
to physiotherapeutic treatment situations and whether the way
smartphones are used (purposeful smartphone use vs smartphone
use in the sense of a checking habit) influences the perception
of the treatment situation and the therapist.

Outcome Variables and Hypotheses
In order to ensure a positive effect of the therapeutic
relationship, perceived professional competence of the
physiotherapist is central [46,52-54]. The use of a smartphone
may influence the perception of the physiotherapist’s
professional competence. Targeted and purposeful smartphone
use can have a positive effect on the perception of professional
competence in cases where use of a smartphone obviously
supports therapeutic treatment. On the other hand, smartphone
use in the sense of a checking habit can have a negative effect
on perceived professional competence, as the device distracts
from the treatment and disturbs its progression. On the basis of
these considerations, we state the following hypothesis
(hypothesis 1): The way the smartphone is used has an impact
on participants’ perceived professional competence of
physiotherapists. Physiotherapists’ professional competence
will be perceived as more pronounced if they use the smartphone
in a purposeful way than if they look at it from time to time
with no therapeutic purpose.

In addition to professional competence, perceived social
competence of the physiotherapist is another relevant factor
influencing the success of treatment [46,54]. Social competence
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refers to physiotherapists’ interpersonal and communicative
skills. This aspect is important for interpersonal communication
and relationship building. A change in the perception of
physiotherapists’ social competence with regard to the way they
use smartphones is to be expected. Purposeful use of
smartphones can have a positive effect on the perception of
social competence, when the smartphone serves as an aid during
treatment. Conversely, smartphone use in the sense of a checking
habit can have a negative effect on perceived social competence.
Based on these considerations, we state the following hypothesis
(hypothesis 2): The way the smartphone is used has an impact
on participants’perceived social competence of physiotherapists.
Physiotherapists’ social competence will be perceived as more
pronounced if they use the smartphone in a purposeful way than
if they look at it from time to time with no therapeutic purpose.

Adequate empathetic behavior by therapists is also important
to promote a positive therapeutic relationship and treatment
success. Through perceived empathetic behavior, patients feel
understood and build a positive relationship and trust with the
treating therapist [54-57]. With respect to perceived empathetic
behavior, we state the following hypothesis (hypothesis 3): The
way the smartphone is used has an impact on participants’
perceived empathetic behavior of physiotherapists.
Physiotherapists’empathetic behavior will be perceived as more
pronounced if they use the smartphone in a purposeful way than
if they look at it from time to time with no therapeutic purpose.

As an open research question, we examined whether the
assumed differences in perceived professional competence,
perceived social competence, and perceived empathetic behavior
occur owing to the fact that (1) purposeful use of the smartphone
leads to a higher rating of perceived professional competence,
perceived social competence, and perceived empathetic behavior
in comparison with no smartphone use or (2) the checking
behavior of the physiotherapist leads to a lower rating in
comparison with no smartphone use.

In order to be able to ensure successful therapy, a good working
atmosphere must be created. One factor that can positively
influence the working atmosphere is attention. It is important
not to be distracted in order to be able to focus one’s full
attention on something [58]. Using a smartphone to answer
messages, etc, at the same time that an exercise in physiotherapy
is being explained can lead to attention problems and
consequently to performance degradation [59]. The reason for
this is that the attention capacity of a person is not sufficient to
perform both tasks at the same time [60,61]. Smartphone use
immediately directs attention to the stimuli of the smartphone,
disrupting the attention that is needed for the physiotherapy
exercise. Thus, we expected the way the smartphone is used to
have an impact on how attentively physiotherapists and patients
are perceived by the participants. Thus, we state the following
hypotheses: hypothesis 4a, physiotherapists will be perceived
as being less attentive when they look at the smartphone from
time to time with no therapeutic purpose; and hypothesis 4b,

patients will be perceived as being less attentive when they look
at the smartphone from time to time with no therapeutic purpose.

In this context, it is also relevant to investigate how the concrete
use of smartphones in the physiotherapeutic treatment situation
affects how the participants evaluate the use of smartphones in
general. We state the following hypothesis (hypothesis 5): The
way the smartphone is used has an impact on participants’
evaluation of smartphone use in physiotherapy in general.
Smartphone use in physiotherapy will be rated as more positive
if the smartphone is used in a purposeful way than if
physiotherapists or patients look at it from time to time with no
therapeutic purpose.

As an open research question, we examined whether the
assumed differences are owing to the fact that (1) purposeful
use of the smartphone leads to a more positive rating in
comparison with no smartphone use or (2) use of the smartphone
with no therapeutic purpose leads to a less positive rating in
comparison with no smartphone use.

Methods

Ethical Approval
This study was approved by the Ethics Committee of the
Leibniz-Institut fuer Wissensmedien (Tuebingen, Germany;
approval number: LEK 2019/025).

Study Design
The data for this study were collected in an online survey. The
survey contained several questionnaires and a video that differed
depending on the experimental condition. We used a video
presentation, because this allowed for standardized manipulation
of the conditions. The video clips lasted about 2 minutes. They
showed a physiotherapeutic treatment with different types of
smartphone use, involving a female physiotherapist and a female
patient, who were both portrayed by actresses. The first and the
last scenes of the video were identical in all of the conditions.
First, the patient was greeted and asked about the current back
pain. In the following part, the physiotherapist provided
instructions for an exercise with a Pezzi ball. Here, the
physiotherapist demonstrated the exercise and the patient
imitated it. In this part, the conditions differed only with regard
to smartphone use (Figure 1). The conditions were as follows:
(1) Purposeful use, the smartphone was used to support the
physiotherapy, in the sense that the patient was filmed with a
smartphone doing an exercise to provide qualified feedback;
(2) Check therapist, the physiotherapist looked at the smartphone
from time to time with no therapeutic purpose; (3) Check patient,
the patient looked at the smartphone from time to time with no
therapeutic purpose; (4) Control, no smartphone was used during
the exercise. At the end of the video, the patient was asked to
do the exercise again. This scene was identical in all conditions.
The participants were randomly assigned to watch one of the
four videos.
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Figure 1. Experimental conditions.

Participants
A power analysis for analysis of variance (ANOVA) with α=.05,
an intended power of 95%, and a large effect size of 0.40
revealed a required sample size of 112. Members of various
music and sports clubs in Germany (Federal State of
Baden-Wuerttemberg) were invited via the clubs’ internal email
distribution lists to participate from June to July 2019 in an
online study. This was a relevant sample as both athletes and
musicians often need physiotherapy [62]. The invitation email
provided basic information about the study. This comprised the
inclusion criteria (good German language skills and a minimum
age of 18 years) and the formal requirements to participate in
the study (the required technical device, ie, a computer, laptop,
or smartphone with speakers or headphones, and the expected

time required). A total of 279 people from 14 clubs took part
in the survey. After applying the predefined exclusion criteria
(Figure 2), we included 118 participants in the analysis. The
age of the participants was between 18 and 74 years (mean
39.83, SD 15.15 years). Of the 118 participants, 63 stated they
were female and 55 stated they were male. Additionally, 75
participants were employed or self-employed, 19 were students,
three were in vocational training, eight were retirees, and 14
indicated other occupations, such as public officials. Seven
participants did not answer the occupation question (multiple
answers were possible). Most participants (n=107, 86.4%)
indicated that they use their smartphones within the first hour
after getting up, and more than half of the participants (n=61,
51.7%) indicated that they use their smartphones between 1 and
4 hours a day.
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Figure 2. Flow diagram for study participants.

Procedure
Initially, the participants provided information about their age,
gender, current occupation, and daily smartphone usage.
Thereafter, they were asked to imagine that they were
undergoing physiotherapy for back pain. After that, the
participants were randomly assigned to one of the four
experimental conditions equally and they watched the
appropriate video. Randomization was carried out by using
Qualtrics software (Qualtrics). All participants were blinded to
group allocation.

After watching the video, we conducted a manipulation check
to ensure that the participants recognized the experimental
treatment. They then indicated their perception of the
professional competence, social competence, and empathetic
behavior of the physiotherapist. They also rated the
physiotherapist’s and patient’s attentiveness and evaluated the
usage of smartphones in physiotherapy in general. Finally, the
participants were debriefed. They were given the investigators’
contact information, and a link was provided to enable them to
take part in a raffle for Amazon vouchers (two vouchers of €50
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(USD 60) each and five vouchers of €20 (USD 23) each).
Participation in the study took about 20 to 30 minutes.

Measures
The online study was created using the Qualtrics software. The
questionnaire of Willson and McNamara was used to measure
professional competence and social competence [63]. This

questionnaire compares eight pairs of adjectives to measure
professional competence and nine pairs of adjectives to measure
social competence on 9-point scales. These items are shown in
Textbox 1. The reliability of the scales was determined by
calculating the Cronbach alpha coefficient. There were good
internal consistencies for the professional competence (α=.894)
and social competence scales (α=.897).

Textbox 1. Measurement of perceived professional and social competence. *Reverse-coded items

Professional competence

Unprofessional (1) to professional (9)

Experienced (1) to inexperienced (9)*

Not thorough (1) to thorough (9)

Careful (1) to careless (9)*

Incompetent (1) to competent (9)

Trained (1) to untrained (9)*

Not appealing (1) to appealing (9)

Confident (1) to unconfident (9)*

Social competence

Friendly (1) to unfriendly (9)*

Impolite (1) to polite (9)

Attentive (1) to not attentive (9)*

Unkind (1) to kind (9)

Pleasant (1) to unpleasant (9)*

Not nice (1) to nice (9)

Caring (1) to not caring (9)*

Insensitive (1) to sensitive (9)

Sympathetic (1) to unsympathetic (9)*

Empathetic behavior of the physiotherapist was captured with
a modified and shortened version of the CARE scale [64]. We
modified the scale to fit the physiotherapeutic situation (rating
the physiotherapist, not a physician). We used five items that

participants rated on a 5-point Likert scale. Internal consistency
for the scale was good (α=.867). The items are presented in
Textbox 2.

Textbox 2. Measurement of empathetic behavior.

1: The physiotherapist behaved in such a way that the patient felt comfortable around her.

2: The physiotherapist was caring and showed compassion to the patient.

3: The physical therapist really listened to the patient.

4: The physiotherapist encouraged the patient.

5: The physiotherapist explained everything to the patient in an understandable way.

We measured attentiveness with six self-created items. Three
questions focused on the perceived attentiveness of the patient,
and another three focused on the perceived attentiveness of the
therapist (Textbox 3). The data were recorded using a 5-point

Likert scale. There was good internal consistency for both scales
(attentiveness of the patient: α=.830; attentiveness of the
physiotherapist: α=.800).
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Textbox 3. Measurement of the perceived attentiveness of the physiotherapist and the patient. *Reverse-coded items.

Attentiveness of the physiotherapist

-The therapist seemed to be distracted during the therapy.*

-The therapist’s attention was completely focused on the therapy.

-The therapist showed great interest in the progress of the therapy.

Attentiveness of the patient

-The patient seemed to be distracted during the therapy.*

-The patient’s attention was completely focused on the therapy.

-The patient showed great interest in the progress of the therapy.

We also measured how participants evaluated the use of
smartphones in physiotherapy in general (Textbox 4). The data

were collected using a 5-point Likert scale. The internal
consistency was good (α=.895).

Textbox 4. Evaluation of the usage of smartphones in physiotherapy. *Reverse-coded items.

1: A smartphone is mainly distracting in physiotherapy.*

2: A smartphone interferes during physiotherapy.*

3: A smartphone stands in the way of good physiotherapy.*

4: It is very useful to use a smartphone in physiotherapy.

5: The use of a smartphone in physiotherapy is very supportive.

6: Using a smartphone in physiotherapy entails advantages.

Analysis
Data analysis was performed using IBM SPSS 25 statistics
(IBM Corp) for Windows. To test our hypotheses and answer
the open research questions, we performed contrast analysis.
Contrast analysis allows for testing specific hypothesized
patterns of mean differences by defining lambda coefficients
while increasing statistical power and avoiding issues of multiple
testing, which would arise with pairwise comparisons using t
tests [65]. In addition, contrast analysis produces distinct test
statistics for situations in which the group variances are equal
or unequal. To decide for the correct test statistic, we used the
Levene test for homogeneity of variance. To test the
comparability of the conditions, ANOVA and chi-square tests
were performed.

We provide mean, SD, and R as an indicator of effect size for
significant results. According to a previous report [66], we
interpreted R=0.10 as a small effect, R=0.20 as a typical effect,
and R=0.30 as a relatively large effect. The significance level
for all analyses was set to α=.05.

Results

Comparability of the Conditions
There were no significant differences among the four

experimental conditions regarding participants’ sex (χ2
3=2.02,

P=.57), age (F3,114=0.68, P=.56), and smartphone usage (average
time of smartphone usage: P=.73; time interval between getting
up in the morning and the first use of the smartphone: P=.13).

Hypothesis Testing
All of the outcome variables (professional competence: P=.14;
social competence: P=.13; attentiveness of the physiotherapist:
P=.08; attentiveness of the patient: P=.39; smartphone use:
P=.11), except empathetic behavior (P=.01), met the criteria of
variance homogeneity. The scores for all of the experimental
conditions are shown in Figure 3 and Figure 4.

In hypothesis 1, we assumed that the professional competence
of the physiotherapist would be perceived as more pronounced
if the physiotherapist used the smartphone in a purposeful way
than if the physiotherapist looked at it from time to time with
no therapeutic purpose. A contrast analysis supported this
assumption (t112=2.53, P=.007, R=0.23). We found the same
pattern of results for the perception of social competence
(hypothesis 2; t112=1.99, P=.03, R=0.19) and empathy
(hypothesis 3; t49.17=1.82, P=.04, R=0.25).

Hypothesis 4a was supported by the data as well. When the
physiotherapist used the smartphone in a recreational way, the
physiotherapist was perceived as being less attentive than in all
of the other conditions (t105=5.15, P<.001, R=0.45). The same
applied to hypothesis 4b that was concerned with the
attentiveness of the patient. When the patient used the
smartphone in a recreational way, the patient was also perceived
as being less attentive than in all of the other conditions
(t105=7.63, P<.001, R=0.60).

In line with hypothesis 5, we found that the way the smartphone
was used had an impact on participants’ evaluation of
smartphone use in physiotherapy in general. If the
physiotherapist used the smartphone in a purposeful way,
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smartphone use in physiotherapy was rated more positively
compared with the conditions in which the physiotherapist or

the patient looked at the smartphone from time to time with no
therapeutic purpose (t102=7.01, P<.001, R=0.57).

Figure 3. Means and CIs for the outcome variables professional competence and social competence in the four experimental conditions. ns: nonsignificant.
*P<.05, **P<.01, ***P<.001.

Figure 4. Means and CIs for the outcome variables empathetic behavior, attentiveness of the physiotherapist, attentiveness of the patient, and smartphone
use in the four experimental conditions. ns: nonsignificant. *P<.05, ***P<.001.

Open Research Questions
As further contrast analyses showed, differences in perceived
professional competence, perceived social competence, and
perceived empathetic behavior occurred owing to the fact that
the checking behavior of the physiotherapist led to a lower rating
than no smartphone use (professional competence: t112=3.12,
P=.001, R=0.28; social competence: t112=1.93, P=.03, R=0.18;
empathy: t49.54=1.86, P=.04, R=0.26).

Purposeful use of the smartphone did not lead to a higher rating
of perceived professional competence (P=.27), perceived social
competence (P=.48), or perceived empathetic behavior (P=.47)
in comparison with no smartphone use. The positive evaluation
of smartphone use in physiotherapy occurred owing to the fact

that purposeful use of the smartphone led to a more positive
rating in comparison with no smartphone use (t102=4.68, P<.001,
R=0.42) and not because use of the smartphone with no
therapeutic purpose led to a less positive rating than no
smartphone use (P=.38).

Discussion

Overview
This study examined to what extent smartphone use in a
physiotherapeutic treatment session impacted the perceived
competence and empathy of the physiotherapist, the perceived
attentiveness of the physiotherapist and the patient, and the
overall evaluation of the use of smartphones in physiotherapy.
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To our knowledge, this is the first empirical investigation into
the effects of different kinds of smartphone usage in
physiotherapeutic treatment situations. By examining the
difference between purposeful use of smartphones and the often
unconsciously occurring checking (or phubbing) behavior, we
aimed to contribute to the highly socially relevant discussion
about new interaction phenomena induced through the
omnipresence of smartphones.

General Findings
As expected, our results indicated that purposeful use of a
smartphone by a physiotherapist was assessed differently from
recreational smartphone use regarding the rating of the
physiotherapist’s professional and social competence and
empathetic behavior. Interestingly, this was the case because
the checking behavior of the physiotherapist led to a lower rating
than no smartphone use and not because of the superiority of
purposeful smartphone use. It seems that the smartphone used
as a treatment tool was accepted, but it did not lead to any more
positive perceptions of the therapist. It is therefore particularly
important to use a smartphone in therapy only in a targeted
manner; otherwise, it can have a negative impact on the
physiotherapist-patient relationship, which is important for
treatment success [46,54]. Regarding the perceived attentiveness
of the physiotherapist and patient, the smartphone checking
behavior again had a negative influence. Nevertheless, it was
shown that a positive evaluation of smartphone usage in
physiotherapy in general occurred owing to the fact that
purposeful use of the smartphone led to a more positive rating
in comparison with no smartphone use or checking behavior.
This clearly showed that the participants saw the potential of
using smartphones to improve treatment quality, but they also
felt that inconsiderate use entailed hindrance of the social
interaction in physiotherapy.

Overall, the results of our study are in line with other research
findings demonstrating that smartphone use in social situations
can have negative effects on social interactions [24,51,67] and
perceived interpersonal attention [68]. However, the study also
showed a possible remedy for the negative consequences of
smartphone use, that is, utilizing the smartphone with a clear
purpose can be experienced and appreciated by communication
partners and patients.

Limitations
Our research has some limitations worth noting. First, the
experiment conducted here only relied on video material of a
physiotherapeutic treatment situation. While videos can be a
great format for illustrating processes, they are only an imitation
of real treatment situations. Owing to the exact scripting of the
video, we had the advantage of creating standardized
experimental material, but the disadvantage of a reduced level
of realism. In addition, the participants acted as observers and
not as patients or therapists. We cannot know conclusively
whether actual interaction partners in situations like the one in
the video would perceive the situation in the same way.
Moreover, this study cannot make a statement about whether a
certain level of smartphone use is necessary to achieve certain
effects, whether there must be a minimum threshold of
smartphone use, or whether more smartphone use leads to
stronger effects. The findings of this study only allow
conclusions to be drawn about whether a certain type of use in
general caused the effects investigated. Another limitation was
the relatively small sample size. As the power analysis showed,
we could only determine rather large effects. Large effects are
also more relevant to clinical practice. Owing to the sample
size, we cannot draw any conclusions on specific participant
characteristics, such as gender and age. This should be addressed
in further studies. It would also be interesting to examine
different characteristics (eg, gender, age, and digital
competence) of the therapist in further studies. Finally, we
considered only one physiotherapeutic treatment situation.
Generalization to other treatments or medical conditions is
therefore not possible. We advise researchers to examine the
effects of different kinds of smartphone uses in real clinical
settings in the future.

Conclusions
This research showed that the frequently reported negative
effects of smartphone use in social (face-to-face) interactions
were not perceived as such by our participants if the smartphone
was used in an obviously purposeful way. In this kind of usage,
participants even see the positive potential of smartphone use
in physiotherapy. In summary, we recommend that practitioners
use smartphones in a medical treatment situation only as actively
integrated supportive tools for the purpose of treatment.
Otherwise, a smartphone should be used with great awareness,
and checking behavior should be avoided as often as possible.
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Abstract

Background: There is a huge number of health-related apps available, and the numbers are growing fast. However, many of
them have been developed without any kind of quality control. In an attempt to contribute to the development of high-quality
apps and enable existing apps to be assessed, several guides have been developed.

Objective: The main aim of this study was to study the interrater reliability of a new guide — the Mobile App Development
and Assessment Guide (MAG) — and compare it with one of the most used guides in the field, the Mobile App Rating Scale
(MARS). Moreover, we also focused on whether the interrater reliability of the measures is consistent across multiple types of
apps and stakeholders.

Methods: In order to study the interrater reliability of the MAG and MARS, we evaluated the 4 most downloaded health apps
for chronic health conditions in the medical category of IOS and Android devices (ie, App Store and Google Play). A group of
8 reviewers, representative of individuals that would be most knowledgeable and interested in the use and development of
health-related apps and including different types of stakeholders such as clinical researchers, engineers, health care professionals,
and end users as potential patients, independently evaluated the quality of the apps using the MAG and MARS. We calculated
the Krippendorff alpha for every category in the 2 guides, for each type of reviewer and every app, separately and combined, to
study the interrater reliability.

Results: Only a few categories of the MAG and MARS demonstrated a high interrater reliability. Although the MAG was found
to be superior, there was considerable variation in the scores between the different types of reviewers. The categories with the
highest interrater reliability in MAG were “Security” (α=0.78) and “Privacy” (α=0.73). In addition, 2 other categories, “Usability”
and “Safety,” were very close to compliance (health care professionals: α=0.62 and 0.61, respectively). The total interrater
reliability of the MAG (ie, for all categories) was 0.45, whereas the total interrater reliability of the MARS was 0.29.

Conclusions: This study shows that some categories of MAG have significant interrater reliability. Importantly, the data show
that the MAG scores are better than the ones provided by the MARS, which is the most commonly used guide in the area. However,
there is great variability in the responses, which seems to be associated with subjective interpretation by the reviewers.

