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Abstract
Background: Although it is widely recognized that physical activity is an important determinant of health, assessing this
complex behavior is a considerable challenge.
Objective: The purpose of this systematic review and meta-analysis is to examine, quantify, and report the current state of
evidence for the validity of energy expenditure, heart rate, and steps measured by recent combined-sensing Fitbits.
Methods: We conducted a systematic review and Bland-Altman meta-analysis of validation studies of combined-sensing Fitbits
against reference measures of energy expenditure, heart rate, and steps.
Results: A total of 52 studies were included in the systematic review. Among the 52 studies, 41 (79%) were included in the
meta-analysis, representing 203 individual comparisons between Fitbit devices and a criterion measure (ie, n=117, 57.6% for
heart rate; n=49, 24.1% for energy expenditure; and n=37, 18.2% for steps). Overall, most authors of the included studies concluded
that recent Fitbit models underestimate heart rate, energy expenditure, and steps compared with criterion measures. These
independent conclusions aligned with the results of the pooled meta-analyses showing an average underestimation of −2.99 beats
per minute (k comparison=74), −2.77 kcal per minute (k comparison=29), and −3.11 steps per minute (k comparison=19),
respectively, of the Fitbit compared with the criterion measure (results obtained after removing the high risk of bias studies;
population limit of agreements for heart rate, energy expenditure, and steps: −23.99 to 18.01, −12.75 to 7.41, and −13.07 to 6.86,
respectively).
Conclusions: Fitbit devices are likely to underestimate heart rate, energy expenditure, and steps. The estimation of these
measurements varied by the quality of the study, age of the participants, type of activities, and the model of Fitbit. The qualitative
conclusions of most studies aligned with the results of the meta-analysis. Although the expected level of accuracy might vary
from one context to another, this underestimation can be acceptable, on average, for steps and heart rate. However, the measurement
of energy expenditure may be inaccurate for some research purposes.
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Introduction
Background
Although it is widely recognized that physical activity is an
important determinant of health [1,2], assessing this complex
behavior is a considerable challenge [3-5]. Tools for objective
assessment of the frequency, intensity, and duration of physical
activity in adults and children have largely been developed for
short-term use within research or public health surveillance
environments [6,7]. However, recent advances in
microtechnology, data processing, wireless communication,
and battery capacity have resulted in the proliferation of
low-cost, noninvasive, wrist-worn devices with attractive
designs that can be easily used by consumers to track their
physical activity over long periods [8].
The latest generation of consumer-level activity monitors is
typically multi-sensor devices that use triaxial accelerometry
to measure movement and photoplethysmography to measure
heart rate (ie, number of beats per minute [bpm]). Importantly,
a combined-sensing approach to measuring physical activity
may address many of the limitations of using either
accelerometry or photoplethysmography alone [9,10]. The
combination of these data streams through branched equation
modeling or machine learned algorithms might result in a more
accurate assessment of physical activity [11,12].
The expanding use of consumer-level activity monitors in
population and clinical health research has led to an array of
independent studies aimed at evaluating the validity of various
metrics. No devices have received more attention than those
manufactured by Fitbit (Fitbit Inc). From community-based
health interventions that aim to motivate individuals to increase
their physical activity level to interventions that aim to improve
patient–health professional interactions, Fitbits are likely the
most widely used [13,14]. Hence, a major concern for consumers
and researchers alike is understanding the extent to which Fitbits
provide accurate estimates of physical activity.
Several studies have evaluated the validity of different versions
of Fitbits in estimating energy expenditure, intensity, heart rate,
or steps, mostly in controlled laboratory settings [15] and a
limited amount in free-living conditions [16]. Moreover, there
have been 4 systematic reviews have been conducted to examine
the accuracy of measures derived from consumer-level activity
monitors in general [17-19] and from Fitbits specifically [20].
Taken together, these reviews conclude that Fitbit devices
accurately measure steps and heart rate, whereas estimates of
energy expenditure are less than optimal and tend to be
underestimated. These reviews also spotted large variations
around the estimates, highlighting potential sources of
undetermined heterogeneity.
Although previous systematic reviews have been informative,
several limitations exist within these reviews. First, 3 of the 4
systematic reviews [18-20] have compared Fitbits with
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questionable criterion measures, such as other wearable devices
(ie, accelerometers), instead of ground truth or reference
measures of energy expenditure [21], heart rate [22], or steps
[23]. Second, all previous reviews have included older versions
of the Fitbit that do not use photoplethysmography combined
with accelerometry, which are (1) less likely to be used in future
studies and (2) likely to result in more bias than the more recent
Fitbits [11]. Third, there is yet to be a quantitative synthesis of
the validity of recent Fitbits through a meta-analysis. Such
meta-analytical work could notably help identify sources of
heterogeneity in the validity of these devices for different
outcomes and contexts of use.

Objective
The purpose of this systematic review and meta-analysis is to
examine, quantify, and report on the current state of evidence
for the analytical validity of energy expenditure, heart rate, and
steps measured by recent combined-sensing Fitbits. On the basis
of the existing literature, we expected some form of accuracy
for the estimation of steps and heart rate and a lack of precision
for energy expenditure. No hypotheses were formulated for the
quantitative part of this study (ie, meta-analysis).

Methods
The protocol was registered with PROSPERO (International
Prospective Register of Systematic Reviews; CRD42020161937)
and is reported according to the PRISMA-P (Preferred Reporting
Items for Systematic Review and Meta-Analyses Protocols)
[24] guidelines (Multimedia Appendix 1). All study materials,
including not only code and data but also the supplemental
materials, are available on the Open Science Framework [25].