(JMIR Mhealth Uhealth 2021;9(4):e26471)   doi:10.2196/26471
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Introduction

In recent years, there has been an explosion of interest in the
use of mobile devices (eg, smartphones, tablets) [1], alongside
huge advances in the development of health-related mobile apps
[2]. For example, a total of 325,000 different health-related apps
has recently been reported to be available [3]. There are mobile
apps for virtually all kinds of health conditions: for example,
chronic pain [4,5], cancer [6], diabetes [7], and cardiovascular
diseases [8]. This growth has brought considerable benefits not
only to patients but also to society at large and at multiple levels.
For example, health-related apps help to (1) improve treatment
management, (2) facilitate patient-doctor communication, (3)
monitor the patient's condition in real time, and (4) improve
accessibility to treatment [9-12]. But there is also a number of
caveats, mostly related to the somewhat unsupervised and
unregulated nature of the process. And it has been suggested
that the fact that the field is evolving without much scientific
support or guidance [13] not only acts as a barrier to
improvement [14] but also, and more importantly, can
potentially put an individual’s health at risk [15]. Some of the
main problems related to health apps are (1) faulty reminders
that make proper treatment follow-up difficult (eg, the
instructions on when to do an activity or take medication are
not correct [16]); (2) lack of health expert involvement [17];
(3) inappropriate response to consumer needs (eg, bipolar
disorder apps failing to provide any response when asked about
extreme mood swings or suicidal ideation [18]); and (4) incorrect
medication doses (eg, incorrect calculation of insulin dose from
blood glucose values [19]).

In order to overcome the issues health-related apps are facing,
some rating scales and guides have been developed (eg, [20,21]).
One of the first was the Mobile App Rating Scale (MARS) [22].
It is one of the most used rating scales to measure the quality
of health-related apps [23-27]. However, the MARS was created
from a narrow perspective [28-30] on the basis of analyzing
studies on existing mobile apps and leaving out information
from other relevant sources (eg, standards governing the design
of software for medical devices).

Recently, the Mobile App Development and Assessment Guide
(MAG) [13] was created to address the problems observed in
the guides available (but not current key concerns such as
privacy and security) and to help assess health-related apps and
guide stakeholders in the development of new quality apps. The
MAG was developed using data from all potential relevant
sources and a representative sample of the guidelines,
frameworks, and standards in the field of health app
development. The MAG has been acknowledged as a good
quality guide by an international and interdisciplinary group of
stakeholders [31].

These guides are important in the field as they provide quality
scores that are key to identifying the best apps available and
distinguishing them from the poorly designed ones. However,
there are little data on the comparative value and consistency
of the very few guides there are. The field would benefit
considerably from studies that guide the development of new
apps and comparatively assess the quality of existing ones.

The main objective of this research was to study and compare
the MAG and MARS. More specifically, we aimed to compare
the interrater reliability of the 2 measures. We also focused on
whether the interrater reliability of the measures is consistent
across multiple types of apps and stakeholders.

Methods

App Selection Process
In order to evaluate the interrater reliability of the MAG and
MARS across different types of apps, we evaluated the top 4
search results for chronic health conditions in the medical
category of the Apple and Android stores (ie, App Store and
Google Play, respectively). The search and selection of the apps
were conducted in October 2020.

The inclusion criteria were as follows: The app had to be focused
on a chronic health condition, in English or Spanish, and free
to download. We selected chronic health conditions because it
is one of the domains in which health apps are becoming more
relevant (56% of health apps are intended for this kind of patient
[32]). Reports by governmental agencies indicate that chronic
health conditions are a major health problem that affects 31%
of the population [33-36]. In addition, chronic health conditions
are the leading cause of death and disability in both the
developed and developing world in the global burden of disease
equation. The most important chronic health conditions are low
back pain and headache, neoplasms, diabetes and kidney
diseases, and cardiovascular diseases [37-40]. We used the
following search terms, which are related to the top 4 chronic
health conditions in the Global Burden of Disease study [41]:
“pain,“ “cancer,” “diabetes,” and “cardiovascular.” In this
search, we identified 886 apps and excluded 265 as they were
not related to any of the 4 health conditions of interest. Finally,
we selected the top 4 most downloaded apps (1 for each chronic
health condition), which we then used in this study.

App Evaluation Process
The apps were rated by 8 reviewers during the months of
October and November 2020. The reviewers were a group of
stakeholders that included clinical researchers, engineers, health
care professionals, and end users as potential patients. These
groups of stakeholders were identified as representative of
individuals that would be most knowledgeable and interested
in the use and development of health-related apps. The
individuals in the “end users/potential patients” and “health care
professionals” groups were identified and approached by the
authors while at the university hospital (for a health checkup
or while at work, respectively). The individuals in the “clinical
researchers” and “engineers” groups were professors or
technicians working at the university. Only individuals that
agreed to participate and reported having experience in the use
of smartphones and health apps were selected. All individuals
approached were included. Reviewers received (1) the list of
apps, (2) a survey including the items of the MAG and MARS
to be evaluated, and (3) specific instructions as to how to
proceed with the review and evaluation of the apps. In order to
avoid potential interferences and help reviewers to work
independently, and in line with similar studies (eg, [42]), they
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were not given any other suggestions, indications, or training
about the procedure.

For the evaluation, all reviewers downloaded and installed the
apps on their personal mobile device. Then, they reviewed each
of the apps using the specific criteria in the MAG and MARS.
In their assessment, the reviewers were instructed to only take
into account the content and information provided within the
app itself and the stores (ie, App Store and Google Play). This
included websites, scientific studies, and other external
references as long as they were suggested or mentioned
explicitly within the app or the stores. Like similar successful
procedures, the reviewers did not receive any specific training,
and although they spent several minutes examining the apps,
they were not instructed to use them realistically [42]. The
objective of this activity and procedure was that they would
evaluate the apps in the same way as experts who do not need
them would.

The MAG [31] has 48 items grouped into 8 categories or
domains: usability, privacy, security, appropriateness and
suitability, transparency and content, safety, technical support
and updates, and technology. The reviewers used each of the
items in the categories to assess the quality of the apps and
checked if the apps met those characteristics and functions
(1=yes; 0=no).

The MARS [22] has 23 items that are grouped into 5 categories:
engagement, functionality, aesthetics, information quality, and
subjective quality. It also has 6 items that are app-specific and
can be adapted to include or exclude specific information on
the topic of interest. For example, these items have been used
to assess the perceived effects on the user’s knowledge, attitudes,
and intentions to change as well as the likelihood of changing
the identified targeted behaviors in a study of mobile apps
supporting heart failure symptom monitoring and self-care
management [23]. In this study, we discarded these app-specific
items. When using the MARS, the reviewers used each of the
items to assess the quality of the apps and scored them using a
5-point rating scale (1=inadequate, 2=poor, 3=acceptable,
4=good, 5=excellent).

Data Analysis
In order to study and compare the interrater reliability of the
MAG and MARS, we calculated the Krippendorff alpha [43,44]
for every category in the 2 guides, for each kind of reviewer
and every app, separately and combined. The Krippendorff
coefficient has been found to be superior to the Cohen
coefficient and can be used with an unlimited number of
reviewers [45-47]. An alpha  0.667 has been identified as
showing acceptable agreement [44]. Therefore, in this study,
we used this figure as the minimum level showing agreement
[44]. A negative alpha indicated that agreement was less than
could be expected by chance. All data analyses were performed
using SPSS v.26 for Windows using the Kalpha macro [48].

Results

A total of 8 reviewers rated the 4 apps using the MAG and
MARS guides. The mobile apps included in the analysis were
“Manage My Pain” (ie, pain), “BELONG Beating Cancer
Together” (ie, cancer), “mySugr - Diabetes App & Blood Sugar
Tracker” (ie, diabetes), and “ASCVD Risk Estimator Plus” (ie,
cardiovascular diseases).

The group of reviewers included 2 clinical researchers, 2
engineers, 2 health care professionals, and 2 end users as
potential patients. Reviewers’ ages ranged from 24 to 40 years
old, with an equal distribution of women and men. Clinical
researchers, engineers, and health care professionals had been
involved in the development of health-related apps, but not in
any of the apps and guides used in this study (they did not have
any conflicts of interest). All reviewers were highly educated
individuals (all had completed university studies) and were
experienced smartphone and mobile app users.

Complete responses were provided for almost all criteria and
apps, although a small number of criteria showed a percentage
of data completeness that ranged from 78% to 97% (eg, “It has
password management mechanisms”; see Multimedia Appendix
1). Tables 1 and 2 show the interrater reliability coefficients by
categories and overall for both guides.

Table 1. Interrater reliability scores when reviewers used the Mobile App Development and Assessment Guide (MAG).

ReviewersCategory

AggregateEnd usersHealth care

professionals

EngineersClinical

researchers

0.380.450.620.280.28Usability

0.450.430.420.730.36Privacy

0.470.260.760.780.18Security

0.250–0.1500.38Appropriateness and suitability

0.15–0.36–0.4010Transparency and content

0.33–0.230.610.510.59Safety

0.300.76110.38Technical support and updates

0.390.45–0.050.450.44Technology

0.450.290.550.660.40Total
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Table 2. Interrater reliability scores when reviewers used the Mobile App Rating Scale (MARS).

ReviewersCategory

AggregateEnd usersHealth care

professionals

EngineersClinical

researchers

0.430.410.530.500.18Engagement

0.19–0.380.400.520.24Functionality

0.17–0.140.230.260.42Aesthetics

0.06–0.090.050.080.03Information

0.430.54–0.080.410.57Subjective

0.290.190.250.410.27Total

For the MAG, the reviewers’ scores for several categories
complied with the criteria. The highest interrater reliability
scores were for the categories “Privacy” (engineers: P=.73) and
“Security” (engineers: P=.78; health care professionals: P=.76).
In addition, 2 other categories, “Usability” and “Safety,” were
very close to compliance (health care professionals: P=.62 and
P=.61, respectively). The total interrater reliability of MAG (ie,
for all categories) was 0.45 (see Table 1).

For the MARS, none of the reviewers’ scores or the aggregate
scores complied with the criteria. The categories with the highest
interrater index were “Engagement” and “Subjective” with an
overall alpha coefficient of 0.43 in both cases. The total

interrater reliability of the MARS (ie, for all categories) was
0.29 (see Table 2).

Tables 3 and 4 show the interrater reliability scores for each
mobile app assessed using the MAG and MARS guides. As can
be seen, none of the scores complied with the criteria overall
or in any category. Nevertheless, the highest interrater reliability
scores were for the MAG guide.

A comparison of the interrater reliability between MAG and
MARS is shown in Table 5. Additional supplementary
information is also provided on the interrater reliability scores
for each item (see Multimedia Appendix 1).

Table 3. Interrater reliability scores for apps when reviewers used the Mobile App Development and Assessment Guide (MAG).

Mobile appsCategory

ASCVD Risk Estimator
Plus

mySugr - Diabetes App
& Blood Sugar Tracker

BELONG Beating
Cancer Together

Manage My Pain

0.150.270.490.58Usability

0.200.280.380.47Privacy

0.320.420.180.44Security

–0.0400.421Appropriateness and suitability

0.00–0.06–0.080.08Transparency and content

0.210.330.470Safety

0.100.160.570.10Technical support and updates

0.450.120.360.17Technology

0.350.320.420.53Total

Table 4. Interrater reliability scores for apps when reviewers used the Mobile App Rating Scale (MARS).

Mobile appsCategory

ASCVD Risk Estimator
Plus

mySugr - Diabetes App
& Blood Sugar Tracker

BELONG Beating
Cancer Together

Manage My Pain

0.18–0.100.240.31Engagement

0.16–0.020.050.27Functionality

0.12–0.07–0.03–0.05Aesthetics

0.09–0.030.08–0.08Information

0.140.160.440.55Subjective

0.420.010.180.20Total
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Table 5. Interrater reliability scores of the Mobile App Development and Assessment Guide (MAG) and the Mobile App Rating Scale (MARS).

ReliabilityGuide and category

MAG

0.38Usability

0.45Privacy

0.47Security

0.25Appropriateness and suitability

0.15Transparency and content

0.33Safety

0.30Technical support and updates

0.39Technology

0.45Total

MARS

0.43Engagement

0.19Functionality

0.17Aesthetics

0.06Information

0.43Subjective

0.29Total

Discussion

Principal Findings
This research is the first to measure the interrater reliability of
the MAG [13,31]. We used the MAG to study 4 mobile
health–related apps and compared the results with those obtained
with the MARS [22], one of the most extensively used guides
in the field.

In studies using the Krippendorff alpha, it is customary to
require an alpha >0.800. However, an alpha  0.667 has been
identified as indicative of acceptable agreement, and anything
below that is considered as unacceptable [42,44]. The data
revealed that few categories reached that score and showed high
interrater reliability. This finding is similar to that of other
studies (eg, [26,42,46]) that have analyzed this type of guides.
Taken as a whole, the findings demonstrate that it is difficult
for reviewers to rate the apps in the same or similar way. First
of all, reviewers greatly differed in the amount of time spent in
reviewing each app (ranging from 30 minutes to 60 minutes).
Thus, it is possible that the time spent in the review process had
an influence on the results of the assessment. Our data did not
show differences associated to the amount of time spent in the
review. However, we used a small number of reviewers (n=8).
Therefore, additional research to study this issue is warranted.
Another potential explanation for the findings is that reviewers
do not interact with the apps in the same way, so they display
different responses and functions [46]. Therefore, it is unlikely
that reviewers will detect all app functions, which leads to
differences in the ratings because they might not be assessing
exactly the same items. Support for this explanation can be
found in the fact that the most objective categories evaluated,

those which require less subjective interpretation by the reviewer
(eg, “Privacy,” “Security”), are the ones with the highest
interrater reliabilities. This finding is similar to the one reported
by Powell and colleagues [42], who detected that the less
judgment required by reviewers, the higher the reliability.

Another important finding of this study was that interrater
reliability scores for the MAG were better than for the MARS.
Importantly, some of the MAG categories with the highest
interrater reliability are not included in the MARS (eg,
“Privacy,” “Security,” “Technology”). These are issues that
have grown in importance in the field in recent years.

It should also be noted that some MAG categories showed a
higher interrater reliability than others, but there was
considerable variation in the scores between the types of
reviewer. This finding suggests that the differences in the
interrater reliability scores are related to such individual
characteristics of the reviewers as background or training. This
could help explain, in part at least, why engineers showed the
highest reliability scores in the category of “Security,” as this
is an important issue that is currently a matter of key interest in
the training of engineers but not in the case of clinical
researchers. And it implies that reviewers from different
backgrounds are required to assess apps and that reviewers need
to be trained. However, it is also possible that the low interrater
reliability scores were not only reviewer-related, but also
app-related. That is, although we selected the 4 most
downloaded apps, they may not have been quality apps or easy
to assess (eg, the functions or properties of the apps were not
easy to find or identify). In support of this explanation, some
items were not answered by any reviewers in either of the guides
(eg, “It has a data recovery system in case of loss”; “It is based
on ethical principles and values”). Finally, another nonexclusive
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explanation for these results could be related to the guides (ie,
the MAG and MARS). The fact that the categories that required
less interpretation (eg, “Security”) were the ones with the highest
interrater reliability would support this explanation. This
suggests that the guides must be improved.

The differences in interrater reliability and more importantly,
the lower scores found suggest that there is a very important
underlying problem that is indicative of the difficulty of creating
a good guide to help in the development and assessment of
health-related apps. On the basis of the results of this study and
others (eg, [42,46]), users of health-related apps should use and
interpret the results of quality assessments with caution. The
guides, as they are, have not been demonstrated to provide a
secure reliable measure of the overall quality of the apps.

The assessment of the quality of health-related apps is very
important. Therefore, we must continue working on improving
the way assessments are conducted. This may not only require
improving the available guides but also working with specialized
centers and trained reviewers.

Future Research
Studies are needed to help improve available guides that are
psychometrically sound so future research should focus on how
to improve and empirically test interrater reliability. For
example, studies should examine whether giving reviewers
additional training is enough or how reviewers’ knowledge and
assessment skills can best be improved. They should also
establish whether the quality of health-related apps should be
assessed by reviewers with different qualifications, training,
and background. Moreover, since subjectivity might be an issue
in the guides, an area for improvement is that guides include
clearly defined criteria. Therefore, research to determine whether
understandable and well-defined criteria can improve interrater
reliability above and beyond the improvement in reviewer
training is warranted. Moreover, and specifically in relation
with the MAG, additional research with more apps of different
types is also warranted. This would help ascertain whether and
how different types of app influence the reviewers' evaluations.
In addition, the criteria and the categories included in the guide
deserve specific attention. Studies with additional samples of
reviewers, including individuals with chronic health conditions,
to evaluate their comprehensibility and appropriateness are
needed.

Limitations
This study has a number of limitations that should be taken into
account when interpreting the results. First, we studied the
interrater reliability of the MAG when it was used to evaluate
apps that were available for both Android and IOS. Although
the apps are generally the same on both platforms, there may
be small differences that influence the user’s experience or
performance when using different platforms and devices. For
example, the amount of information displayed or the position
and size of some elements (eg, buttons, menu) may differ due
to the size of the screen. Second, we used a very limited number
of apps. We selected the most downloaded ones, as we thought
they would be of better quality and therefore easier for reviewers
to assess. However, they may not be of quality or representative
of health-related apps and so may not be suitable for an accurate
study of the interrater reliability of the guides. Third, during the
period of time that the apps were being assessed, they may have
been updated or modified, which would have had an unknown
impact on the results of the assessments. Fourth, although
individuals from different groups participated, they may be not
representative. Even though they were extremely knowledgeable
in their respective areas, they may or may not be the best
individuals to assess the quality of the apps, as none of them
had received any training. Moreover, they did not receive any
substantial training in using the MAG or MARS. Thus, it is
unclear whether the low interrater reliability is related to the
instrument that is being used, to the lack of training provided
to the raters, or both. We decided not to give specific training
as we wanted to study whether the MAG and MARS can be
reliably used as they are. Previous studies have also used this
strategy (eg, [42]). However, future studies should examine
whether training can help improve the reviewers’ assessment
and the interrater reliability.

Conclusions
Despite the limitations of the study, our findings provide new
and important information about the MAG. Of particular
consequence is that several categories in the MAG have
significant interrater reliability. In addition, the data show that
the scores are better than the ones provided by the MARS, the
most commonly used guide in the area.
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Abstract

Background: Cardiovascular disease is the leading cause of death worldwide. Early recognition, diagnosis, and reperfusion
are the key elements of treatment for ST-segment elevation myocardial infarction. The absence of a prehospital 12-lead
electrocardiogram (P12ECG) can cause definitive treatment delay and repeated transfer. Although guidelines highly recommend
the measurement and transmission of P12ECG data, P12ECG use has not been widely established.

Objective: The aim of this study was to verify the time-efficiency and feasibility of the use of a patchy-type 12-lead ECG
measuring and transmitting device (P-ECG) by an emergency medical technician (EMT) in an ambulance during patient transport.

Methods: This was a simulation-based prospective randomized crossover-controlled study that included EMTs. The participants
were randomly assigned to one of two groups. Group A began the experiment with a conventional 12-lead ECG (C-ECG) device
and then switched to the intervention device (P-ECG), whereas group B began the experiment with the P-ECG and then switched
to the C-ECG. All simulations were performed inside an ambulance driving at 30 km/h. The time interval was measured from
the beginning of ECG application to completion of sending the results. After the simulation, participants were administered the
System Usability Scale questionnaire about usability of the P-ECG.

Results: A total of 18 EMTs were recruited for this study with a median age of 35 years. The overall interval time for the C-ECG
was 254 seconds (IQR 247-270), whereas the overall interval time for the P-ECG was 130 seconds (IQR 112-150), with a
significant difference (P<.001). Significant differences between the C-ECG and P-ECG were identified at all time intervals, in
which the P-ECG device was significantly faster in all intervals, except for the preparation interval in which the C-ECG was
faster (P=.03).

Conclusions: Performance of 12-lead ECG examination and transmission of the results using P-ECG are faster than those of
C-ECG during ambulance transport. With the additional time afforded, EMTs can provide more care to patients and transport
patients more rapidly, which may help reduce the symptoms-to-balloon time for patients with acute coronary syndrome.

Trial Registration: ClinicalTrials.gov NCT04114760; https://www.clinicaltrials.gov/ct2/show/NCT04114760
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Introduction

Background and Significance
Cardiovascular disease (CVD) is the leading cause of death
worldwide [1]. In 2017, there were 17.9 million deaths resulting
from CVD, more than three-quarters of which occurred in low-
or middle-income countries [2]. Deaths caused by ischemic
heart disease have risen by about 19%-20% over the past 10
years. Although age-standardized death rates from CVD have
shown a decreasing trend globally, CVD remains one of the
primary causes of death [3]. To reduce the total ischemic time,
as a major factor in short- and long-term mortality [1,4,5], early
recognition, diagnosis, and reperfusion should be performed in
a coordinated and complementary manner.

Prehospital 12-Lead Electrocardiogram
The prehospital 12-lead electrocardiogram (P12ECG) is a
cornerstone of emergency cardiac care. Capturing and
transmitting P12ECG data to the emergency department is an
integral part of patient care for acute coronary syndrome (ACS)
[6], and serves as an inexpensive, noninvasive diagnostic tool.
Both the American Heart Association and the European Society
of Cardiology recommend the capture and transmission of
P12ECG data for patients who present with symptoms
suggestive of ACS [1,4]. Missing P12ECG in patients with
suspected ACS is a risk factor for delay in reperfusion treatment
or transfer to a nondesignated hospital [7].

However, use of P12ECG has not been widely established. A
large retrospective cohort study performed in the United States
found that before hospital arrival, only 32% of patients had
received P12ECG, and among the patients who visited the
emergency department via a 911 call with a final confirmed
diagnosis of ACS, almost 41% had not received prehospital
electrocardiogram (ECG) [8]. Other studies have also indicated
that P12ECG data are transmitted to the hospital for only a small
portion of patients. A study performed in Los Angeles found
that among those diagnosed with ST-segment elevation
myocardial infarction (STEMI) by P12ECG, only 28% had their
data transmitted to the hospital; in 55% of cases, the data were
not transmitted and for 17% of these cases the transmission
status was not recorded [9]. In another study performed in
Poland, 12-lead ECG was transmitted to the hospital by an
emergency medical service (EMS) team for only 2% of patients
[10].

Identifiable reasons for missing P12ECG include transmission
malfunction, too short transfer interval for performing P12ECG,
and only a 3-lead ECG available [11]. The most frequently used
12-lead ECG examination device during the prehospital stage
and in the ambulance is the defibrillator; however, this device
can transfer ECG data only by registered email [12]. Various
handheld and wearable ECG devices [13,14] and transmission
technologies [15-19] have been developed in recent years, but
few studies have examined both the device application and

transmission of P12ECG in an ambulance during patient
transport.

Study Objective
The aim of this study was to verify the time-efficiency and
feasibility of the use of a patchy-type 12-lead ECG measuring
and transmitting device (P-ECG) by emergency medical
technicians (EMTs) in an ambulance during patient transport.

Methods

Study Design
This was a simulation-based prospective randomized
crossover-controlled study that included EMTs. The experiment
was performed in an ambulance driving 30 km/h. The
experiment was performed at a single institution and the driving
course was limited to the hospital site. This study used a
case-crossover design and participants were randomly assigned
to one of two groups.

This study was approved by the Samsung Medical Center
Institutional Review Board (No. 2019-04-004) and is registered
at ClinicalTrials.gov (NCT04114760).

Study Setting
The EMS system in Korea consists of 18 provincial
headquarters, 224 fire stations, and 1474 ambulance stations.
There are 12,033 EMTs registered in the system who are
classified into level 1 or level 2 certification, which determines
their scope. The scope of procedures and skills corresponding
to level-1 EMTs in Korea are comparable to those of EMTs at
the intermediate level in North America. Intermediate/level-1
EMTs can perform a 12-lead ECG examination with physician
oversight.

Study Population and Sample Size
The inclusion criteria were as follows: aged 19 years or older
and a level-1 certified EMT. The exclusion criteria were as
follows: not working as a field agent (eg, a dispatcher) and only
a level-2 EMT license. Study recruitment posters were posted
in a fire station in Seoul, and participants were recruited through
voluntary participation. All participants were given a reward
worth approximately US $20.

The sample size was calculated based on our unpublished pilot
study involving hospital health care providers. Participants were
divided into two groups: the conventional 12-lead ECG (C-ECG)
group and the P-ECG group. The mean time required in the
C-ECG group was 161.35 seconds (SD 81.57) and the mean
time required in the P-ECG group was 79.12 seconds (SD
24.75). The Wilcoxon signed-rank test was used to compare
the means between paired samples with a crossover design. The
minimum number of samples needed for hypothesis testing was
calculated with a power of 0.95, effect size of 1.13, and type I
error of .05. The effect size was estimated based on previous
studies and calculated using G power 3.1.9.4. [20]. Based on
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the above information, it was determined that the minimum
number of participants needed for this study was 13. Assuming
a 40% dropout rate, 18 was the target number of participants.

Data on the demographic and study-related characteristics of
the participants were collected, including gender and age,
previous hospital training, and number of years as an EMT. In
addition, education and training were provided to the participants
by a professor of emergency medicine. The training included
instruction on proper 12-lead ECG methods, introduction to the
P-ECG, practice, and a question and answer session.

Materials
The ZOLL X series defibrillator (Chelmsford, MA, USA) was
used as the C-ECG device and wearECG12 (HEALTHRIAN,
Daejeon, Republic of Korea) was used as the P-ECG device.
The X-series is 22.6x×26.4×20.1 cm and weighs 5.3 kg
(including the battery and paper). The X-series is currently the
most commonly used equipment in the Korean EMS system
and is included among the first-aid equipment mounted in the
ambulance. The device is capable of both defibrillation and
ECG monitoring. A mode setting, cable change, and
10-electrode attachment are required for the 12-lead ECG
examination, and the results are printed on paper (Figure 1).

Figure 1. (A) The conventional 12-lead electrocardiogram device used for the control condition (X-series, ZOLL Medical, Chelmsford, MA, USA).
(B) Attachment of electrodes on the patient's body surface, which are connected to the main device.

The P-ECG, which was used as the intervention device, was
approved by the Korean Ministry of Food and Drug
Administration as Holter ECG technology (Figure 2). This
device consists of a main body (46×35.6×16 mm, 30 g) and a
one-patch type electrode (241.19×375.5 mm, 35 g). The main
body is assembled on the socket of the patch. For performing
12-lead ECG examinations, the tablet and main body are
wirelessly connected via Bluetooth (Kirkland, WA, USA) and
provide continuous monitoring. The results of an ECG

examination are generated in a PDF that was transmitted in real
time to the researchers’ dashboards via long-term evolution
(LTE) networks when the tablet’s “upload” button was clicked.
The tablet used in this study was Samsung Galaxy Tab S3
(SM-T825; Seoul, Republic of Korea) on an LTE network.
Samsung Galaxy Books (SM-W627NZFKOO) was used as the
dashboard on an LTE network. The differences between the
two ECG devices are summarized in Table 1.

Figure 2. (A) Patchy-type wireless 12-lead electrocardiogram used for the intervention condition (HEALTHRIAN, Yuseong-gu, Daejeon, Republic
of Korea). The device consists of two parts: a flexible patch with a socket and a transmitter. (B) Application of the device with the transmitter on the
patient’s left chest area.
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Table 1. Functional comparison between the conventional 12-lead electrocardiogram (C-ECG) and patchy-type wireless 12-lead electrocardiogram
(P-ECG) devices.

P-ECGC-ECGComponent

Single electrode (combined as a patch)10 electrodes (separated)Electrode

Wireless (conductible film on the patch)10 wires for each electrodeWire

Semiautomatic (4 steps)Manual control (minimum 10 steps)Control

Built-in appMessenger app (device supports email with a cellular dongle)Transmission

Study Protocol
All participants provided written informed consent before the
start of the simulation. They were provided with 15 minutes of
education on 12-lead ECG and the two devices, followed by 10
minutes of practice. All participants already knew how to use
the C-ECG and therefore only practiced using the P-ECG. They
were randomly assigned to one of two groups. Group A began
the experiment with the C-ECG and then transferred to the
P-ECG, whereas group B began the experiment with the P-ECG

and then transferred to the C-ECG. Both groups performed the
12-lead ECG examination on a simulated mock patient. The
volunteers were selected according to the inclusion criteria of
healthy men aged 19 years or older. Six healthy men aged 28
to 35 years were included as mock patients. Each mock patient
received an ECG examination six times by the EMT participants.
Testing was performed in the same order for both devices:
preparation, attachment, acquisition, and transmission (Figure
3).

Figure 3. Definition of outcomes (intervals). The overall interval was defined as the interval from the "start" command to the acquisition of an
electrocardiogram (ECG) image by a remote provider. C-ECG: conventional electrocardiogram; P-ECG: patchy-type electrocardiogram.

The following procedure was used for the C-ECG (Figure 3):
(1) preparation, turn on the device and change the mode and
cable to that for 12-lead ECG; (2) attachment, apply the 10
electrodes and the wire cable, and modify the positions of the
electrodes as needed so that the four limb leads are located on
both the upper shoulder and lower abdomen (Figure 1B); (3)
acquisition, perform the 12-lead ECG examination and print
the results; (4) transmission, take a photo of the printout of the
results and send it in a message to the researcher’s cell phone.

The procedure for the P-ECG was as follows (Figure 3): (1)
preparation, turn on the main body of the device, assemble it

on the patch’s socket, and complete Bluetooth pairing; (2)
attachment, apply the one-patch type electrodes and modify the
electrode positions as needed (Figure 2B); (3) acquisition,
perform the 12-lead ECG examination and obtain the ECG
results (PDF); (4) transmission, complete the transmission of
the results to the researcher’s dashboard using the LTE network
by touching the “upload” button on the tablet.

After the simulations, a modified version of the System Usability
Scale (SUS) [21] was administered to all participants to assess
their satisfaction with the patchy-type wireless device (Figure
4).
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Figure 4. Case-crossover design study process. There was a washout period before two trials. C-ECG: conventional 12-lead electrocardiogram; P-ECG:
patchy-type wireless 12-lead electrocardiogram.

Outcome Measures
The primary outcomes of the study were the time intervals
during each stage (Figure 3). Interval 1 was the preparation
time, from powering on to having the system ready for ECG
acquisition. Interval 2 was the time for attachment, measured
from the beginning of electrode attachment to final modification
of the position of the attached electrodes. Interval 3 was the
time taken to acquire a complete 12-lead ECG for transmission.
Interval 4 was the time for transmission, from completion of
12-lead ECG results acquisition to completion of transmission
to a distant health care provider. The overall interval was
calculated as the sum of intervals 1 to 4.

All steps were compared and verified using a stopwatch and
video recording to ensure time interval accuracy. The video
recording did not reveal the faces of the participants, and as
stated on the consent form, the video was only used for research
purposes.

The secondary outcome of the study was the SUS score. This
outcome was used to investigate participant satisfaction with
the P-ECG device. In this study, the SUS was administered only
for the P-ECG. There were two reasons for assessing the
usability of only one device. First, this study was designed as
a case-crossover study. All participants used both devices and
the order of experience was randomized. Having mixed
experiences could have made it difficult for participants to
clearly respond to two surveys at the same time. Second, all
participants were already familiar with the C-ECG, which is
among the required first-aid equipment in the ambulance.
Therefore, the score for the conventional device would likely

have been much higher regardless of the usability of the device
itself. The SUS consists of 10 questions, each based on a 5-point
Likert scale ranging from 1 (“strongly disagree”) to 5 (“strongly
agree”). The formula used to calculate the SUS score was as
follows [21]:

The SUS score was evaluated based on a previous study [22],
which interpreted mean SUS scores above 12.5 as “Worst
Imaginable,” above 20.3 as “Awful,” above 35.7 as “Poor,”
above 50.9 as “OK,” above 71.4 as “Good,” above 85.5 as
“Excellent,” and above 90.9 as “Best imaginable.”

Data Analysis
The differences in paired values of the time required for the
same participant were analyzed using the Wilcoxon signed-rank
test. P values less than .05 were considered statistically
significant. All data processing and statistical analyses were
performed using R version 3.6.3 software (R Foundation for
Statistical Computing, Vienna, Austria).

Results

Participant Characteristics
Table 2 presents the demographic and study-related
characteristics of the participants. The median age of the
participants was 35 years. The median continuous years of
service as an EMT was 8 years and 5 months (IQR 4 years, 7
months to 13 years, 1 month). About half of all participants had
worked in a tertiary hospital for more than 2 years before serving
in the EMT (Table 2).
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Table 2. Demographic and study-related characteristics of the participants (N=18).

ValueCharacteristic

Gender, n (%)

4 (22)Women

14 (78)Men

35 (32-42)Age (years), median (IQR)

Previous training in the hospital, n (%)

10 (56)Yes

8 (44)No

Years of service in the emergency medical service, n (%)

4 (22)0-4

5 (28)5-8

9 (50)9-18

Time Interval Comparison
The overall interval time for the C-ECG device was significantly
slower than that for the P-ECG device (Table 3). Significant

differences between the C-ECG device and the P-ECG device
were identified at all time intervals, in which the P-ECG device
was significantly faster for all intervals except interval 1 (Table
3).

Table 3. Comparison of time intervals between the conventional electrocardiogram (C-ECG) and patchy-type electrocardiogram (P-ECG) devices.

P valueaP-ECG, median (IQR)C-ECG, median (IQR)Interval

.0334 (31-47)26 (22-33)Interval 1 (preparation)

.0353 (43-75)77 (64-91)Interval 2 (attachment)

<.00124 (21-30)69 (66-75)Interval 3 (acquisition)

<.0016 (4-8)74 (58-97)Interval 4 (transmission)

<.001130 (112-150)254 (247-270)Overall interval

aP values were calculated using the Wilcoxon signed-rank test.

SUS Survey Outcomes
According to a previous study, SUS scores higher than 71.4 can
be interpreted as “good” [22]. In this study, the total SUS score

was 73.75, indicating that the P-ECG has good usability and is
acceptable to the user (Table 4).

Table 4. System Usability Scale adapted for assessment of participant satisfaction with the patchy-type wireless electrocardiogram (ECG) device.

Mean (SD)aQuestion

3.33 (0.91)I think that I would like to use the ECG device frequently

2.50 (1.15)I found the ECG device to be unnecessarily complex

3.33 (0.84)I thought the ECG device was easy to use

2.39 (1.33)I think that I would need the support of a technical person to be able to use the ECG device

2.78 (0.94)I found that the various functions in the ECG device were well-integrated

3.00 (0.69)I thought there was too much inconsistency in the ECG device

3.50 (0.79)I would imagine that most people would learn to use the ECG device very quickly

3.22 (1.11)I found the ECG device very cumbersome to use

3.06 (0.64)I felt very confident using the ECG device

2.39 (1.14)I need to learn a lot of things before I could get going with the ECG device

73.75 (17.58)Total score

aScored on a scale from 1 (“strongly disagree”) to 5 (“strongly agree”).
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Discussion

Principal Results
To the best of our knowledge, our study is the first to investigate
a new P12ECG device and system using an LTE network and
a single patchy-type 12-lead ECG, transmitting real-time 12-lead
ECG data to dispatcher dashboards during ambulance transport.
Except for during the preparation stage, the intervention device
was at least 20 seconds faster during all stages and was
approximately 70 seconds faster during the transmission stage.
As a result, the total time from preparation to transmission
completion was reduced from 4 minutes to 2 minutes, despite
this being the first use of an unfamiliar device.

Although a 2-minute difference may seem trivial, this
corresponds to nearly half of the conventional mean. With that
additional time, EMTs can provide much needed care to the
patient and transport the patient more rapidly to the destination
hospital. Although it was not determined in this study, the new
system requires very little interaction once attached, and the 2
minutes of application time required for the new device may
be reduced given the EMT’s free hands.

A prior study found that the main reason for failure of performed
or transmitted P12ECG was a short transfer time to the hospital
[11], suggesting that reducing the total required time of P12ECG
by half would improve the P12ECG measurement and
transmission rate within 10 minutes of first medical contact. In
addition, reducing 2 minutes in the prehospital field is more
critical than in the in-hospital setting because delays in testing
can result in delays in transport and definitive care.

Downsides of the New Device
There has been a relative decline in ACS mortality trends in all
national regions; however, the prevalence rates differ depending
on the country’s gross domestic product per capita [23]. ACS
mortality trends are also influenced by various factors such as
the patient’s medical condition (eg, the presence of diabetes
mellitus, renal failure, or previous coronary artery disease) and
performance of the STEMI network based on the emergency
medical and primary health care system [1]. Although P12ECG
transmission is considered a cornerstone, the cost and necessary
regional infrastructure to maintain such activity could be a
burden in many regions.

Although not proven in this study, there could be two major
challenges to the wide adoption of P12ECG. The first is the
price. Conventional ECG uses very cheap, disposable electrodes,
and the new device’s patch includes electrodes and wire-like
films, which are also disposable, making its use more expensive.
The second is the placement of electrodes on the surface of the
body; the new device’s lib leads are placed in a more proximal
area compared with conventional devices, which makes it
difficult to compare ECG readings from different ECG types.

Potential of the New Device
In the emergency medical system, particularly during the
prehospital stage, an EMS-friendly device is required. ECG
technology was developed about 120 years ago by Einthoven.
The initial model required patients to place their extremities in

buckets for measurement. The present 12-lead ECG was
invented about 80 years ago by Dr. Emanuel [24] and is only
used inside of a hospital in early states. Although some studies
have found the prehospital and in-hospital quality of 12-lead
ECG to be equal [25-28], it is difficult to actively apply large
and heavy defibrillator devices in the prehospital environment.
Most potential ACS patients are alert and rarely need
defibrillation immediately; therefore, the advantage of separating
a 12-lead ECG device from the defibrillator is expected to
increase the use of P12ECG.

Well-planned and well-coordinated programs that provide
sufficient training are essential for the effective implementation
of P12ECG [29]. During the 15-minute pretraining session used
in our study, most participants took some time to get used to
the new device and system. The lack of sufficient training time
could increase the total time as the primary outcome of this
study. The SUS results suggest that this might have been the
case. The question with the highest rate of agreement was related
to believing that most people would learn to use the ECG device
very quickly, whereas the questions related to evaluating device
function as being well-integrated and feeling confident using
the ECG device had the highest rate of disagreement. That is,
participants believed they could learn to use the device quickly
but they were not yet familiar with the new device function and
were not confident after the short training they received for the
study. Despite the short training time and low confidence, the
overall time was reduced by nearly half in this study, and it is
highly likely that more familiarity with P-ECG, leading to
equivalent confidence in using C-ECG, would increase the
difference in the overall time interval, eventually making the
outcome more convincing.

Current technology offers a more enhanced user experience and
is more usable compared with previous devices. A novel, smart
device shortens the learning period through its simpler and more
intuitive design. Although the use of new devices and systems
may initially cause discomfort and lower confidence, there may
be sufficient improvement with training.

Optimized Networking System for Hardware and
Software
Easy and fast transmission methods are also essential in applying
P12ECG. Because real-time decision-making is needed, EMTs
share ECG data with a cell phone camera, messaging app, or
via a verbal report. These methods require EMTs to have high
ECG interpretation abilities, and the use of an unencrypted
mobile device can compromise personal information. This leads
to issues regarding Health Insurance Portability and
Accountability Act data breaches [30]. A safe and easy way to
transfer information from devices, mobile devices, or a
connected app is needed.

For the treatment of CVD, an effective and efficient way to
integrate prehospital care into in-hospital care should be sought
to improve the overall quality of care. Simple 12-lead ECG
measurement and easy transmission would not only contribute
to the quality of prehospital emergency care but also improve
hospital care. In the future, these technologies are expected to
extend to patients’ homes, enabling 12-lead ECG management
of CVD by the patients themselves.
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Limitations
This study had some limitations. First, this was a
simulation-based study, and the driving course and speed of the
ambulance were limited to within the hospital area. The
ambulance was only able to reach 30 km/h. Furthermore, our
simulated patient was a healthy adult man. Second, the study
location was in Seoul, where both LTE and 5G networks are
well-implemented, and the average age of participants was 36
years. Therefore, transmission-related problems and bias may
have occurred in other areas related to the use of mobile devices
and app manipulation. Third, because only one device was used,
it is difficult to represent the characteristics of other devices
used in the prehospital environment. Environmental factors
such as humidity can affect the touch sensitivity function of
tablets and can cause recognition problems in the actual hospital
environment. Fourth, this study collected 12-lead ECG data but

only assessed time intervals and SUS survey responses as
outcomes, without a comparison of the quality and accuracy of
the two different ECG devices. Finally, although many studies
have reported that reduction of total ischemic time may improve
short- and long-term mortality, and reduce complications such
as heart failure [31-33], this study only examined one component
of STEMI treatment. Therefore, further research on the
emergency medical system is needed.

Conclusions
The performance and transmission of the 12-lead ECG
examination using a patchy-type 12-lead ECG is faster than
those when using the conventional device during ambulance
transport. With this additional time, EMTs can provide more
care to patients and transport patients more rapidly, which may
help to reduce the symptoms-to-balloon time for patients with
ACS.
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Abstract

Background: Vertical jump height is widely used in health care and sports fields to assess muscle strength and power from
lower limb muscle groups. Different approaches have been proposed for vertical jump height measurement. Some commonly
used approaches need no sensor at all; however, these methods tend to overestimate the height reached by the subjects. There are
also novel systems using different kind of sensors like force-sensitive resistors, capacitive sensors, and inertial measurement
units, among others, to achieve more accurate measurements.

Objective: The objective of this study is twofold. The first objective is to validate the functioning of a developed low-cost
system able to measure vertical jump height. The second objective is to assess the effects on obtained measurements when the
sampling frequency of the system is modified.

Methods: The system developed in this study consists of a matrix of force-sensitive resistor sensors embedded in a mat with
electronics that allow a full scan of the mat. This mat detects pressure exerted on it. The system calculates the jump height by
using the flight-time formula, and the result is sent through Bluetooth to any mobile device or PC. Two different experiments
were performed. In the first experiment, a total of 38 volunteers participated with the objective of validating the performance of
the system against a high-speed camera used as reference (120 fps). In the second experiment, a total of 15 volunteers participated.
Raw data were obtained in order to assess the effects of different sampling frequencies on the performance of the system with
the same reference device. Different sampling frequencies were obtained by performing offline downsampling of the raw data.
In both experiments, countermovement jump and countermovement jump with arm swing techniques were performed.

Results: In the first experiment an overall mean relative error (MRE) of 1.98% and a mean absolute error of 0.38 cm were

obtained. Bland-Altman and correlation analyses were performed, obtaining a coefficient of determination equal to R2=.996. In
the second experiment, sampling frequencies of 200 Hz, 100 Hz, and 66.6 Hz show similar performance with MRE below 3%.
Slower sampling frequencies show an exponential increase in MRE. On both experiments, when dividing jump trials in different
heights reached, a decrease in MRE with higher height trials suggests that the precision of the proposed system increases as height
reached increases.

Conclusions: In the first experiment, we concluded that results between the proposed system and the reference are systematically
the same. In the second experiment, the relevance of a sufficiently high sampling frequency is emphasized, especially for jump
trials whose height is below 10 cm. For trials with heights above 30 cm, MRE decreases in general for all sampling frequencies,
suggesting that at higher heights reached, the impact of high sampling frequencies is lesser.

(JMIR Mhealth Uhealth 2021;9(4):e27336)   doi:10.2196/27336
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Introduction

Vertical jump height is one of the physical skills commonly
used to assess overall performance in human beings, and more
specifically, it is used to assess performance and muscle power
of the quadriceps, hamstrings, and gastrocnemius muscle groups
in the lower limbs [1,2]. Measurement of the performance of
this skill is commonly performed on athletes in sports like
basketball [3,4], football [5], netball [6], swimming [7], and
others. This skill performance can also provide important data
from people with no relevant sports past.

In the literature, there are many protocols to prove or validate
the proposed systems. Among the different kind of jumps
performed in those protocols, there are jumps with and without
countermovement [1,4,5,8-15], jumps with and without arm
swing [12,16], drop jumps [1,8,17], single and double leg jump
[6], continuous jumps [4,17], squat jumps [1,2,4,12], and loaded
squat jumps [7]. With any of these types of jumps, height
reached by the user can be analyzed, but the jumps most
commonly used in all related work are the countermovement
and squat jumps.

Kibele [15] and Moir [18] reported that irregularities detected
in measurements of any kind of jump execution may be linked
to changes in the posture of a subject during flight due to change
in the center of mass of the subject during the jump. Bui et al
[13] found that some common errors obtained during
measurement were caused by body movements like knee, hip,
and ankle bending during flight time and landing. Also,
Aragon-Vargas [19] states that ascending and descending phases
of flight time must be of the same length of time, but in his work
descending time was significantly longer, suggesting that
participants descended with their bodies partially crouched.

There are several techniques to measure jump height, each of
which uses a different kind of sensor or no sensors at all.
Methods like the Sargent jump [13] and Vertec device [6,9,10]
require no sensors and often are used as reference measurements.
However, these methods often show overestimation on jump
height, and this could be due to arm stretching performed
unconsciously by the user. Among systems developed in the
literature, different kind of sensors are used like force-sensitive
resistors (FSRs) [3,16], capacitive sensors [5], inertial
measurement units [2,4,8,10,17], electromyography sensors
[1,6], kinematic sensors [6], ultrasonic sensors [20],
microswitches [9], video cameras, [11] and optical sensors
[4,12].

The studies of Drazan et al [3] and Boukhenous and Attari [16]
are most closely related to our work, as both of their systems
also use resistive sensors. However, only one sensor is used for
the whole sensing area. Drazan et al [3] proposed a system based
on a single FSR sensor whose total sensing area is around 3

cm2, with an Arduino board as microcontroller. This system
calculated jump height through the flight-time formula, by
measuring the time the FSR sensor is not detecting any pressure.
In the work presented by Boukhenous and Attari [16], two
metallic strain gauges were placed in the center of a rigid
platform to measure the force applied by the ground. In this
case, vertical ground reaction forces were used to calculate jump

height. Rico et al [2] used pressure sensors located at the
forefoot of the user to calculate flight time during vertical jump
and compare it with data obtained from an inertial measurement
unit system. However, few or no specific number of subjects
are used in these studies, and no specific protocols or jump trials
are performed. Also, no reference systems are used to compare
the performance of the developed systems.

Camera-based systems are used as reference systems or as
proposed methods to validate. In some studies, the famous
motion capture system commonly used in videogames is used
as a reference device [5,17,21]. Other studies use a similar
method by tracking body markers placed strategically on the
body [4,14,21]. Balsalobre-Fernandez et al [11,22] have
analyzed the effectiveness and reliability of high-speed cameras
as methods to estimate vertical jump height. In these studies,
flight time of the subject is calculated by selecting the takeoff
and landing frames of the recorded videos of jump trials, and,
by applying the flight-time formula, jump height is obtained
[3,8,9,11,14,16,22].

Only a few studies perform a validation with a relatively high
number of subjects. Some studies that fulfill this criterion are
the ones presented by Nuzzo et al [10], Casartelli et al [4],
Glatthorn et al [12], Moir [18], and Aragon-Vargas [19].
However, these studies compare different commercially
available devices (contact mat, force plate, cameras, etc), and
no novel system is developed by the researchers. Bui et al [13]
fulfills the criterion and proposes a novel optical system whose
performance is compared against commercial devices. This
system calculates jump height through the flight-time formula.

This study presents a newly developed low-cost system for
measuring height reached by users during vertical jump
comprising a matrix of FSR sensors embedded on a mat. The
height of the vertical jump is calculated through the flight-time
formula [3,8,9,14,16]. One advantage this system offers against
other pressure-sensitive systems [2,3,16] is a higher real sensing
area, higher resolution, and higher precision, as this system
works with 256 FSR sensors distributed around the mat in 16
rows and 16 columns, in comparison with the other systems
that use a single sensor. The total sensing area, dimensions of
FSR sensors matrix, and each individual FSR sensor area can
be modified on different versions of the proposed mat. Also, as
this system is environmental, it needs no adjustment regardless
of the physical characteristics of the user like body type, weight,
height, or foot size [2]. Another advantage of this system is that
the calculated vertical jump height is directly sent to a PC or
mobile device of the health care professional’s choice, unlike
other methods that require postprocessing analysis, as in the
high-speed camera method. The main objective of this study is
to validate the reliability of the proposed system for future
clinical studies.

Methods

System Construction
The proposed system consists of 2 parts: a resistive
pressure-sensitive mat constructed with an FSR sensor array
and the electronic system. The mat is composed of 3 layers.
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One layer contains thin and flat copper wires distributed in a
column arrangement along a flexible 3D printed grid; another
layer is composed of the same copper wires but distributed in
a row arrangement on another flexible 3D printed grid. A third
layer is placed between the layers consisting of Velostat
material, a pressure-sensitive material that behaves as a resistor
whose value drops whenever pressure is exerted upon it. In this
way, variations on the resistance values on every intersection
of rows and columns when pressure is exerted over the mat can
be measured. Some typical characteristic problems with Velostat
material are repeatability, nonlinearity, and hysteresis [23,24].
For this application, however, these features are not relevant

because high precision is not needed; the mat only needs to be
able to detect a heavy body placed on it (average human body
weight). More information about the development of this mat
is documented on the work of Medrano et al [25].

Figure 1 shows the different layers of an FSR matrix with
smaller dimensions (4 rows and 4 columns). Figure 2 shows an
example of the placement of the overlapped layers. The total
sensing area of the mat used for this study is 30×30 cm, with
16 rows and 16 columns, 1 cm width each. This way, the area

of each of the individual FSR sensors is equal to 1 cm2. In Figure
3, a developed mat is shown.

Figure 1. Different layers comprising a force-sensitive resistor matrix with smaller dimensions.

Figure 2. Example of a smaller size matrix and how layers are placed.
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Figure 3. Developed force-sensitive resistor sensor mat.

Due to the number of operations needed for a full scan of the
mat, a high frequency microprocessor must be used for data
processing, as the time complexity of these operations grows
in exponential order. The STM32F103C8T6 microprocessor
(STMicroelectronics) was selected due to its 72 MHz CPU
frequency, with which a sampling frequency of 200 Hz is
achieved. Other microprocessors with lower CPU frequencies
(like the ATmega328P, Microchip Technology Inc) would not
achieve the desired sampling frequency. Also two 16-1
multiplexers 74HC4067 are needed for an efficient scan process
of the whole mat. For data transmission, a Bluetooth HC-05
module is used. Bluetooth technology was selected due to its
ease of connection with different devices, especially with
smartphones and tablets, which offers health care professionals
the choice of an easy-to-transport monitoring device. Other
electronic elements included in the system are a TP4056
battery-charging module and a Lipo battery of 3.7 V and 150
mAh capacity, allowing continuous functioning of the system
for up to 2 hrs. A block diagram of the proposed system is
shown in Figure 4.

The algorithm used for this system consists of calculating the
summation of every FSR sensor of the mat. For each FSR
sensor, the voltage value obtained by the analog-to-digital
converter of the microcontroller is given in bits (from 0 to 4095),
and this resulting value is used for the calculations. A threshold
is used for the system to decide whether a person is standing
on the mat or not. To calculate an appropriate value for this
threshold, data were collected from 16 volunteers (5 female and

11 male), with an average weight of 74.81 (SD 15.25) kg and
foot size of 26.93 (SD 1.94) cm. The volunteers were asked to
stand on the mat barefoot in 4 different positions: with both feet
standing still and on their forefoot and with one foot standing
still and on their forefoot. Maximum values of pressure exerted
on FSR sensors were used as reference for normalization, and
the minimum value for activation of FSR sensors was considered
as no volunteer standing on the mat.

Using such criteria, on average when standing still over the mat
with both feet subjects activated 71.66% of the FSR sensors,
and when standing on their forefoot with both feet, 28.9% of
the FSR sensors were activated. When standing still and on their
forefoot with only one foot an activation of 40.37% and 18.40%
of the FSR sensors was registered, respectively. The minimum
value of FSR sensors activation is registered when standing on
one foot on their forefoot, with a value of 12.09%. All results
are summarized in Table 1. By taking these results into account,
and if it is assumed that volunteers may land first with one foot
on their forefoot after a jump, a proper threshold should be
proposed below the minimum value of FSR sensors activation.
For this study, a threshold of 9% of FSR sensors activation is
used. This threshold was chosen to be at three-quarters between
the zero FSR sensor activation and the minimum FSR sensor
activation recorded, to avoid any misreading from mechanical
oscillation. It is worth noting that the minimum recorded value
from sensor activation is an outlier. In future studies, the
possibility of adding a personalized threshold for every subject
could be assessed.

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e27336 | p.492https://mhealth.jmir.org/2021/4/e27336
(page number not for citation purposes)

Vanegas et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Figure 4. Block diagram of the proposed system.

Table 1. Normalized force-sensitive resistor sensors activation registered from volunteers standing at different positions on the mat; standing still and
on their toes with both feet and standing still and on their toes with one foot.

One foot %Both feet %Sensor activation

ToesStandingToesStanding

18.4040.3728.9071.66Average

27.0061.4543.31100.00Maximum

12.0922.6423.7044.00Minimum

For every position sensor activation percentage, a correlation
analysis with the weight and foot size of the volunteers was
performed. Analysis suggests that sensor activation is only
moderately impacted by the weight of volunteers, and foot size
of volunteers has a low impact on sensor activation. In Table
2, correlation values for different positions analyzed on the mat
are shown.

To calculate the height reached by the user during the vertical
jump, when the subject jumps and there is no contact on the

mat, the system counts the elapsed time until the subject lands
on the mat again (flight time), and with the calculated time the
flight-time formula is used [3,8,9,14,16] to predict the height

reached. This formula is defined as: Height = gΔt2/8, where g

is the constant value of gravity force g=9.81 m/s2 and Δt is the
flight time obtained by the system. Once the height of the
vertical jump is obtained, this value is wirelessly sent via
Bluetooth to the monitoring device selected by the health care
professional.

Table 2. Pearson correlation coefficient values (R values) for different positions analyzed, calculated for weight and foot size of volunteers.

Foot sizeWeightPosition

Both feet

–.522–.684Standing

–.241–.411Forefoot

One foot

–.397–.447Standing

–.463–.394Forefoot
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Experimental Setup
Two different experiments were performed. The purpose of the
first experiment, in which 38 volunteers participated, was to
validate the reliability of the proposed system. For the second
experiment, the objective was to compare the effects of different
sampling frequencies when calculating the height reached on
the jumps, and 15 volunteers participated. The protocol used
for each experiment is the same. For the first experiment, data
are directly processed by the microcontroller and the predicted
value is sent to the selected monitoring station. In the second
experiment, raw data are obtained to perform an offline
downsampling to analyze the effects of different sampling
frequencies on the predicted result.

Researchers asked for assistance from a sports and fitness center
to recruit volunteers who attended the center regularly for
physical training. Researchers visited this center with all the
necessary equipment for the implementation of the protocols,
and installed it in an area specified by the managers of the
center. No specific physical attributes were required from the
volunteers, as these characteristics should not affect the
performance of the system. Researchers approached people at
the center, explained the purpose of the study, and politely asked
for their collaboration on the protocols if they were available
at any given moment. Before starting any trial, volunteers were
asked if they had any kind of injury that could affect their
physical integrity when performing the protocol, and if so, the
trials would not proceed. Every volunteer gave their written
consent for the performance of the proposed protocol. The

countermovement jump (CMJ) and countermovement jump
with arm swing (CMJAS) techniques were selected for this
protocol. These jumping techniques are commonly used as a
measure to assess the overall force and explosive power of the
lower body muscles on a person [26], and it is considered as
the most reliable jumping test for this purpose [27]. By adding
an arm swing to the CMJ, with the proper technique, the height
reached by the person is increased around one-third and up to
two-thirds [28-30], which increases the dynamic range of data
obtained.

In the proposed protocol, volunteers were asked to stand on a
marker placed on the center of the mat and perform 3
medium-to-maximal effort CMJs, with their hands fixed at the
waist, with 5 to 10 seconds rest between trials. This technique
is depicted in Figure 5. After these jumps, the volunteers were
asked to perform CMJAS this time, and following the same
scheme. This technique is depicted in Figure 6. As a reference
system, all trials were recorded on video with a high-speed
camera (120 fps). The camera was placed 1.3 m away from the
mat, perpendicular to the sagittal plane of the volunteer and 20
cm above the ground, held by a tripod. The setup for this
protocol is depicted in Figure 7.

To measure height reached by the subject with the video
reference, the takeoff and landing frames were selected manually
like in the studies of Balsalobre-Fernandez et al [11,22], and
height was calculated by using the elapsed time between the
frames using the flight-time formula.

Figure 5. Countermovement jump technique, step by step.
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Figure 6. Countermovement jump with arm swing technique, step by step.

Figure 7. Experimental setup used for proposed experiments.

Results

First Experiment: System Validation
For the first experiment, a total of 228 jumps (114 CMJs and
114 CMJASs) were performed for each, the proposed system
and the video reference. An example of the recorded jumps is
shown in Figure 8.

To analyze the proposed system performance, mean relative
error (MRE) and mean absolute error (MAE) were calculated
for the overall jump trials and for each technique, CMJ and
CMJAS. The MRE obtained from all 228 trials was 1.98%. For
CMJ and CMJAS, relative errors were 2.17% and 1.78%,
respectively. MAE obtained from all jump trials was 0.38 cm,
and for CMJ and CMJAS, the errors obtained were 0.34 cm and
0.42 cm, respectively. These results are summarized in Table
3.
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Figure 8. Two volunteers performing the proposed protocol showing the different phases of the jumps: takeoff frame, maximum-height frame, and
landing frame.

Table 3. Mean absolute error and mean relative error values for overall jump trials, only countermovement jump, and only countermovement jump
with arm swing trials.

MREb (%)MAEa (cm)Trials

1.980.38Overall

2.170.34CMJc

1.780.42CMJASd

aMAE: mean absolute error.
bMRE: mean relative error.
cCMJ: countermovement jump.
dCMJAS: countermovement jump with arm swing.

Correlation and Bland-Altman analyses were performed from
data obtained and are shown in Figure 9 and Figure 10,
respectively. Correlation analysis shows a coefficient of

determination of R2=.996. These analyses demonstrate that the

proposed system not only has a high correlation, but it shows
that the difference of the two paired measurements is really low,
which means that both methods produce systematically the same
results.
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Figure 9. Correlation graph comparing both measuring methods for the first experiment, showing a coefficient of determination of R2=.996.

Figure 10. Bland-Altman plot of both measuring methods: countermovement jump depicted by dark gray points and countermovement jump with arm
swing depicted by light gray points.

In Figure 11, the normalized MAE and MRE are shown for
different ranges of jump heights reached. By analyzing the
different ranges of height reached by the volunteers, which are
<10 cm, 10 to 20 cm, 20 to 30 cm, and >30 cm, MREs obtained
were 2.38%, 2.07%, 1.90%, and 1.54%, respectively. MAE
obtained were 0.18 cm, 0.31 cm, 0.46 cm, and 0.50 cm,
respectively. From this data, no significant difference can be
found. However, it can be noticed that MAE increases as jump
height increases, while MRE decreases.

Figure 12 shows the charts with distribution of the heights
reached by the volunteers when performing the jump trials. For
CMJ, no volunteer was able to surpass the 30 cm height.
However, by adding the arm swing, 22% of the volunteers
surpassed the 30 cm height. Also, for CMJAS trials, 47% of the
subjects reached a height ranging from 20 to 30 cm, compared
with CMJ, in which only 31% of the subjects reached this height.
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Figure 11. Normalized mean absolute error and mean relative error, divided in different ranges of height reached during vertical jump.

Figure 12. Distribution of different height ranges reached by the users. Overall trials, only countermovement jump trials, and only countermovement
jump with arm swing trials are shown.

Second Experiment: Sampling Frequencies
Comparison
In this experiment, the effects of different sampling frequencies
were analyzed. Raw data from the system was obtained for a
total of 90 jumps (45 CMJs and 45 CMJASs). An offline
emulation of different sampling frequencies was performed
through downsampling of this raw data. This means samples
are removed to emulate a slower sampling frequency. With this
method, and with the base sampling period of 5 ms from the
system, 200 Hz, 100 Hz, 66.6 Hz, 50 Hz, 40 Hz, 33.3 Hz, 28.5
Hz, 25 Hz, 22.2 Hz, and 20 Hz frequencies were emulated.

Similar to the first experiment, the error was calculated using
the high-speed camera as reference. For this analysis, only MRE
was obtained for each sampling frequency to assess which
frequencies are able to maintain a relative error below 5%.

Results show that sampling frequencies of 200 Hz, 100 Hz, and
66.6 Hz have similar performance, with relative errors of 1.88%,
2.22%, and 2.88%, respectively. However, the maximum error
among the 90 trials increases considerably between these
frequencies, with maximum errors of 5.27%, 7.02%, and 8.25%
for each respective frequency. Sampling frequencies of 50 Hz,
40 Hz, and 33.3 Hz also show good performance regarding the
relative error, which is maintained below 5% for the 3 cases,
but the maximum relative error found in these 3 frequencies is
considerably higher than the found in the previous set.

In Table 4, MRE and maximum and minimum relative errors
found among trials for the different sampling frequencies are
shown. With slower sampling frequencies, MRE increases
exponentially as shown in Figure 13, which suggests that
sampling frequencies equal to or below 28.5 Hz are not reliable
enough to maintain MRE below 5%. Also, sampling frequencies
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slower than 50 Hz and 33.3 Hz show maximum relative error
among trials higher than 10% and 20%, respectively.

Table 5 shows how MRE is distributed in different ranges. Only
200 Hz and 100 Hz sampling frequencies are able to maintain
95% of their results within 5% of relative error. Also, sampling

frequencies slower than 50 Hz considerably increase the
percentage of relative errors found above 5%. These results
suggest that sampling frequencies of 200 Hz and 100 Hz are
the most reliable, frequencies of 66.6 Hz and 50 Hz have an
acceptable performance, and the remaining sampling frequencies
are unreliable for this specific application.

Figure 13. Mean relative error obtained for each proposed sampling frequency. As sampling frequency decreases, relative error increases exponentially.

Table 4. Mean relative error and maximum and minimum relative errors obtained from all 90 trials for each sampling frequency analyzed.

Sampling periods/frequenciesRelative

error

50 ms, 20
Hz

45 ms, 22.2
Hz

40 ms, 25
Hz

35 ms, 28.5
Hz

30 ms, 33.3
Hz

25 ms, 40
Hz

20 ms, 50
Hz

15 ms, 66.6
Hz

10 ms, 100
Hz

5 ms, 200
Hz

8.758.026.276.044.974.503.522.882.221.88MREa

32.1128.3919.7321.3014.2514.259.738.257.025.27MAXb

0.7300000.700000MINc

aMRE: mean relative error.
bMAX: maximum relative error.
cMIN: minimum relative error.

Table 5. Percentage of trials whose relative error is within the ranges of 5% or less, higher than 5% and lower than 15%, and higher than 15%.

Sampling periods/frequenciesRelative error

50 ms, 20
Hz

45 ms, 22.2
Hz

40 ms, 25
Hz

35 ms, 28.5
Hz

30 ms, 33.3
Hz

25 ms, 40
Hz

20 ms, 50
Hz

15 ms, 66.6
Hz

10 ms,
100 Hz

5 ms, 200
Hz

27.7835.5652.2248.8957.7858.8976.6787.7894.4498.89REa ≤5%

57.7854.4443.3347.7842.2241.1123.3312.225.561.11RE 5% to 15%

14.44104.443.33000000RE >15%

aRE: relative error.
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When MRE is obtained from different jump heights (≤10 cm,
10 to 20 cm, 20 to 30 cm, and >30 cm) at each sampling
frequency, the relevance of a proper sampling frequency when
calculating height reached for small jumps (<20 cm) is observed.
When using sampling frequencies slower than 50 Hz, MRE
obtained from these small jumps is always higher than 5%, and

for the slowest sampling frequency, MRE reaches a value of
21.50% for jump heights smaller than 10 cm. For higher jump
heights, an increase in MRE (>5%) is noticeable for sampling
frequencies slower than 40 Hz, reaching a value of up to 9.15%
for the slowest sampling frequency. A summary of these results
is shown in Table 6.

Table 6. Mean relative error obtained from each of the analyzed sampling frequencies for different ranges of height reached during the vertical jump.

Sampling periods/frequenciesJump height

50 ms, 20
Hz

45 ms, 22.2
Hz

40 ms, 25
Hz

35 ms, 28.5
Hz

30 ms, 33.3
Hz

25 ms, 40
Hz

20 ms, 50
Hz

15 ms, 66.6
Hz

10 ms, 100
Hz

5 ms, 200
Hz

21.5010.776.295.405.095.282.624.332.291.31<10 cm

8.429.658.607.555.455.214.292.892.402.2310-20 cm

9.156.966.125.065.294.623.553.022.311.9120-30 cm

6.857.324.345.834.173.632.922.501.951.60>30 cm

Discussion

Principal Findings
The vertical jump is a test commonly used by health care
professionals to assess strength in the lower limb muscles of a
subject. Although this test is widely used for strength assessment
among athletes, relevant information can be obtained from
people with no relevant sports background.

An important point to highlight about the system developed in
this study is its low price. The total for components used in
construction is approximately US $40. In comparison with
commercially available devices, this developed system is

significantly more affordable. Among the devices commonly
used on medical and sports fields to measure vertical jump
height are the vertical jump test mat (Gill Athletics) [31], Just
Jump system (Perform Better) [10,32], Vertec device (Gill
Athletics) [10,33], electronic vertical jump tester (Gill Athletics)
[34], Optojump testing (Perform Better) [12,35], and bilateral
force plate (Hawkin Dynamics) [18,36]. Our proposed system
will have to pass through different standards and certifications
(like ISO standards [37]) before it can be considered as a
standard medical device. Table 7 shows a comparison of prices
between commercially available devices and the system
proposed here. Prices of the commercially available devices are
listed as found at the moment of writing this article.

Table 7. Comparison of prices between commercially available devices and the system developed in this study.

Price $Device for vertical jump measurement

40Proposal from this study (estimated price of components)

360Vertical jump test mat (Gill Athletics) [31]

629Just Jump System (Perform Better) [32]

760Vertec device (Gill Athletics) [33]

2925Electronic vertical jump tester (Gill Athletics) [34]

3804Optojump testing (Perform Better) [35]

5000Bilateral force plate (Hawkin Dynamics) [36]

Throughout data capturing in both experiments, some important
points can be highlighted. Despite the advantages that the
proposed system and reference device offer, both have an
inherent error due to their sampling frequency (more specifically
due to their sampling period). The proposed system has a
sampling frequency of 200 Hz, and thus the sampling period is
5 ms. Likewise, the reference device has a sampling frequency
of 120 Hz and a sampling period of 8.3 ms. This means that
every sampling period each device updates its readings, which
implies an uncertainty of the sampling period between data
updates. In other words, there is an inherent uncertainty in the
system during the takeoff and landing phases of the jump, time
span that is used to calculate height reached. From both phases,
the proposed system has a total uncertainty of 10 ms, while the

reference device has a total uncertainty of 16.6 ms. This inherent
error is characteristic of electronic devices and directly related
to their sampling frequency. Nonelectronic methods for jump
height measuring lack of this inherent error, but as stated before,
these methods tend to overestimate obtained measurements and
are less precise.

Regarding the high-speed camera used as a reference device,
when the recorded videos were analyzed, the ease of selecting
the correct frames depended on the correct technique execution
of the volunteer: taking off from both forefeet at the same time
during the takeoff phase and landing with both forefeet at the
same time during the landing phase. This was the ideal technique
execution. On the other hand, some volunteers either took off
or landed with only one forefoot and not with the same foot in
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some occasions. In such cases, it was harder to select the takeoff
and landing frames. This is difficult for volunteers to control
without long-term training in the proper technique.

On the proposed protocol, the inclusion of two different jump
techniques proved to be useful in order to increase the dynamic
range of the data. The difference between the CMJ and CMJAS
was significant. The addition of an arm swing increased jump
height an average of 44.84% in the first experiment and 34.86%
in the second experiment.

Limitations
One of the main limitations of the developed system was its
sampling frequency. Although the microcontroller used had a
high CPU frequency, the sampling frequency was limited
because of the number of operations needed for a full scan of
the mat (16 rows and 16 columns, a scan of 256 individual cells)
and number of operations this implies. Another limitation was
the total sensing area of the system of 30×30 cm. Although no
volunteer reported discomfort, the total area limits the stance
of volunteers; in addition, the landing phase of every jump trial
must be performed in a controlled manner, so the volunteer
lands inside this area.

These limitations can be solved in future versions of the mat.
The design of the mat can be modified to increase its total
sensing area and the size of each row and column, so in this
way with fewer number of rows and columns the same sensing
area could be achieved, thus increasing the sampling frequency
of the system. However, this would diminish the resolution of
the system.

Conclusions
In this study, a novel low-cost system for measurement of the
jump height is proposed. Two experiments were

performed—one to validate the system and the other to assess
the effects of different sampling frequencies.

When evaluating the performance of the proposed system in
the first experiment, results show that with the proposed
sampling frequency of 200 Hz relative error for all of the 228
jump trials is maintained below 5%. In the second experiment,
with sampling frequencies of 200 Hz and 100 Hz, relative error
is maintained below 5% for 98.89% and 94.44% of the jump
trials, respectively.

The flight-time formula is a widely used, validated method to
calculate height reached during vertical jumps. A high-speed
camera as reference device has been used in related studies
along with the flight-time formula, proving to be a reliable tool.
Our first experiment showed through correlation and
Bland-Altman analyses that the proposed system and a
high-speed camera reference device produced systematically
similar results when calculating jump height.

Our second experiment concluded that 200 Hz and 100 Hz
sampling frequencies have similar performance, and both
frequencies are reliable when calculating jump height using the
flight-time formula. This implies that if access to hardware
capable of processing data at 200 Hz were limited, hardware
capable of processing data to at least 100 Hz could offer similar
results. However, if higher sampling frequencies are available,
they should be used.

These results demonstrate that the proposed system is as reliable
as a commercially available device, and the selected sampling
frequency of 200 Hz is reliable for obtaining relative errors
below 5% for at least 95% of the jump trials. The proposed
system offers an alternative for health care professionals to use
a mobile monitoring station of their choice, and its price is more
affordable than commercially available devices.
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Abstract

Background: Sleep problems tend to vary according to the course of the disorder in individuals with mental health problems.
Research in mental health has associated sleep pathologies with depression. However, the gold standard for sleep assessment,
polysomnography (PSG), is not suitable for long-term, continuous monitoring of daily sleep, and methods such as sleep diaries
rely on subjective recall, which is qualitative and inaccurate. Wearable devices, on the other hand, provide a low-cost and
convenient means to monitor sleep in home settings.

Objective: The main aim of this study was to devise and extract sleep features from data collected using a wearable device and
analyze their associations with depressive symptom severity and sleep quality as measured by the self-assessed Patient Health
Questionnaire 8-item (PHQ-8).
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Methods: Daily sleep data were collected passively by Fitbit wristband devices, and depressive symptom severity was self-reported
every 2 weeks by the PHQ-8. The data used in this paper included 2812 PHQ-8 records from 368 participants recruited from 3
study sites in the Netherlands, Spain, and the United Kingdom. We extracted 18 sleep features from Fitbit data that describe
participant sleep in the following 5 aspects: sleep architecture, sleep stability, sleep quality, insomnia, and hypersomnia. Linear
mixed regression models were used to explore associations between sleep features and depressive symptom severity. The z score
was used to evaluate the significance of the coefficient of each feature.

Results: We tested our models on the entire dataset and separately on the data of 3 different study sites. We identified 14 sleep
features that were significantly (P<.05) associated with the PHQ-8 score on the entire dataset, among them awake time percentage
(z=5.45, P<.001), awakening times (z=5.53, P<.001), insomnia (z=4.55, P<.001), mean sleep offset time (z=6.19, P<.001), and
hypersomnia (z=5.30, P<.001) were the top 5 features ranked by z score statistics. Associations between sleep features and PHQ-8
scores varied across different sites, possibly due to differences in the populations. We observed that many of our findings were
consistent with previous studies, which used other measurements to assess sleep, such as PSG and sleep questionnaires.

Conclusions: We demonstrated that several derived sleep features extracted from consumer wearable devices show potential
for the remote measurement of sleep as biomarkers of depression in real-world settings. These findings may provide the basis
for the development of clinical tools to passively monitor disease state and trajectory, with minimal burden on the participant.

(JMIR Mhealth Uhealth 2021;9(4):e24604)   doi:10.2196/24604

KEYWORDS

mobile health (mHealth); mental health; depression; sleep; wearable device; monitoring

Introduction

According to the report of the World Health Organization, the
total number of people with depression was estimated to exceed
300 million in 2015, equivalent to 4.4% of the world’s
population [1]. There are several depression-related adverse
outcomes, including premature mortality [2], decline in quality
of life [3], and loss of occupational function [4].

Sleep disturbances are prevalent among depression patients;
more than 90% of patients with depression reported poor sleep
quality [5]. Sleep disturbances cover a wide range of different
symptoms and disorders including insomnia, hypersomnia,
excessive daytime sleepiness, and circadian rhythm disturbance
[6]. Insomnia and sleep quality have been observed to be
bidirectionally related to depression in several longitudinal
studies [6]. Hypersomnia is more frequently present in
depressive episodes of bipolar patients [7,8]. Changes in sleep
architecture, such as reduced deep sleep, increased rapid eye
movement (REM) sleep, and shortened REM latency, are also
significant predictors of depression [9,10].

The gold standard for sleep evaluation is polysomnography
(PSG), which involves several physiological measurements
including electroencephalogram, electrocardiogram,
electromyogram, and accelerometers [11]. Using PSG to assess
sleep lacks ecological validity and is time-consuming, expensive,
and labor-intensive, requiring dedicated equipment and separate
laboratory rooms as well as experts to analyze the physiological
signals. Since depression can affect patients for an extended
period, long-term monitoring of sleep quality is essential. Due
to the above shortcomings, PSG is not suitable for long-term
sleep monitoring [12]. A sleep questionnaire, such as the
Pittsburgh Sleep Quality Index (PSQI) [13], is another useful
method to assess sleep. This method relies on the self-reporting
of subjective factors, like low recall of sleep, that may affect
the accuracy of the assessment [14].

Several recent studies have used wearable devices to estimate
sleep quality and sleep-related parameters [15-18] and analyzed
the relationship between sleep and depression [19-21]. Miwa
et al [19] estimated sleep quality by detecting rollover
movements during sleep and observed a significant difference
in sleep quality between nondepressed and depressed people.
Mark et al [20] estimated the sleep duration of 40 information
workers for 12 days using a Fitbit wristband and found that
sleep duration was positively correlated with mood. DeMasi et
al [21] found that sleep was significantly related to changes in
depressive symptoms. These studies have mostly been
performed on single center and relatively small datasets (number
of participants fewer than 100). Moreover, most of these studies
only used basic sleep parameters, such as sleep duration; detailed
information on sleep architecture, sleep patterns, and stability
of sleep was not considered. The relationship between detailed
sleep features, as estimated from data supplied by wearable
devices, and depression is yet to be fully explored.

The first aim of this study was to design more sleep-related
features, from wearable device data, that reflect the sleep
architecture, sleep stability, sleep quality, and sleep disturbances
(insomnia and hypersomnia) of the participant. The second aim
was to explore associations between these sleep features and
depressive symptom severity on a relatively large, multisite
dataset. The third aim was to compare our findings with previous
studies that used other measurements to assess sleep such as
PSG and sleep questionnaires.

Methods

Dataset

Study Participants and Settings
The data we used in this paper were collected from a major EU
Innovative Medicines Initiative research project, Remote
Assessment of Disease and Relapse–Central Nervous System
(RADAR-CNS) [22]. This project aims to investigate the use
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of remote measurement technologies to monitor people with
depression, epilepsy, and multiple sclerosis in real-world
settings. The study protocol for the depression component
(Remote Assessment of Disease and Relapse–Major Depressive
Disorder [RADAR-MDD]) is described in detail in Matcham
et al [23]. The RADAR-MDD project aims to recruit 600
participants with a recent history of depression in 3 study sites
(King’s College London [KCL], UK; Vrije Universiteit Medisch
Centrum [VUMC], Amsterdam, The Netherlands; and Centro
de Investigación Biomédican en Red [CIBER], Barcelona,
Spain). Recruitment procedures vary slightly across sites and
eligible participants are identified either through existing
research cohorts (in KCL and VUmc) who had given consent
to be contacted for research purposes; advertisements in general
practices, psychologist practices, newspapers, and
Hersenonderzoek.nl [24], which is a Dutch online registry
(VUmc); or through mental health services (in KCL and CIBER)
[23]. Participants from KCL and VUmc are community-based,
while the participants from CIBER come from a clinical
population. As part of the study, participants are asked to install
several remote monitoring technology apps and use an activity
tracker for up to 2 years of follow-up. Many categories of
passive and active data are being collected and uploaded to an
open-source platform, RADAR-base [25]. In this paper, we
focus on the sleep and Patient Health Questionnaire 8-item
(PHQ-8) data [26].

Sleep Data
According to the American Academy of Sleep Medicine manual
for the scoring of sleep and associated events, sleep can be
divided into 2 phases, REM sleep and non-REM (NREM) sleep,
and NREM sleep can be subdivided into N1, N2, and N3 stages
according to characteristic patterns of brain waves collected by
PSG [11]. In our project, the daily sleep records of participants
were collected by the Charge 2 or Charge 3 (Fitbit Inc). An
entire night’s sleep is divided into 4 stages: awake, light, deep,
and REM. The light stage provides estimates for the N1 and N2
stages in PSG, while the deep stage provides estimates for the
N3 stage in PSG. According to several validation studies of
Fitbit, the Fitbit wristband had limited specificity in sleep stages
estimation [27-29]. Therefore, in this study, we were not
expecting the Fitbit devices to provide information as accurate
as PSG would have provided. However, the Fitbit devices were
deemed sensitive enough to detect changes in sleep-wake states
[27-29]; therefore, the provided sleep stage information could
be used to determine estimates for detailed sleep parameters
based on known sleep pathology.

PHQ-8 Data
The variability of each participant’s depressive symptom
severity was measured via the PHQ-8, conducted by mobile
phone every 2 weeks. The questionnaire contains 8 questions,
with the score of each subitem ranging from 0 to 3. The total
score (range 0 to 24) of all subitems is the PHQ-8 score, which
can evaluate depressive symptom severity of the participant for
the past 2 weeks. A PHQ-8 score ≥10 is the most commonly
recommended cutpoint for clinically significant depressive
symptoms [26] (ie, if the PHQ-8 of a participant is ≥10, the
participant is likely to have had depressive symptoms in the
previous 2 weeks). In the PHQ-8, subitem 3 refers to sleep. The
content of subitem 3 is “Trouble falling or staying asleep, or
sleeping too much” [26]. A higher score in subitem 3 indicates
worse self-reported sleep in the past 2 weeks. For reading
convenience, we denoted the score of subitem 3 as the sleep
subscore in this paper.

Sociodemographics
Sociodemographic of participants were collected during the
enrollment session. According to previous studies on the
associations between depression and sociodemographic
characteristics [30,31], we considered baseline age, gender,
education level, and annual income as potential confounding
variables in our analyses. Due to the different educational
systems in different countries, we simply divided the education
level into 2 levels: degree (or above) and below degree. The
annual income levels of Spain and the Netherlands were
transformed into equivalent British levels.

Feature Extraction

Feature Window Size
For each PHQ-8 record, we extracted sleep features from a
2-week time window prior to the PHQ-8 completion time, as
the PHQ-8 score is used to represent the depressive symptom
severity of the participant for the past 2 weeks. The feature
window is denoted as Δt in this paper.

Sleep Features
According to known sleep pathology and our experience, 18
sleep features extracted in this paper were divided into the
following 5 categories (Table 1): sleep architecture, representing
the basic and cyclical patterns of sleep; sleep stability,
representing the variance of sleep in the feature window; sleep
quality, measures relating to total sleep and wake times;
insomnia, trouble falling or staying asleep; and hypersomnia,
excessive sleepiness.
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Table 1. A list of sleep features used in this study and their short descriptions.

UnitDescriptionFeatures

Sleep architecture

HourMean total sleep timeAv_tst

HourMean time in bedAv_time_bed

%Mean percentage of deep sleepDeep_pct

%Mean percentage of light sleepLight_pct

%Mean percentage of REMa sleepREM_pct

%Mean percentage of NREMb sleepNREM_pct

%Mean percentage of awake timeAwake_pct

HourMean sleep onset timeAv_onset

HourMean sleep offset timeAv_offset

HourMean REM latency timeREM_L

Sleep stability

HourStandard deviation of total sleep timeStd_tst

HourStandard deviation of sleep onset timeStd_onset

HourStandard deviation of sleep offset timeStd_offset

Sleep quality

%Mean sleep efficiencyEfficiency

TimesMean number of awakenings (>5 minutes) per nightAwake_5

HourTotal sleep time difference between weekend and weekdaysWKD_diff

Insomnia

%Percentage of days with potential middle insomniaM_insomnia

Hypersomnia

%Percentage of days with total sleep time >10 hoursDur_10

aREM: rapid eye movement.
bNon-REM: non–rapid eye movement.

Sleep Architecture

The features of sleep architecture were intended to describe the
basic and cyclical patterns of sleep. Therefore, we extracted
some features similar to those in the PSG report (total sleep
time, time in bed, sleep onset time, sleep offset time, and REM
latency) [32], and features of the percentages of all sleep stages.
Total sleep time of one night is defined as the sum of all
nonawake stages (light, deep, and REM) [32]. The mean total
sleep time in Δt was denoted as Av_tst. Time in bed of one night
is defined as the sum of all sleep stages (awake, light, deep, and
REM) of the entire night [32]. The mean time in bed in Δt was
denoted as Av_time_bed. Percentage of each sleep stage is
defined as the percentage of the time in the sleep stage to the
time in bed of the entire night. Different sleep stages have
different functions and can reflect the quality of sleep. Deep
sleep is considered essential for memory consolidation [33],
and REM sleep favors the preservation of memory [34]. A
previous sleep report has shown that more deep sleep and fewer
awakenings represent better sleep quality [32]. Therefore, we
extracted the mean percentages of these 4 sleep stages in Δt,
and denoted them as Deep_pct, Light_pct, REM_pct, Awake_pct,

respectively. The combination of deep and light sleep is NREM
sleep. The mental activity that occurs in NREM and REM sleep
is a result of 2 different mind generators, which also explains
the difference in mental activity [35]. So, we extracted the mean
percentage of NREM sleep in Δt, which was denoted as
NREM_pct. We calculated the mean sleep onset time (the first
nonawake stage) in Δt, denoted as Av_onset. Mean sleep offset
time (the last nonawake stage) in Δt was calculated and denoted
as Av_offset. Previous literature has shown that shortened REM
latency can be considered as a biological mark of depression
relapse [9]. REM latency is defined as the interval between
sleep onset and occurrence of the first REM stage. The mean
REM latency in Δt was denoted as REM_L.

Sleep Stability

The features in this category were used to estimate the variance
of sleep during Δt. We extracted the standard deviation of total
sleep time, sleep onset time, and sleep offset time in Δt, which
were denoted as Std_tst, Std_onset, and Std_offset, respectively.
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Sleep Quality

In this paper, we used features of sleep efficiency, awakenings,
and weekend catch-up sleep to describe sleep quality. The
definition of sleep efficiency is the percentage of total sleep
time to time in bed [32]. Mean sleep efficiency in Δt was
denoted as Efficiency. The definition of awakenings (>5 minutes)
for one night is the number of episodes in which an individual
is awake for more than 5 minutes [32]. The average number of
awakenings in Δt was denoted as Awake_5. Weekend catch-up
sleep is an indicator of insufficient weekday sleep, which might
be associated with depression level [36]. A longer total sleep
time during the weekend compared with weekdays may reflect
the actual sleep needed [37]. Therefore, we calculated the mean
total sleep time difference between weekend and weekdays in
Δt, which was denoted as WKD_diff.

Insomnia

A review of several longitudinal studies suggested that insomnia
is bidirectionally related to depression [6]. According to the
diagnostic features provided in the Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition [38], insomnia
manifests as initial insomnia (difficulty initiating sleep at
bedtime), middle insomnia (frequent or prolonged awakening
throughout the night), and late insomnia (early-morning
awakening with an inability to return to sleep).

For initial insomnia and late insomnia, mean sleep onset time
(Av_onset) and sleep offset time (Av_offset) can be used to
partially reflect them, respectively. We define potential middle
insomnia to be whether the total sleep time is less than 6 hours
and there is at least one prolonged awakening (≥30 minutes)
during the night. The percentage of days with potential middle
insomnia in the feature window was denoted as M_Insomnia.

Hypersomnia

Hypersomnia can be another symptom of depression [7]. The
hypersomnia criteria used in Tam et al [39] is sleeping more
than 10 hours per day, 3 days per week. In this paper, the
percentage of days with total sleep time greater than 10 hours
was extracted in Δt and denoted as Dur_10.

Statistical Method

Data Inclusion Criteria
Sleep and PHQ-8 records were missing in our data cohort for
a variety of expected reasons, including the participants not
wearing the Fitbit wristband when they slept, participants
forgetting to complete the PHQ-8, and the Fitbit wristband being
damaged during follow-up. We, therefore, specified the
following inclusion criteria: (1) PHQ-8 record should be
completed (ie, participant answered all 8 questions in the
questionnaire); (2) number of days with sleep records in the
feature window should be at least 12 days (approximately 85%
of the feature window size) [40]; (3) number of PHQ-8 records
for each participant should be greater than or equal to 3 [41];
(4) date of PHQ-8 records should be before February 2020,
because the impact of the COVID-19 pandemic on sleep needs
to be excluded [42].

Statistical Analyses
In our study, each participant had multiple PHQ-8 records and
repeated sleep measures. For this reason, we used linear mixed
models, which allow for accounting of both within and
between-individual variability over time [43]. For each sleep
feature, a 3-level linear mixed model with a participant-specific
random intercept and a site-specific random intercept was built
on the entire dataset to explore the association between this
sleep feature and depressive symptom severity (PHQ-8) by
bivariate analysis. We then used 2-level linear mixed models
with participant-specific random intercepts to test these
associations on the 3 subsets (KCL, CIBER, and VUmc)
separately. We similarly analyzed the associations between
sleep features and sleep subscore. All models were adjusted for
baseline age, gender, education level, and annual income, which
were specified as fixed effects. Model assumptions were checked
by the histograms of residuals and Q-Q plots. If the residuals
are not normally distributed, the Box-Cox transformation was
performed [44]. The z score was used to evaluate the statistical
significance of the coefficient of each model. All P values of
these tests were corrected by using the Benjamini-Hochberg
method [45] for multiple comparisons, and the significance
level of the corrected P value was set to .05. All linear mixed
models were implemented by using the lme4 package for R
software version 3.6.1 (R Foundation for Statistical Computing).

In order to identify and compare the relationship between
self-reported sleep and self-reported depression among different
study sites, Spearman correlations were calculated between the
PHQ-8 score and sleep subscore on the 3 study sites separately.

An example of such a 3-level linear mixed model is as follows:

Sleepijk = δ000 + V00k + U0jk + β1(PHQ8ijk) + β2(agejk)
+ β3(genderjk) + β4(educationjk) + β5(incomejk) + εijk

where PHQ8ijk is the ith PHQ-8 score of the participant j of the

site k, Sleepijk is one sleep feature extracted in Δt before the ith

PHQ-8 record of the participant j of the site k, agejk, genderjk ,
educationjk, and incomejk are potential confounding variables
of the participant j of the site k, εijk is the residual, δ000 is the
fixed effect on intercept, U0jk is the random intercept of the
participant j in the site k, and V00k is the random intercept of
the site k.

Results

Data Summary
According to our data inclusion criteria, from June 2018 to
February 2020, 2812 PHQ-8 records from 368 participants
collected from 3 study sites were included for our analysis. A
summary of the sociodemographic characteristics of these
participants at baseline and scores of all PHQ-8 records is shown
in Table 2. The Kruskal-Wallis test was used to determine
whether there were any significant differences for these
characteristics between the sites. These tests revealed that,
except for gender, sociodemographic characteristics and
distribution of PHQ-8 scores differed between the study sites.
The histograms of PHQ-8 scores of the study sites and the entire
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dataset are shown in Figure 1. We can observe that the KCL
site had the most PHQ-8 records among the sites. PHQ-8 scores
from the CIBER site were relatively high, probably because
participants in the CIBER site came from a clinical population.
Figure 2 presents pairwise Spearman correlation coefficients
between all 18 sleep features. Table 3 shows the results of

Spearman correlation analysis; we can observe there was a
strong positive correlation between the sleep subscore and
PHQ-8 score (r=.73, z=54.48, P<.001) on the entire dataset, but
this correlation was relatively weaker on the VUmc data (r=.64,
z=18.75, P<.001).

Table 2. A summary of sociodemographic characteristics and PHQ-8 records of participants from the 3 study sites and results of Kruskal-Wallis tests
on these characteristics.

P valuedVUmccCIBERbKCLaCharacteristic

—e8396189Participants, n

—5577081547PHQ-8f records, n

<.0019 (5, 13)14 (8, 19)8 (4, 12)PHQ-8 scores, median (Q1, Q3)

<.001248 (44.5)492 (69.5)599 (38.7)The PHQ-8 score ≥10, n (%)

<.00142 (28.0, 57.0)55 (49.3, 60.8)46 (30.3, 59.0)Age at baseline, median (Q1, Q3)

.6265 (81.9)69 (71.9)144 (76.2)Female sex, n (%)

<.001———Educationg, n (%)

—40 (48.2)21 (21.9)116 (61.4)Degree or above

—43 (51.8)75 (78.1)73 (38.6)Below degree

.009———Annual incomeh (₤), n (%)

—24 (28.9)28 (29.2)40 (21.2)<15,000

—34 (41.0)53 (55.2)80 (42.3)15,000-40,000

—14 (16.9)15 (15.6)67 (35.5)>40,000

—11 (13.3)0 (0)2 (1.1)Not mentioned

aKCL: King’s College London.
bCIBER: Centro de Investigación Biomédican en Red.
cVUmc: Vrije Universiteit Medisch Centrum.
dP value of Kruskal-Wallis test.
eNot applicable.
fPHQ-8: Patient Health Questionnaire 8-item.
gEducation levels of Spain and the Netherlands transformed into equivalent British education levels.
hAnnual income levels of Spain and the Netherlands transformed into equivalent British levels.

Figure 1. Histograms of the PHQ-8 scores of the three study sites and the entire dataset.
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Figure 2. Correlation plot of pairwise Spearman correlations between all sleep features. Descriptions of abbreviations of sleep features are shown in
Table 1.

Table 3. Spearman correlation coefficients between the PHQ-8 score and sleep subscorea on the 3 study sites and their 95% confidence intervals, z
score statistics, and P values.

P valuez score95% CIrStudy site

<.00141.990.71, 0.76.74KCLb

<.00132.090.75, 0.81.78CIBERc

<.00118.750.58, 0.69.64VUmcd

<.00154.480.71, 0.74.73Total

aSleep subscore represents the score of subitem 3 in the PHQ-8.
bKCL: King’s College London.
cCIBER: Centro de Investigación Biomédican en Red.
dVUmc: Vrije Universiteit Medisch Centrum.

Three-Level Linear Mixed Models on the Entire
Dataset
Table 4 shows the results from 3-level linear mixed regression
models that reflect the associations between sleep features and
the PHQ-8 score and sleep subscore, respectively. A total of 14
sleep features were found to be significantly associated with
the PHQ-8 score, among them awake percentage (z=5.45,

P<.001), awakening times (z=5.53, P<.001), insomnia (z=4.55,
P<.001), mean sleep offset time (z=6.19, P<.001), and
hypersomnia (z=5.30, P<.001) were the top 5 features ranked
by z score statistics. The percentages of light sleep (Light_pct)
and NREM sleep (NREM_pct) and sleep efficiency (Efficiency)
were significantly and negatively associated with the PHQ-8
score, whereas the rest of the significant features were positively
associated with the PHQ-8 score.
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Table 4. Slope coefficient estimates, 95% confidence intervals, z score statistics, and P values from 3-level linear mixed models on the entire dataset

for exploring associations between sleep featuresa and the PHQ-8 score and sleep subscoreb.

Sleep subscorePHQ-8c scoreFeatures

P valuez score95% CICoeff.P valuez score95% CICoeff.d

.78–0.28–0.034, 0.025–0.004<.0013.930.006, 0.0190.013Av_tst

.770.29–0.028, 0.0380.005<.0014.450.009, 0.0230.016Av_time_bed

.02–2.34–0.191, –0.017–0.104.45–0.75–0.026, 0.011–0.007Deep_pct

.231.20–0.057, 0.2370.090.04–2.02–0.064, –0.001–0.032Light_pct

.03–2.17–0.238, –0.012–0.125.800.25–0.021, 0.0270.003REM_pct

.80–0.25–0.127, 0.098–0.014.002–3.12–0.062, –0.014–0.038NREM_pct

<.0014.580.079, 0.1990.139<.0015.450.022, 0.0480.035Awake_pct

<.0014.030.040, 0.1150.078.091.71–0.001, 0.0150.007Av_onset

<.0015.100.060, 0.1350.097<.0016.190.017, 0.0330.025Av_offset

.530.63–0.178, 0.3470.085.231.21–0.021, 0.0880.034REM_L

<.0014.770.028, 0.0670.047<.0014.070.004, 0.0120.008Std_tst

.0023.130.022, 0.0970.060.0023.110.004, 0.0190.012Std_onset

<.0014.260.037, 0.1000.069<.0013.580.005, 0.0180.012Std_offset

<.001–3.65–0.167, –0.050–0.108<.001–3.91–0.037, –0.012–0.025Efficiency

.0062.770.011, 0.0650.038<.0015.530.010, 0.0220.016Awake_5

.0032.980.255, 1.2400.747.0062.760.039, 0.2300.134WKD_diff

<.0015.981.595, 3.1512.373<.0014.550.211, 0.5300.370M_insomnia

.0013.230.357, 1.4620.909<.0015.300.195, 0.4230.309Dur_10

aDefinitions of sleep features in this table are shown in Table 1.
bSleep subscore represents the score of subitem 3 in the PHQ-8.
cPHQ-8: Patient Health Questionnaire 8-item.
dSlope coefficient estimates for all sleep features.

For sleep subscore, we can notice that deep sleep percentage
(Deep_pct), REM sleep percentage (REM_pct), and sleep
efficiency (Efficiency) were significantly and negatively
associated with the sleep subscore, whereas features of the
percentage of awake time (Awake_pct), unstable sleep (Std_tst,
Std_onset, Std_offset), awakening times (Awake_5), weekend
catch-up sleep (WKD_diff), sleep onset time (Av_onset), sleep
offset time (Av_offset), insomnia (M_insomnia), and
hypersomnia (Dur_10) were significantly and positively
associated with the sleep subscore.

Two-Level Linear Mixed Models on Different Research
Sites
Table 5 provides the results from 2-level linear mixed models
which show the associations between sleep features and the

PHQ-8 score on different research sites separately. On the KCL
data, most associations between sleep features and depression
were consistent with the results on the entire dataset. On the
CIBER data, some features were no longer significantly
associated with the PHQ-8 score. However, on the VUmc data,
most features lost their significance except features of total sleep
time (Av_tst), time in bed (Av_time_bed), REM latency
(REM_L), and awakenings (Awake_5).

Table 6 shows associations between sleep features and the sleep
subscore on different research sites. The significance of
associations between sleep features and the sleep subscore were
different among the 3 study sites. Notably, the insomnia feature
(M_insomnia) and at least one feature of sleep stability were
significantly positively associated with sleep subscore on the
data of all 3 sites.
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Table 5. Coefficient estimates, 95% confidence intervals, and P values from 2-level linear mixed models on the 3 study sites for exploring associations

between sleep featuresa and the PHQ-8 score.

VUmcdCIBERcKCLbFeatures

P value95% CICoeff.P value95% CICoeff.P value95% CICoeff.e

.0490, 0.0220.011.06–0.001, 0.0330.016.0010.005, 0.0200.013Av_tst

.040.001, 0.0250.013.030.002, 0.0400.021<.0010.008, 0.0240.016Av_time_bed

.06–0.074, 0.001–0.037.31–0.022, 0.0710.024.69–0.028, 0.018–0.005Deep_pct

.55–0.043, 0.0820.019.03–0.155, –0.007–0.081.03–0.087, –0.006–0.046Light_pct

.77–0.055, 0.041–0.007.62–0.042, 0.0710.015.43–0.018, 0.0430.013REM_pct

.50–0.062, 0.030–0.016.04–0.116, –0.005–0.060.002–0.080, –0.018–0.049NREM_pct

.09–0.003, 0.0470.022.0030.015, 0.0710.043<.0010.020, 0.0540.037Awake_pct

.52–0.021, 0.010–0.005.74–0.018, 0.0250.004.0470.000, 0.0200.010Av_onset

.14–0.004, 0.0290.012.020.004, 0.0430.024<.0010.018, 0.0390.029Av_offset

.02–0.231, –0.020–0.126.12–0.026, 0.2370.106.58–0.049, 0.0880.019REM_L

.62–0.006, 0.0100.002.060, 0.0190.009.0010.003, 0.0130.008Std_tst

.93–0.011, 0.0130.001.06–0.001, 0.0390.019.14–0.002, 0.0160.007Std_onset

.56–0.008, 0.0150.003.030.002, 0.0360.019.030.001, 0.0170.009Std_offset

.34–0.037, 0.013–0.012.002–0.071, –0.016–0.043.004–0.041, –0.008–0.025Efficiency

.010.005, 0.0270.016.0010.009, 0.0350.022<.0010.006, 0.0220.014Awake_5

.49–0.144, 0.2990.077.48–0.126, 0.2680.071.0010.084, 0.3390.211WKD_diff

.78–0.385, 0.289–0.048.040.028, 0.7340.381<.0010.259, 0.6850.472M_insomnia

.13–0.051, 0.4130.181.020.052, 0.6270.340<.0010.191, 0.4720.331Dur_10

aDefinitions of sleep features in this table are shown in Table 1.
bKCL: King’s College London.
cCIBER: Centro de Investigación Biomédican en Red.
dVUmc: Vrije Universiteit Medisch Centrum.
eSlope coefficient estimates for all sleep features.
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Table 6. Coefficient estimates, 95% confidence intervals, and P values from 2-level linear mixed models on the 3 study sites for exploring associations

between sleep featuresa and the sleep subscoreb.

VUmceCIBERdKCLcFeatures

P value95% CICoeff.P value95% CICoeff.P value95% CICoeff.f

.52–0.070, 0.035–0.017.41–0.116, 0.047–0.035.41–0.021, 0.0500.015Av_tst

.61–0.074, 0.043–0.015.58–0.116, 0.065–0.025.19–0.013, 0.0660.026Av_time_bed

.04–0.369, –0.014–0.191.07–0.412, 0.020–0.196.63–0.134, 0.081–0.027Deep_pct

.040.016, 0.6080.312.58–0.250, 0.4450.098.81–0.213, 0.166–0.024Light_pct

.15–0.398, 0.060–0.169.79–0.304, 0.230–0.037.12–0.260, 0.028–0.116REM_pct

.27–0.096, 0.3460.125.37–0.389, 0.143–0.123.52–0.194, 0.098–0.048NREM_pct

.43–0.073, 0.1700.049.020.020, 0.2800.150<.0010.085, 0.2450.165Awake_pct

.0010.054, 0.2020.128.13–0.023, 0.1720.075.020.008, 0.1010.055Av_onset

.0010.056, 0.2100.133.29–0.040, 0.1350.048<.0010.053, 0.1500.102Av_offset

.51–0.683, 0.340–0.171.65–0.494, 0.7870.146.66–0.255, 0.4010.073REM_L

.030.004, 0.0820.043.06–0.002, 0.0940.046<.0010.022, 0.0710.046Std_tst

.010.020, 0.1390.079.10–0.018, 0.1950.089.21–0.015, 0.0700.028Std_onset

.010.016, 0.1270.072.010.022, 0.1950.109.020.008, 0.0840.046Std_offset

.46–0.162, 0.074–0.044.02–0.280, –0.024–0.152.003–0.196, –0.041–0.118Efficiency

.65–0.042, 0.0670.013.22–0.022, 0.0970.037.010.011, 0.0830.047Awake_5

.62–0.830, 1.3950.283.70–0.864, 1.2840.210<.0010.534, 1.8041.169WKD_diff

.030.180, 3.4651.823.0011.070, 4.4852.777<.0011.274, 3.3292.302M_insomnia

.22–0.411, 1.8230.706.43–0.844, 1.9950.576.0020.387, 1.7281.057Dur_10

aThe definitions of sleep features in this table are shown in Table 1.
bThe sleep subscore represents the score of subitem 3 in the PHQ-8.
cKCL: King’s College London.
dCIBER: Centro de Investigación Biomédican en Red.
eVUmc: Vrije Universiteit Medisch Centrum.
fSlope coefficient estimates for all sleep features.

Discussion

Principal Findings
In this study, we extracted 18 sleep features through Fitbit data
to quantitatively describe participant sleep characteristics in 5
categories (sleep architecture, sleep stability, sleep quality,
insomnia, and hypersomnia) associated with the severity of
depression. Along with the depressive status worsening, the
following changes may be seen in the past 2 weeks: (1)
percentage of light/NREM sleep decreased and the percentage
of wakefulness during sleep increased (sleep architecture); (2)
sleep duration/onset/offset were unstable (sleep stability); (3)
reduced sleep efficiency, more awakenings during sleep, and
longer weekend catch-up sleep were observed (sleep quality);
(4) more days with insomnia were observed (insomnia); (5)
more days with hypersomnia were observed (hypersomnia).
Table 4 illustrated that our sleep features of these 5 categories
could reflect both the participant sleep condition (sleep subscore)
and depressive symptom severity (PHQ-8 score) of the past 2
weeks.

Potential Factors Affecting Associations
We evaluated our models on the research sites separately. From
Table 5 and Table 6, we can notice that the associations between
sleep features and PHQ-8 score/sleep subscore varied across
different sites. Several factors may affect the associations. First,
the populations of the 3 sites were significantly different (Table
2). For example, participants in the CIBER site came from a
clinical population and their average age was oldest, so one
speculation is that there was less difference between their
weekday sleep and weekend sleep for inpatients or people in
retirement. Therefore, this may be the reason why the feature
of weekend catch-up sleep (WKD_diff) lost significance on the
CIBER data. In addition, the reduced significance of features
related to sleep onset and offset time on the CIBER site might
be related to the regular sleep pattern in CIBER site favors going
to bed later, as seen in our previous study [42].

The associations between sleep features and the sleep subscore
on the VUmc data (Table 6) were similar to that in the entire
dataset (Table 4), which demonstrated sleep features have the
same ability to capture the sleep condition of participants on
the VUmc data. However, the significance of associations
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between these sleep features and the PHQ-8 score was reduced
in the VUmc data (Table 5). One possible reason is that, as seen
on Table 3, the correlation between the sleep subscore and
PHQ-8 score in the VUmc data (r=.64) was weaker than other
2 study sites (KCL: r=.74 and CIBER: r=.78), which may be
caused by confounding variables that we did not consider or
record in the VUmc population such as medication and
occupational status.

Sample size and heterogeneity of the dataset were other possible
factors that may affect results. Table 2 shows that the KCL site
had the most PHQ-8 records, whereas VUmc had the least data.
As depression manifests itself in distinctive symptoms on
different people, it may be difficult to fully explore the
associations between sleep and depression on a relatively smaller
dataset (VUmc). For example, hypersomnia is specifically
related to bipolar patients [7,8]; therefore, if the dataset did not
contain enough bipolar patients or bipolar patients were not in
depressive episodes when they completed their PHQ-8 records,

it would be hard to find the association between hypersomnia
and depression.

Comparison With Prior Work
Our study has a relatively larger sample size and a longer
follow-up duration than previous studies on monitoring
depression by using wearable devices and mobile phones
[19-21]. Each participant has multiple PHQ-8 records and
repeated measurements of sleep, so we can not only explore the
relationships between sleep and depression between individuals
but also find the associations within individuals by using the
linear mixed model. Figure 3 is an example of a possible
depression relapse of one participant, showing an obvious
increasing trend in PHQ-8 scores at the 13th PHQ-8 record of
this participant. We can observe the sleep features in Figure 3
are significantly associated with the PHQ-8 score. This indicates
that the sleep features extracted in this paper have the potential
to be the biomarkers of depression.

Figure 3. The PHQ-8 scores and a select 4 sleep features of one participant with an obvious increasing trend in PHQ-8 score at 13th PHQ-8 record.
Descriptions of abbreviations of sleep features in this figure are shown in Table 1.

We also compared our findings with previous studies that used
other measurements to assess sleep, such as PSG and sleep
questionnaires. Although the sample size, population,
measurements, duration of these studies are different, the
comparison may help to find more general associations between
sleep and depression. Table 7 provides a summary of the
comparison. Several longitudinal studies based on sleep
questionnaires have shown that insomnia and hypersomnia are
both symptoms of depression [6,46], which we found in our
research. Kang et al [36] found the weekend catch-up sleep was
significantly positively correlated with the severity of depression
by analyzing the self-sleep questionnaires of 4553 Korean

adolescents, and this is consistent with the finding in our paper.
A sleep report has shown that higher sleep efficiency, more
deep sleep, and fewer awakenings after sleep onset represent
better sleep quality [32], which is also consistent with the
relationships we found between deep sleep percentage, awake
percentage, and awakenings (>5 minutes) with sleep subscore.
A review showed that according to PSG research, the shortened
REM latency and increased percentage of REM sleep are
biological markers of depression relapse [9]; however,
relationships between depressive symptom severity with REM
sleep percentage and REM latency were not significant in our
results.
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Table 7. Summary of the comparisons with previous studies using other measurements to assess sleep.

MeasurementConsistentaFindings in previous studiesType of feature

QuestionnaireYesInsomnia is significantly related to depression [6].Insomnia

QuestionnaireYesPrevalence of hypersomnia is high in depressed patients [46].Hypersomnia

QuestionnaireYesWeekend catch-up sleep is significantly positively correlated with the
severity of depression [36].

Weekend catch-up sleep

QuestionnaireYesMore deep sleep represents higher sleep quality [32].Deep sleep percentage

QuestionnaireYesFewer awakenings after sleep onset represents better sleep quality [32].Awake percentage, Awakenings (>5
mins)

QuestionnaireYesHigher sleep efficiency represents better sleep quality [32].Sleep efficiency

PolysomnographyNoIncreased REM sleep percentage can be biomarkers of depression [9].REM sleep percentage

PolysomnographyNoShortened REM latency can be biomarkers of depression [9].REMb latency

aWhether it is consistent with our findings.
bREM: rapid eye movement.

Limitations
Missing data is the major hindrance in our study. For various
reasons, there were many missing records of sleep. We set the
completion rate of sleep records greater than 85% (12 days) as
one of the data inclusion criteria. However, the optimum
threshold is unclear, which needs to be further studied in future
research. Missingness could also be associated with depressive
status and could be a useful marker of relapse of depression;
for example, participants may not feel like complying if they
are feeling depressed. In future research, we will consider
missingness as a potential feature.

Although we adjusted our models for age, gender, education
level, and annual income, it is hard to consider all potential
confounding variables. For example, some participants with
sleep disorders may take sleep medications. Sleep medications
have a significant influence on the features of sleep.
Unfortunately, there was no daily record of whether the
participant took medication. This confounding variable may
affect the result.

The data of sleep stages used in this paper were provided by
the Fitbit wristband. According to their validation studies, the
Fitbit wristband showed promise in detecting sleep-wake states
but limitations in other sleep stages estimation [27-29]. This
may be the reason the features of REM percentage and REM
latency in our paper did not show significant relationships with
depressive symptoms. For detecting insomnia, the sleep onset
latency (SOL) in the PSG report is a reliable indicator of
insomnia, but the Charge 2 and 3 are not able to measure SOL
directly. The features related to insomnia in our paper can
partially reflect insomnia, but they may be affected by factors
(such as work schedules or activities) other than insomnia.
Therefore, in future research, we will combine multiple features
(such as a late sleep onset time accompanied by a short total
sleep time) to determine whether a participant has insomnia and

try to use activity information (eg, steps) provided by Fitbit to
approximate SOL. Although there are some limitations of Fitbit
data, it provides a means to investigate sleep characteristic in
home settings.

In feature extraction, we did not consider the impact of
individual circumstances on sleep features. For example, some
participants may need to shift work at night, which our features
are unable to capture. We will consider the impact of sleep
habits and lifestyles on sleep features in the future. Further, we
did not explore the impact of individual patterns of depression
[47]—for example, the distinction between people with typical
and atypical depression who report reduced and increased sleep,
respectively, during depressive episodes. In future work, we
will explore whether including this dimension improves
specificity of our findings.

In this paper, we focused on analyzing the manifestations of
depression in sleep characteristics. We will investigate whether
these relationships are bidirectional in future research. We only
performed bivariate analysis (ie, separately analyzing the
association between each feature and the PHQ-8 score). The
combination of features and nonlinear relationships was not
considered. We will try to apply machine/deep learning models
to predict the severity of depression by using sleep features in
future research.

Conclusions
Although consumer wearable devices may not be a substitute
for PSG to assess sleep quality accurately, we demonstrated
that some derived sleep features extracted from these wearable
devices show potential for remote measurement of sleep and
consequently can act as a biomarker of depression in real-world
settings. These findings may provide the basis for the
development of clinical tools that could be used to passively
monitor disease state and trajectory with minimal burden on
the participant.
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Abstract

Background: Physical activity (PA) is a modifiable lifestyle factor that can be targeted to increase energy expenditure and
promote weight loss. However, the amount of PA required for weight loss remains inconsistent. Wearable activity trackers
constitute a valuable opportunity to obtain objective measurements of PA and study large populations in real-life settings.

Objective: We aim to study the associations of initial device-assessed PA characteristics (average step counts and step count
variability) and their evolution with 6-month weight change.

Methods: We analyzed data from 26,935 Withings-connected device users (wearable activity trackers and digital scales). To
assess the initial PA characteristics and their 6-month changes, we used data recorded during the first and sixth 30-day periods
of activity tracker use. For each of these periods, we used the monthly mean of daily step values as a proxy for PA level and
derived the monthly coefficient of variation (CV) of daily step values to estimate PA level variability. Associations between
initial PA characteristics and 6-month weight change were assessed using multivariable linear regression analyses controlled for
age, sex, blood pressure, heart rate, and the predominant season. Restricted cubic spline regression was performed to better
characterize the continuous shape of the associations between PA characteristics and weight change. Secondary analyses were
performed by analyzing the 6-month evolution of PA characteristics in relation to weight change.

Results: Our results revealed that both a greater PA level and lower PA level variability were associated with weight loss.
Compared with individuals who were initially in the sedentary category (<5000 steps/day), individuals who were low active
(5000-7499 steps/day), somewhat active (7500-9999 steps/day), and active (≥10,000 steps/day) had a 0.21-kg, a 0.52-kg, and a
1.17-kg greater decrease in weight, respectively (95% CI −0.36 to −0.06, −0.70 to −0.33, and −1.42 to −0.93, respectively).
Compared with users whose PA level CV was >63%, users whose PA level CV ranged from 51% to 63%, 40% to 51%, and was
≤40%, had a 0.19-kg, a 0.23-kg, and a 0.33-kg greater decrease in weight, respectively (95% CI −0.38 to −0.01, −0.41 to −0.04,
and −0.53 to −0.13, respectively). We also observed that each 1000 steps/day increase in PA level over the 6-month follow-up
was associated with a 0.26-kg (95% CI −0.29 to −0.23) decrease in weight. No association was found between the 6-month
changes in PA level variability and weight change.

Conclusions: Our results add to the current body of knowledge that health benefits can be observed below the 10,000 steps/day
threshold and suggest that not only increased mean PA level but also greater regularity of the PA level may play important roles
in short-term weight loss.
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Introduction

Background
The prevalence of overweight and obesity is continuously
increasing; in 2016, 52% of adults worldwide were overweight
or obese [1]. Excess body weight, including overweight and
obesity, has been associated with an increased risk of several
chronic diseases such as cardiovascular diseases, type 2 diabetes,
and some types of cancer [2,3] and thus represents a major
public health priority. Therefore, weight loss represents a key
leverage to prevent or manage numerous obesity-related
conditions. Individuals who are overweight and obese are
strongly encouraged to attempt at least clinically significant
weight loss (≥5% of baseline body weight) [4,5].

Studies have shown that physical activity (PA) has multiple
health-related benefits, especially among those who are
overweight and obese [6-11]. PA recommendations promote
the accumulation of at least 150 minutes per week of
moderate-to-vigorous PA for maintaining and improving health.
These PA guidelines can also be expressed in terms of steps per
day. The most popular translation of existing PA guidelines into
steps per day equivalents stated that adults are encouraged to
accumulate 10,000 steps per day, 3 to 4 days a week [12,13].
However, the scientific literature on the minimal requirement
of PA for weight loss remains to be inconsistent. Although some
previous studies suggest that engaging in a PA program
following the current public health guidelines may result in no
weight loss or modest weight loss in individuals who are
overweight and obese [14,15], others have shown that substantial
weight loss could still occur if the overall amount of PA far
exceeds the minimum recommended level of 150 minutes per
week in moderate-to-vigorous PA intensity, particularly by
surpassing at least a PA volume of 225 minutes per week
[13-16]. In addition, most studies have evaluated the effects of
the total amount of PA, but little is known about the best
combination of total volume and regularity of PA practice over
time.

Monitoring PA over a long period is challenging, especially in
large and real-life observational cohort studies. Studies on the
associations between PA and weight loss are mostly based on
self-reported assessments of both variables. It is well known
that self-reported data are prone to social desirability and
memory recall bias [17,18]. This often results in overreporting
of typical PA habits [19]. Consumer-based wearable activity
trackers therefore constitute a valuable opportunity to obtain,
over large periods, more objective and precise measurements
of PA characteristics. Wearable activity trackers are small,
affordable devices that are largely commercially available and
allow individuals to objectively and continuously monitor their
PA levels by providing real-time feedback [20]. In addition,

self-tracking of weight using connected Wi-Fi scales represents
a better alternative than self-reported weight values, as it avoids
some bias. Data on weight self-monitoring collected from smart
scales can also open new research perspectives, including the
study of weight loss and weight management among larger
populations of real-world users [21,22]. However, these data
remain to be underexploited for clinical and epidemiological
research purposes.

Objectives
Therefore, based on a large international population of more
than 25,000 users of connected activity trackers and digital
scales, we first aim to study the associations of device-assessed
PA characteristics (mean PA level and variability in PA level)
with weight change over a 6-month period. The secondary aim
of this study is to analyze the associations between the evolution
of PA characteristics over time and the 6-month weight change.

Methods

Study Sample and Available Data
The population was initially composed of a sample of 35,841
highly connected Withings customers, those who had purchased
at least three Withings-connected devices: a pulse activity
tracker [23,24], a body weighing scale [25], and a BP-800 blood
pressure monitor [26] (Withings SA). Customer data, including
sex, age, number of steps per day, body weight, heart rate, and
blood pressure, were provided by Withings and were collected
between October 2009 and April 2016. Data were preprocessed
before analysis, as we excluded some outliers from daily data
on weight and steps with unlikely values as follows: (1) a lower
threshold of 500 steps per day was used to denote valid days
with daily step count data [27,28], but the application of this
criterion did not result in any deletion of data as the minimum
daily step value was 501 steps per day; (2) daily step values

exceeding the 99th percentile of the steps per day distribution
were removed (99th percentile=22,414 steps/day; 151,937
measurements removed); and (3) weight values lower than 45
kg and above 200 kg were excluded (12,403 measurements
removed). In addition, individuals were excluded if they did
not (1) have at least two step measurements within the first and
sixth 30-day period of activity tracker use (n=4733) and (2)
have at least one weight measurement within the first 30-day
period of activity tracker use and 6 months after (n=4173).
Figure 1 shows the inclusion criteria of this study. The final
study sample comprised 26,935 individuals (23,580 males and
3355 females). Consent for participation in this study was
obtained electronically when users created their Withings
account and accepted the treatment of personal data
anonymously by Withings for research purposes.
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Figure 1. Follow-up and inclusion criteria of the study (N=26,935). (a) Step per day measurements were obtained through the Withings Pulse activity
tracker. (b) Weight was assessed by users on their Withings weight scale. M1: first 30-day period of activity tracker use; M6: sixth 30-day period of
activity tracker use.

PA Assessment

Monitoring of PA
The Withings Pulse activity tracker is a commercially available
device that can be worn on the wrist or clipped onto a belt or
clothing. This activity tracker monitors physical behaviors
including the total number of steps taken per day. In addition,
it provides the user with real-time feedback on their health
metrics through the tracker itself or via an app on the user’s
smartphone or tablet with internet access. The wearable device
and the app are synchronized, which allows the data recorded
by the activity tracker to be instantly transferred from the device
to the app via Bluetooth, thus enabling long-term data tracking
by users themselves or, for instance, by researchers or health
professionals. Wearable activity trackers are considered to be
an accurate and objective assessment method that permits PA
monitoring [29]. In particular, the Withings Pulse activity tracker
has been shown to be reliable and valid for measuring the
number of steps taken by healthy subjects under free-living
conditions [24,29-31].

Assessment of PA Characteristics
To assess the initial PA characteristics and the 6-month change
in PA characteristics, we used data recorded during the first and
sixth 30-day periods of activity tracker use (named M1 and M6
in the following text, respectively). We computed for each of
these periods: (1) the mean daily steps and (2) the coefficient
of variation (CV) of daily steps. The information provided by
the activity tracker that we used in this study was the total daily
steps, which is one PA parameter that reflects the user’s PA
behavior, and especially bipedal locomotion. This metric is
considered a reliable proxy of the overall volume of the PA
performed by a subject [13]. Averaging it across a 30-day period
gives us an indication of the individuals’ PA levels. The CV of

daily steps is the ratio of the SD of daily steps, estimated using
data recorded during a 30-day period, to the corresponding mean
multiplied by 100. The CV is an indicator of the variability in
PA levels and is considered here as a proxy of the regularity of
the level of PA practice. A low CV value indicates low
variability and therefore a high regularity of the PA level within
the 30-day period used to compute the CV. Initial PA
characteristics included mean PA level, which corresponds to
mean daily steps during M1, and regularity or variability in PA
level, which will be referred to as PA level CV. The 6-month
change in PA characteristics included change in mean PA level
and change in the variability of PA level.

Assessment of Weight and Weight Change
We focused on the weight change of users over a 6-month period
of use of a consumer-grade activity tracker in a real-life setting.
Body weight, expressed in kg, was assessed using a connected
Withings digital scale. The analyses only included individuals
with at least one weight measurement within the M1 (Figure
1). The weight value closest to the beginning of M1 was used
as initial body weight. Users also had to have at least one weight
measurement after seven 30-day periods of activity tracker use.
The weight value closest to the end of the seventh 30-day period
of activity tracker use was used as the final body weight. The
6-month weight change was calculated as final weight–initial
weight. This anthropometric parameter constituted the main
outcome of interest.

Statistical Analysis
In the primary analysis, multivariable linear regression models
were used to explore the relationship between initial PA
characteristics and 6-month weight change. PA characteristics
included the mean PA level and variability in PA levels during
M1. We first analyzed both the continuous mean PA level (per

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e25385 | p.521https://mhealth.jmir.org/2021/4/e25385
(page number not for citation purposes)

El Fatouhi et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


1000 steps/day) and PA level CV (per 10%). We then studied
a 4-category PA level classification based on Tudor-Locke
classification [12,13] and the PA level CV divided into 4 quartile
groups. The 4-category PA level classification consisted of
sedentary (<5000 steps/day), low active (5000-7499 steps/day),
somewhat active (7500-9999 steps/day), and active (≥10,000
steps/day). The sedentary category was used as the reference
in the models for PA level, and for the variability in PA level,
the highest quartile of CV was used as the reference category
(high variability, ie, low regularity in PA level).

Multivariable models were adjusted for age category (18-30
years, 31-40 years, 41-50 years, 51-60 years, and >60 years),
sex, diastolic blood pressure, systolic blood pressure, heart rate,
and the predominant season during the 6-month follow-up.
Blood pressure and heart rate values were assessed by computing
the average of all the measures available within M1 and 6
months before M1. Study participants were categorized
according to the tertile distribution of blood pressure and heart
rate. Missing values for these variables were greater than 5%
of the study sample; thus, missing categories were created.
Indicators of PA level and PA level CV were simultaneously
included in the multivariable models.

Tests for linear trends were conducted by assigning the median
value of mean PA level and PA level CV to each category or
quartile group and modeling this value as a continuous variable.

Multivariable restricted cubic spline regression was used to
better characterize the continuous shape of the associations
between mean PA level, regularity of the level, and 6-month
weight change. The reference values for estimating the
difference in weight change and 95% CIs were chosen as the
minimum and maximum values for mean PA level and PA level
CV, and 3 knots were used (the 25th, 50th, and 75th percentiles
of the mean PA level and the PA level CV distributions).
Therefore, restricted cubic spline regression provides us with a
graphical presentation in which the y-axis represents the
difference in the 6-month weight change associated with any
value of mean PA level (or PA level CV) when compared with
the minimum value of mean PA level (or the maximum value
of PA level CV).

In a secondary analysis, both univariable and multivariable
linear regression models were used to analyze the associations
between the 6-month change in PA characteristics and the
6-month weight change. Changes in PA characteristics included
changes in mean PA levels and in PA level variability. The
change in mean PA level was studied using the continuous
change (per 1000 steps/day), the change in the 4-category
step-defined PA classification, and a 5-category change in mean
PA level. This 5-category classification consisted of a decrease
in mean PA level of more than 3000 steps per day, decrease
between 3000 and 1000 steps per day, change in mean PA level
between −1000 and +1000 steps per day, increase in mean PA
level between 1000 and 3000 steps per day, and an increase of
more than 3000 steps per day. Change in the variability of PA
level included the continuous change (ie, the difference in PA

level CV between M6 and M1, per 10%) and the change in
quartile-based categories of PA level CV. We first defined
quartile-based cut-offs at M1 and used them to categorize PA
level CV at M1 and M6, and the 6-month changes between
these categories were then assessed.

Statistical analyses were performed using SAS software (version
9.4; SAS Institute), and two-sided P values <.05 were considered
statistically significant. Graphs were generated using SAS and
Python (version 3.5) software.

Results

Characteristics of the Study Population
The characteristics of the study population are displayed in
Table 1 as means and standard deviations for continuous
variables and as numbers and percentages for categorical
variables. Individuals were described according to the initial
PA characteristics based on the mean PA level and variability
in PA level (PA level CV). Most users included in our sample
were male (23,580/26,935, 87.54%) and aged between 41 years
and 60 years (16,439/26,935, 61.03%). The initial weight in our
study population had a mean value of 88.9 kg (SD 18.9). Means
of PA level and PA level CV assessed during M1 were 5940.4
(SD 2929.8) steps per day and 53.4% (SD 18.9%), respectively,
based on a median of 28.0 (range 2-30; Q1-Q3 23-30, IQR 7.0)
step measurements per user. During the sixth 30-day period of
activity tracker use (M6), the mean PA level and PA level CV
were 6084.7 (SD 2977.7) steps per day and 52.1% (SD 18.6%),
respectively, based on a median of 28.0 (range 2-30; Q1-Q3
21-30, IQR 9.0) step measurements per user. More than 75%
of the study population had at least 20 step measurements during
M1 and M6 (first quartile Q1=23 step measurements during M1
and Q1=21 step measurements during M6). Individuals in the
higher step-defined PA categories tended to decrease their PA
level and increase their PA level CV during the follow-up,
whereas those in the lower categories tended to increase their
PA level and decrease their PA level CV during follow-up. We
observed similar trends in the PA level CV quartile groups, that
is, individuals in the lower PA level CV quartile groups (more
regular) tended to decrease their PA level and increase their PA
level CV during the follow-up, whereas those in the higher
quartile groups (less regular) tended to increase their PA level
and decrease their PA level CV during the follow-up. Mean
systolic blood pressure, diastolic blood pressure, and heart rate
was 127.4 (SD 11.4) mm Hg, 79.2 (SD 8.2) mm Hg, and 70.6
(SD 10.0) bpm, respectively. Health parameters tended to be
better in the higher step-defined PA categories than in the lowest
category, including lower body weight, blood pressure, heart
rate, and higher weight loss. However, this seemed to be the
case only for systolic blood pressure and weight loss when
comparing individuals in the lower quartile groups of PA level
CV (more regular) with those in the highest quartile group (less
regular). Figure 2 shows real-world examples of PA monitoring
within the first 30-day period of the use of a wearable activity
tracker for 4 users with different PA characteristics.
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Table 1. Characteristics of the study population (N=26,935).

Physical activity level variability (CVb, M1)4-category step-defined physical activity level (steps/day,

M1a)

Overall
(N=26,935)

Variable

Quartile 4
(>63%; low
regularity;
n=6733)

Quartile 3
(51%-
63%;
n=6735)

Quartile 2
(40%-
51%;
n=6734)

Quartile 1
(≤40%; high
regularity;
n=6733)

Active
(≥10,000;
n=2600)

Somewhat
active (7500-
10,000;
n=4837)

Low active
(5000-
7500;
n=8266)

Sedentary
(<5000
steps/day;
n=11,232)

Age category (years), n (%)

119 (1.8)145 (2.2)150 (2.2)139 (2.1)60 (2.3)103 (2.1)184 (2.2)206 (1.8)553 (2.1)18-30

839 (12.5)923 (13.7)977 (14.5)817 (12.1)345 (13.3)692 (14.3)1221 (14.8)1298 (11.6)3556 (13.2)31-40

1994 (29.5)2112 (31.4)2050 (30.5)2058 (30.6)820 (31.5)1621 (33.5)2678 (32.4)3095 (27.6)8214 (30.5)41-50

2118 (31.5)2032 (30.2)2068 (30.7)2007 (29.8)824 (31.7)1503 (31.1)2471 (29.9)3427 (30.5)8225 (30.5)51-60 

1663 (24.7)1523 (22.5)1489 (22.1)1712 (25.4)551 (21.2)918 (19.0)1712 (20.7)3206 (28.5)6387 (23.7)>60

Sex, n (%)

5814 (86.4)5965 (88.6)5947 (88.3)5854 (86.9)2304 (88.6)4281 (88.5)7406 (89.6)9589 (85.4)23,580
(87.5)

Male

919 (13.6)770 (11.4)787 (11.7)879 (13.1)296 (11.4)556 (11.5)860 (10.4)1643 (14.6)3355 (12.5)Female

88.9 (18.8)89.7 (18.8)89.6 (19.1)87.5 (18.6)84.1 (15.8)85.9 (16.7)88.5 (17.7)91.7 (20.7)88.9 (18.9)Baseline weight
(kg), mean (SD)

1.2 (5.0)–1.6 (5.4)–1.7 (5.4)–2.0 (5.6)–2.6 (5.5)–1.9 (5.3)–1.6 (5.1)–1.3 (5.5)–1.6 (5.4)6-month weight

change (kg)c,
mean (SD)

4407.2
(1887.5)

5421.2
(2394.3)

6266.3
(2694.0)

7666.9
(3475.4)

11809.8
(1621.5)

8593.0
(714.8)

6161.6
(713.2)

3276.6
(1115.5)

5940.4
(2929.8)

Physical activi-
ty level during
M1 (steps/day),
mean (SD)

78.9 (14.8)56.4 (3.6)45.6 (3.0)32.7 (6.3)36.5 (11.3)45.7 (12.6)53.3 (16.0)60.7 (20.7)53.4 (18.9)Physical activi-
ty level CV dur-
ing M1 (%),
mean (SD)

25.0 (19.0-
29.0)

28.0 (23.0-
30.0)

29.0 (25.0-
30.0)

29.0 (26.0-
30.0)

29.0 (26.0-
30.0)

29.0 (27.0-
30.0)

29.0 (25.0-
30.0)

25.0 (18.0-
29.0)

28.0 (23.0-
30.0)

Number of step
measurements

during M1d,
median (IQR)

4928.1
(2486.5)

5705.5
(2641.9)

6341.2
(2852.6)

7364.3
(3314.5)

10206.4
(3013.2)

7984.8
(2394.6)

6232.7
(2139.8)

4203.5
(2068.8)

6084.7
(2977.7)

Physical activi-
ty level during

M6e

(steps/day),
mean (SD)

62.4 (20.5)54.4 (17.0)49.0 (15.3)42.5 (15.2)41.9 (16.0)46.9 (15.5)51.2 (16.6)57.3 (20.0)52.1 (18.6)Physical activi-
ty level CV dur-
ing M6 (%),
mean (SD)

26.0 (19.0-
29.0)

27.0 (21.0-
30.0)

28.0 (22.0-
30.0)

29.0 (23.0-
30.0)

28.0 (24.5-
30.0)

29.0 (24.0-
30.0)

28.0 (22.0-
30.0)

26.0 (18.0-
29.0)

28.0 (21.0-
30.0)

Number of step
measurements

during M6d,
median (IQR)

520.9
(2284.2)

284.3
(2194.7)

74.9
(2287.5)

−302.7
(2372.9)

−1603.4
(2759.4)

−608.2
(2366.6)

71.2
(2089.0)

926.9
(1948.0)

144.4
(2305.5)

Change in phys-
ical activity lev-

el (steps/day)c,
mean (SD)

−16.5 (22.8)−2.0 (17.0)3.4 (15.4)9.8 (15.5)5.4 (15.2)1.2 (15.6)−2.1 (17.9)−3.4 (24.2)−1.3 (20.4)Change in phys-
ical activity lev-

el CV (%)c,
mean (SD)
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Physical activity level variability (CVb, M1)4-category step-defined physical activity level (steps/day,

M1a)

Overall
(N=26,935)

Variable

Quartile 4
(>63%; low
regularity;
n=6733)

Quartile 3
(51%-
63%;
n=6735)

Quartile 2
(40%-
51%;
n=6734)

Quartile 1
(≤40%; high
regularity;
n=6733)

Active
(≥10,000;
n=2600)

Somewhat
active (7500-
10,000;
n=4837)

Low active
(5000-
7500;
n=8266)

Sedentary
(<5000
steps/day;
n=11,232)

128.1 (11.6)127.9
(11.5)

127.2
(11.4)

126.3 (11.2)124.5 (10.3)125.8 (10.9)127.2
(11.4)

128.8 (11.8)127.4 (11.4)Systolic blood
pressure (mm

Hg)f,g, mean
(SD)

Systolic blood pressure (mm Hg), n (%)

1788 (26.6)1821 (27.0)1990 (29.6)2110 (31.3)935 (36.0)1571 (32.5)2372 (28.7)2831 (25.2)7709 (28.6)≤122 

1890 (28.1)1926 (28.6)1827 (27.1)1936 (28.8)791 (30.3)1404 (29.0)2328 (28.2)3056 (27.2)7579 (28.1)122-132

2034 (30.1)1985 (29.5)1929 (28.6)1698 (25.2)506 (19.5)1127 (23.3)2322 (28.1)3691 (32.9)7646 (28.4)>132 

1021 (15.2)1003 (14.9)988 (14.7)989 (14.7)368 (14.2)735 (15.2)1244 (15.0)1654 (14.7)4001 (14.9)Unknown 

79.4 (8.2)79.5 (8.2)79.2 (8.2)78.6 (8.2)77.3 (7.8)78.4 (8.0)79.2 (8.2)79.9 (8.3)79.2 (8.2)Diastolic blood
pressure (mm

Hg)f,g, mean
(SD)

Diastolic blood pressure (mm Hg), n (%)

1830 (27.2)1820 (27.0)1916 (28.5)2077 (30.8)927 (35.7)1504 (31.1)2336 (28.3)2876 (25.6)7643 (28.4)≤76

1958 (29.0)1890 (28.1)1901 (28.2)1891 (28.1)740 (28.5)1379 (28.5)2327 (28.2)3194 (28.5)7640 (28.4)76-82

1924 (28.6)2022 (30.0)1929 (28.6)1776 (26.4)565 (21.6)1219 (25.2)2359 (28.5)3508 (31.2)7651 (28.3)>82

1021 (15.2)1003 (14.9)988 (14.7)989 (14.7)368 (14.2)735 (15.2)1244 (15.0)1654 (14.7)4001 (14.9)Unknown 

69.8 (10.1)70.7 (10.0)71.0 (9.8)71.0 (9.9)68.6 (9.5)69.8 (9.7)70.4 (9.9)71.6 (10.2)70.6 (10.0)Heart rate

(bpm)f,h, mean
(SD)

Heart rate (bpm), n (%)

2293 (34.1)2028 (30.1)1962 (29.1)1956 (29.1)966 (37.2)1627 (33.6)2575 (31.2)3071 (27.3)8239 (30.6)≤66

2014 (29.8)2075 (30.8)2054 (30.5)2100 (31.2)802 (30.8)1484 (30.7)2548 (30.7)3409 (30.4)8243 (30.6)66-75

1850 (27.5)2083 (30.9)2181 (32.4)2129 (31.6)618 (23.8)1371 (28.4)2477 (30.0)3777 (33.6)8243 (30.6)>75

576 (8.6)549 (8.2)537 (8.0)548 (8.1)214 (8.2)355 (7.3)666 (8.1)975 (8.7)2210 (8.2)Unknown

Predominant season during the follow-up, n (%)

1365 (20.3)1557 (23.1)1672 (24.8)1559 (23.2)575 (22.0)1098 (22.7)1960 (23.7)2520 (22.4)6153 (22.9)Winter

1224 (18.2)1405 (20.9)1517 (22.5)1593 (23.7)535 (20.6)1119 (23.1)1759 (21.3)2326 (20.7)5739 (21.3)Spring

2385 (35.4)1981 (29.4)1702 (25.3)1559 (23.2)667 (25.7)1216 (25.2)2251 (27.2)3493 (31.1)7627 (28.3)Summer

1759 (26.1)1792 (26.6)1843 (27.4)2022 (29.9)823 (31.7)1404 (29.0)2296 (27.8)2893 (25.8)7416 (27.5)Fall

aM1: first 30-day period of activity tracker use.
bCV: coefficient of variation.
cChange=M1 value subtracted from the M6 value. Positive change indicates an increase during the follow-up.
dMedian (IQR) are presented instead of mean (SD) due to skewed distributions.
eM6: sixth 30-day period of activity tracker use.
fEvaluated using all the data available during M1 to 6 months prior.
gThe mean was calculated on a sample of the study population of n=22,934 because of missing data for some participants.
hThe mean was calculated on a sample of the study population of n=24,725 because of missing data for some participants.
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Figure 2. Real-word examples of evolution of physical activity (PA) level within the first 30-day period of the use of a wearable activity tracker. (a)
Mean PA level=3223 steps per day; PA level coefficient of variation (CV)=98%. (b) Mean PA level=2720 steps per day; PA level CV=34%. (c) Mean
PA level=8822 steps per day; PA level CV=78%. (d) Mean PA level=11,073 steps per day; PA level CV=12%.

PA Characteristics and 6-Month Weight Change
Associations between PA characteristics and weight changes
over a 6-month period are presented in Table 2.

In multivariable analyses, we found that greater mean PA levels
were inversely associated with weight change. Compared with
individuals who were initially in the sedentary category (<5000
steps/day), individuals who were low active (5000-7499
steps/day), somewhat active (7500-9999 steps/day), and active
(≥10,000 steps/day) had a 0.21-kg, a 0.52-kg, and a 1.17-kg
greater decrease in weight (95% CI −0.36 to −0.06; 95% CI
−0.70 to −0.33; and 95% CI −1.42 to −0.93), respectively. When
evaluating mean PA level as a continuous variable, every 1000
steps per day increase in mean PA level was associated with a

0.11-kg decrease in weight (95% CI −0.14 to −0.09; P
trend<.001).

Similarly, an inverse association between the regularity of PA
level and 6-month weight change was observed (Table 2). The
regression coefficients for weight change decreased
progressively with increased regularity or reduced variability
in the PA level at M1. Compared with users whose PA level
CV was >63%, users whose PA level CV ranged from 51% to
63% and from 40% to 51% and whose PA level CV was ≤40%
had a 0.19-kg, a 0.23-kg, and a 0.33-kg greater decrease in
weight (95% CI −0.38 to −0.01; 95% CI −0.41 to −0.04; and
95% CI −0.53 to −0.13), respectively. When evaluating PA
level CV as a continuous variable, every 10% increase in PA
level CV was associated with a 0.07-kg increase in weight (95%
CI 0.04 to 0.11; P trend<.001).
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Table 2. Associations of mean physical activity level and variability in physical activity level with 6-month weight change (N=26,935).

Model 2bModel 1aPhysical activity characteristics

P valueβ (95% CI) in kgP valueβ (95% CI) in kg

Mean physical activity levelc

<.001−0.11 (−0.14 to −0.09)<.001−0.13 (−0.15 to −0.11)For 1000 steps/day increased

4-category step-defined physical activitye

N/AReferenceN/AfReferenceSedentary (<5000 steps/day)

.01−0.21 (−0.36 to −0.06).001−0.25 (−0.41 to −0.10)Low active (5000-7499 steps/day)

<.001−0.52 (−0.70 to −0.33)<.001−0.60 (−0.78 to −0.42)Somewhat active (7500-9999 steps/day)

<.001−1.17 (−1.42 to −0.93)<.001−1.23 (−1.46 to −1.00)Active (≥10,000 steps/day)

<.001N/A<.001N/AP trend

Variability in physical activity level (physical activity level coefficient of variation)c

<.0010.07 (0.04 to 0.11)<.0010.16 (0.12 to 0.19)For 10% increased

Quartile groupse

.001−0.33 (−0.53 to −0.13)<.001−0.77 (−0.95 to −0.59)Q1 (≤ 40%, most regular)

.02−0.23 (−0.41 to −0.04)<.001−0.50 (−0.68 to −0.32)Q2 (40%-51%)

.04−0.19 (−0.38 to −0.01)<.001−0.35 (−0.53 to −0.17)Q3 (51%-63%)

N/AReferenceN/AReferenceQ4 (>63%, less regular)

<.001N/A<.001N/AP trend

aModel 1: univariable.
bModel 2: adjusted for age, sex, systolic blood pressure, diastolic blood pressure, heart rate, and for the predominant season during the follow-up.
cEvaluated during the first 30-day period of activity tracker use.
dContinuous variables of mean physical activity level and physical activity level coefficient of variation were simultaneously included in the multivariable
models.
eCategorical variables of mean physical activity level and physical activity level coefficient of variation were simultaneously included in the multivariable
models.
fN/A: not applicable.

The restricted cubic spline regression analysis specified the
continuous relationships between the mean PA level and
regularity and the 6-month weight change (Figure 3). Figure 3
(upper part) shows a dose-response association between mean
PA level and 6-month weight change, where 516 steps per day
was the reference value for the mean PA level. A plateau was

observed between the reference value and approximately 7500
steps per day, followed by a decrease in weight change for
individuals with a mean PA level above 7500 steps per day. In
Figure 3 (lower part), we observed a trend toward weight loss
with an increase in regularity in PA level.

JMIR Mhealth Uhealth 2021 | vol. 9 | iss. 4 | e25385 | p.526https://mhealth.jmir.org/2021/4/e25385
(page number not for citation purposes)

El Fatouhi et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Figure 3. Relationships between mean physical activity level and the variability in physical activity level and 6-month weight change fitted with
restricted cubic splines (3 knots placed at the 25th, 50th, and 75th percentiles). The solid red line represents the mean differences; the dashed lines are
the 95% confidence limits; the green straight horizontal line corresponds to the line, y=0. The y-axis represents the difference in the 6-month weight
change between individuals with any value of mean physical activity level (top) or physical activity level coefficient of variation (bottom) with individuals
with the minimum value of mean physical activity level (516 steps/day; top) or with the maximum value of physical activity level coefficient of variation
(182%; bottom). CL: confidence limit.

Secondary Analysis: 6-Month Change in PA
Characteristics and 6-Month Weight Change
Associations between 6-month change in PA characteristics
and weight change are presented in Table 3.

An inverse association was observed between the 6-month
change in mean PA level and the 6-month weight change. A
1000 steps per day increase in change in mean PA level resulted
in a 0.26-kg decrease in weight (95% CI −0.29 to −0.23),
whereas an increase from one category to another in the
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4-category step-defined PA classification was associated with
a 0.54-kg decrease in weight (95% CI −0.61 to −0.46).
Compared with individuals whose change in mean PA level
ranged from −1000 to +1000 steps per day, individuals whose
change in mean PA level ranged from −1000 to +3000 steps
per day and individuals whose change was above 3000 steps

per day had a 0.68-kg and a 2.35-kg greater decrease in weight
(95% CI −0.85 to −0.51 and 95% CI −2.57 to −2.12),
respectively.

No association was found between the 6-month change in the
variability of PA level and weight change.

Table 3. Associations of 6-month change in physical activity level and variability with 6-month weight change (N=26,935).

Model 2bModel 1aPhysical activity characteristics

P valueβ (95% CI) in kgP valueβ (95% CI) in kg

6-month change in mean physical activity levelc

<.001−0.26 (−0.29 to −0.23)<.001−0.28 (−0.31 to −0.25)For 1000 steps/day increase

5-category change in mean physical activity level

.43−0.10 (−0.36 to 0.15).87−0.02 (−0.28 to 0.23)Decrease of more than 3000 steps/day

.970.003 (−0.168 to 0.174).460.06 (−0.11 to 0.24)Decrease between 3000 and 1000 steps/day

N/AReferenceN/AdReferenceChange between −1000 and +1000 steps/day

<.001−0.68 (−0.85 to −0.51)<.001−0.73 (−0.90 to −0.56)Increase between 1000 and 3000 steps/day

<.001−2.35 (−2.57 to −2.12)<.001−2.42 (−2.65 to −2.19)Increase of more than 3000 steps/day

<.001−0.54 (−0.61 to −0.46)<.001−0.59 (−0.66 to −0.52)Change in 4-category step-defined physical activity

6-month change in variability of physical activity level (change in physical activity level coefficient of variation)c

.150.02 (−0.01 to 0.05).340.02 (−0.02 to 0.05)For 10% increase

.090.04 (−0.01 to 0.10).210.03 (−0.02 to 0.09)Change in 4-category physical activity level CV

aModel 1: univariable.
bModel 2: adjusted for age, sex, systolic blood pressure, diastolic blood pressure, heart rate, and for the predominant season during the follow-up.
cChange=M1 value subtracted from the M6 value. Positive change indicates an increase during the follow-up.
dN/A: not applicable.

Discussion

Principal Findings and Comparison With the
Literature
On the basis of the data from more than 25,000 connected device
users, we were able to study, in free-living conditions, the
associations between PA characteristics (mean level and
variability), their 6-month changes, and the 6-month weight
change.

Our results suggest that greater mean PA levels are associated
with weight loss. Taking an additional 1000 steps per day was
associated with a 0.11-kg greater weight loss over a 6-month
period. In contrast with our findings, Unick et al [17] found no
association between total daily steps and weight change among
individuals with normal weight or overweight after 4 months,
1 year, or 2 years of a weight gain prevention intervention.
However, they worked on a smaller sample of 599 participants
who were predominantly female, and they compared daily steps
among participants who gained >1 lb (approximately 0.45 kg)
to those who lost weight or gained ≤1 lb. These differences may
explain the discrepancies in the findings. Furthermore, the
choice of a 1-lb cut-off point to compare participants gaining
weight to those who lost weight may be too low for a 2-year
intervention. In addition, Thomson et al [27] did not find any
association between initial PA level (baseline mean steps/day)

and 6-month weight change in a walking intervention study
targeting a reduction in blood pressure. This study involved a
smaller sample (179 adults) with a potentially lower variability
in the studied PA profiles, which could explain the difference
with our results.

When we analyzed the initial mean PA levels expressed
according to the 4-category step-defined PA classification, we
observed that PA levels between 5000 and 7499 steps per day,
between 7500 and 9999 steps per day, and above ≥10,000 steps
per day were all associated with a greater reduction in weight
after 6 months in comparison with mean PA levels <5000 steps
per day, which is considered as a threshold for inactivity [13,32].
Higher categories were more strongly associated with weight
loss than lower categories, suggesting that “some PA is good,
more PA is better” with respect to weight change. This result
is in line with the study of McTiernan et al [33] that showed
that higher exercise levels were linked to greater weight loss.
This finding seemed logical from a purely physiological and
physical point of view, that is, the greater the PA, the greater
the energy expenditure, and the greater the weight loss if
constant energy intakes are maintained. Our restricted cubic
spline regression analysis, which was performed to better
characterize the dose-response continuous relationship between
mean PA level and the 6-month weight change, supported this
finding. This suggests that mean PA levels above approximately
7500 steps per day were significantly associated with greater
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weight loss compared with the minimum value of 516 steps per
day (Figure 3). Tudor-Locke et al [13] revisited the 10,000 steps
per day cut-off point and proposed step-based recommendations
congruent with current public health PA guidelines. These
recommendations suggest that the total daily volume of PA
associated with meeting the minimum recommended level is
7000 to 8000 steps per day [13,34]. Thus, our study suggests
that having a PA level consistent with the current public health
guidelines can be associated with weight loss. A recently
published systematic review reported a dose-response
relationship between daily step counts and mortality [35]. In
our study, a greater decrease in weight was observed even at
low levels of PA, below the commonly proposed threshold of
10,000 steps per day. Hall et al [35] showed that a reduced risk
of mortality was also observed below the threshold of 10,000
steps per day.

For changes in PA levels, we observed that each 1000 steps per
day increase in PA level over the 6-month follow-up was
associated with a 0.26-kg greater decrease in body weight. This
finding is in line with those of previous studies. Thomson et al
[27] found a similar association between a 6-month change in
mean steps per day and BMI change. They reported that a 1000
steps per day increase in change in PA level resulted in a

0.13-kg/m2 greater decrease in BMI, which corresponds to an
approximately 0.38-kg greater reduction in weight considering
an average height of 1.70 m [27]. This slightly stronger
magnitude in the relationship could be explained by the higher
initial mean PA level and mean change in PA level within the
population in the Thomson et al study [27] (7279 steps/day, SD
3417 vs 5940 steps/day, SD 2930 for initial PA level and 1855
steps/day, SD 2710 vs 144 steps/day, SD 2306 for change in
PA level). However, in our study, changes in PA level were
evaluated by subtracting the M1 mean daily steps from the M6
mean daily steps, which is more accurate and reflects the
6-month absolute change. In contrast, in the Thomson et al study
[27], the concept of change in PA was vaguer given that changes
in PA corresponded to differences between steps per day values
assessed during the first 2 weeks of the study and those
evaluated during the remaining weeks (from the third to the
27th week). Creasy et al [36] also reported a significant
association between PA level and weight change across an
18-month intervention study, suggesting an additional 0.21-kg
of weight loss for each additional 1000 steps per day. Similarly,
we noticed that a one-category change in the 4-category
step-defined PA classification was associated with a 0.54-kg
greater decrease in weight. Ganesan et al [37] found that a
one-category elevation was associated with a weight decrease
of 0.23 kg over a 3-month period. Similar step count categories
to the 4-category step-defined PA classification were used in
their study. We also observed a dose-response relationship
between changes in PA level and weight change, with higher
increases over time in PA level linked to greater weight loss.

In this study, we also observed that lower variability in PA
levels, or greater regularity in PA levels, was significantly
associated with greater weight loss. However, no association
was found between the 6-month change in the variability of PA
level and weight change. Even though changes in variability
were not linked to weight change, the fact that the initial

variability in PA level was associated with weight loss regardless
of PA level suggests that step count variability can be a relevant
PA component that deserves further exploration in relation to
weight change and other health parameters. In addition, our
results highlight the complementarity between the mean PA
level and variability in PA level. Figure 2 reflects the idea that
individuals with similar mean PA levels can have very different
variabilities. The notion of variability in health-related indicators
or behaviors has already been studied for many years in the case
of glycaemia [38-41] and more recently for sleep duration [42].
These studies showed that variability in health indicators or
behaviors could have harmful effects on health. This should
prompt us to extend the research on variability to other health
behaviors, including PA.

Strengths and Limitations
This study has numerous strengths, including a large study
population size. Indeed, it is the first of its kind to concomitantly
study both PA level and variability in PA level, their changes,
and weight change over a 6-month period. It is further
strengthened by the fact that PA was assessed objectively via
wearable activity trackers used by consumers in real-life settings
and not through self-reported measures that are known to be
prone to social desirability and recall bias [17]. Furthermore,
most of the studies in the literature used only 3 to 7 daily step
measures to assess PA of their participants during a given period
[17,32,36], whereas our study population turned out to be
composed of frequent users, given that 75% of the users had at
least 20 daily step measures during M1 and M6. This enabled
us to analyze how the variability in PA level, an indicator poorly
studied in the literature, was related to weight change. Moreover,
PA level was studied using the 1000 steps per day increment
and the recognized 4-category step-defined PA classification
proposed by Tudor-Locke et al [12,13], allowing for comparison
and fostering harmonization across studies.

This study had some limitations. First, the study sample was
mainly composed of men; a similar study should be conducted
in another population with a larger proportion of women. The
study population had a relatively high weight value at baseline
(88.9, SD 18.9 kg), which may limit the generalizability of the
findings to the general population. It is also possible that our
findings would not be generalizable to the general population
given that the individuals included in this study, consumers who
chose to buy a Withings wearable activity monitor and a
weighing scale, may have been more motivated to lose weight.
However, we believe that any additional motivation for weight
loss would be comparable with that of other populations
analyzed in similar studies, such as weight loss intervention
programs. In addition, the mean PA level in our study population
(5940 steps/day, SD 2930) was similar to that of samples from
other studies, including the Women’s Health Study cohort (5499
steps/day [34]) and the NAVIGATOR (Nateglinide and
Valsartan in Impaired Glucose Tolerance Outcomes Research)
study (6205 steps/day, SD 3727 [43]), showing that individuals
included in our study were not particularly more active than
other study populations. Information on the height of users was
not available, preventing us from calculating the BMI and
consequently from studying individuals who are overweight or
obese specifically or from investigating if the associations
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observed vary by weight status. Nevertheless, we adjusted our
analysis for several health-related parameters strongly correlated
with BMI, such as blood pressure and heart rate. Information
on food intake was not available, so we could neither control
for it in our analyses nor assess the potential relative contribution
of dietary intake to weight change. Finally, the intensities of
the PAs performed were not accessible, as we only had access
to daily step data. Nonetheless, daily step count is an
increasingly widespread and intuitive metric that can be easily
used as a target for health benefits. Indeed, with the expansion
of wearable activity monitors and smartphones in the
commercial market, the daily step count metric has become
largely accessible among the general population, which justifies
its use and emphasizes the need to study it in relation to health
outcomes [35]. Working with data based on the number of steps
accumulated during the day also implies that we only have
information on ambulatory PAs [32]. Thus, participation in
nonambulatory PAs, such as swimming or cycling, may not
have been taken into account and properly considered. However,
it is known that ambulatory PAs such as walking remain a
central component of PA in the general population [35].

Perspectives and Conclusions
Further investigations with complementary data on diet,
sedentary behaviors, and PA intensity or cadence (steps/min),
which will allow the calculation of time spent in
moderate-to-vigorous and light PA intensities, are warranted.
Alternative and/or more innovative methods such as
unsupervised clustering methods (eg, k-means or hierarchical
agglomerative clustering) or latent class mixed models could
be used on data collected from consumer wearable devices to
identify temporal evolution patterns or groups of individuals
with similar behaviors and study them in relation to various
health outcomes. Indeed, we also encourage our study to be
replicated by focusing on other health-related parameters
different from weight change such as blood pressure, heart rate,
or fat mass percentage [44]. These are easily measurable with
the use of connected devices and all represent key
cardiometabolic risk factors to study in relation to
device-assessed PA within the context of obesity epidemic and
the digital revolution [44]. This study has also shown that
connected devices can serve as useful tools to track PA and
weight in large epidemiological studies. Future weight loss

intervention studies are highly encouraged to use connected
activity trackers to objectively and accurately monitor the
physical behaviors of their participants. The use of activity
trackers, which is increasingly becoming mainstream, should
now be leveraged to track and enhance PA in order to derive
truly personalized prevention programs, adapted to the
individual’s lifestyle and living conditions and to move toward
personalized prevention. Machine learning approaches, including
neural networks, can be explored to predict, for instance, the
days when a user would be less active. Such information could
be used by health-related apps to send motivational messages
or propose services to the users to help them become more
active. More generally, we strongly promote the creation of
collaborations between academic researchers and wearable
device manufacturers, which could give researchers access to
rich and valuable databases. Future studies on these sources of
data could help improve epidemiological and health knowledge,
as well as enhance health-related wearable devices.

From a public health perspective, our results suggest that
weight-related health benefits can be observed below the
controversial 10,000 steps per day threshold and emphasize the
idea that “some PA is good, more PA is better” with regard to
weight loss [11,32,35]. Our work may have important public
health implications when encouraging adults to engage in PA
that is monitored as steps per day, especially adults who are
low active for whom adherence to the 10,000 steps per day may
be too ambitious or unrealistic [34].

In conclusion, greater baseline daily step counts were associated
with a greater decrease in weight. More importantly, our findings
also indicate that increasing PA levels over time, irrespective
of the baseline level, may be beneficial in the short term. In
addition, a more regular level of PA should be promoted. Indeed,
our results suggest that the variability in PA level is an
interesting additional parameter to be considered as a digital
biomarker candidate when assessing the impact of PA on health,
which deserves to be further considered and studied in weight
loss programs and observational studies. This work has shown
that data from wearable devices are helpful for the digital
phenotyping of large populations in real-life settings and also
to suggest new metrics to characterize PA that could be easily
replicated in future studies.
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In “A Novel Remote Follow-Up Tool Based on an Instant
Messaging/Social Media App for the Management of Patients
With Low Anterior Resection Syndrome: Pilot Prospective
Self-Control Study” (JMIR Mhealth Uhealth 2021;9(3):e22647)
the authors noted one error.

In the “Acknowledgments” section, a correction has been made
to show the correct Grant Number.

The following sentence appeared in the originally published
manuscript:

This project is supported by the National Key R&D
Program of China (Grant No. 2145000042).

This sentence has been corrected to:

This project is supported by the National Key R&D
Program of China (Grant No. 2017YF0908203).

The correction will appear in the online version of the paper on
the JMIR Publications website on April 19, 2021, 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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