Search Strategy
A systematic review of the literature was conducted in 3
iterations to retrieve both published and unpublished studies
[26]. The search was conducted using the PubMed and Embase
databases from January 2015 (ie, commercialization of the first
Fitbit device that included a heart rate monitor) to July 2021.
The gray literature was also inspected through Open Grey
(Multimedia Appendix 2). In the second iteration, studies were
also sourced from previously published systematic reviews
[17-20]. In the third iteration, reference lists within the studies
included in the previous iterations were examined. Published
conference abstracts were also included if sufficient detail was
reported to assess study quality. In cases where information was
missing, attempts were made to contact the authors. Study
selection was performed by one coder (GC) and checked by an
independent second coder (NMG). Any discrepancies were
identified and resolved. No language restrictions were applied.

Criteria for Study Inclusion
Studies that simultaneously reported outcome data from a Fitbit
device (energy expenditure, heart rate, or steps) and a valid
criterion measure were considered. Only studies that evaluated
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Fitbit devices that include a heart rate monitor (ie, Charge HR
2015, Surge 2015, Blaze 2016, Charge 2 2016, Alta HR 2017,
Ionic 2017, Versa 2018, Charge 3 2018, Inspire HR 2019, Versa
2 2019, Versa Lite Edition 2019, Charge 4 2020, Versa 3 2020,
Sense 2020, and Inspire 2 2020) were included. Valid criterion
measures of energy expenditure included doubly labeled water
or direct and indirect calorimetry; for heart rate, they included
electrocardiograms, pulse oximeters, and specific chest-worn
systems (eg, Polar), and for steps, direct observation was the
only criterion (video recorded or not).

Data Extraction and Management
Information about the study characteristics (authors, year of
publication, design, sample size, and number of observations
for each outcome), population characteristics (age, health
conditions, and BMI), descriptive statistics, type of Fitbit, and
features of the criterion measures were extracted. Finally, given
(1) the heterogeneity of the protocols to test the validity of the
Fitbit, (2) the multiple statistical strategies used to perform the
analyses (eg, Bland-Altman analyses vs analysis of variance),
and (3) the lack of consensus in the interpretation of these
statistical outcomes (ie, to infer whether a device is valid), we
also decided to retrieve the explicit conclusion of the authors
when judging the particular validity or a device.
For the meta-analysis, the effect sizes extracted were the mean
bias (ie, accuracy) and variance or SD (ie, precision) in
kilocalories per minute (kcal per minute), bpm, and difference
of steps per minute (steps per minute) between the Fitbit and
criterion measures of energy expenditure, heart rate, and steps,
respectively. It is important to note that kcal and steps are not
always reported as a function of time (ie, per minute). Some
authors prefer the total amount of kcal or steps recorded during
a specific task or an entire protocol. To make the comparisons
between studies and interpretation of the results possible, we
retrieved the time spent during each protocol task. We then
converted the absolute number of kcal and steps to kcal and
steps per minute by dividing the mean bias and SD reported by
the duration of each specific task in minutes. For example, a
mean bias of 20 (SD 10) kcal recorded over a 3-minute task
was converted to 6 (SD 3) kcal per minute.
These outcomes were extracted directly from eligible studies
when available or computed using other reported statistics (ie,
means, SDs, and correlations). If needed, the authors were
contacted and asked to provide the necessary information. Data
were extracted and coded by one coder (GC) and checked by a
second coder (NMG). Discrepancies were identified and
resolved by rereferencing the articles and reaching a consensus
with a third author (JGG).

Data Synthesis and Analyses
A specific meta-analytic framework was used for the analyses
of agreement between the measures [27]. The main outcome of
the Bland-Altman meta-analysis was the population limits of
agreement between Fitbit devices and criterion measures of
energy expenditure, heart rate, and steps. The population limits
of agreement combine the bias of a test (ie, the average
difference between the tested measure and a criterion measure)
and the SD of these differences. The results from the individual
https://mhealth.jmir.org/2022/4/e35626
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studies were first converted into a standard format to conduct
the meta-analysis, with bias captured as Fitbit–criterion
measure. Outcomes were expressed in kcal per minute, bpm,
and steps per minute for energy expenditure, heart rate, and
steps, respectively.
The population limits of agreement were then computed to
account for two sources of variation: the average within-study
variation and the between-study variation. The computed
population limits of agreement were typically wider (ie, more
conservative) than those reported in other meta-analyses of
Bland-Altman studies (for further explanations, refer to the
study by Tipton and Shuster [27]). In this study, the pooled
limits of agreement were calculated using δ±2√(σ2+τ2), where
δ is the average bias across studies, σ2 is the average
within-study variation in differences, and τ is the SD of bias
across studies (a larger τ indicates higher variations in bias
between studies). Both δ and σ2 were estimated using a weighted
least squares model (similar to a random effects approach), and
their SEs were estimated using robust variance estimation
(RVE). RVE was used instead of model-based SEs as most of
the studies included in our review used repeated measures
designs without accounting for the correlation between
measurements (ie, multilevel approach). The method of moments
estimator was used for the τ parameter [28]. Measures of
uncertainty were also included when interpreting the limits of
agreement estimates by calculating the outer 95% CIs for pooled
limits of agreement and adjusted repeated measurements, which
were not properly adjusted for in individual studies [27].
Multiple effect sizes from the same study were also handled
using the RVE method [29,30].

Planned Sensitivity and Subgroup Analyses
Subgroup meta-analyses were performed for the following
variables: (1) characteristics of the participants, including the
presence of health conditions and age (<65 years and >65 years);
(2) type of Fitbit device; (3) type of activity (eg, resting and
sedentary activities, ambulation, and cycling); (4) intensity (ie,
differences in light and moderate to vigorous intensity
activities); and (5) study quality (ie, see the following sections).
The limits between light- and moderate-intensity physical
activity for the intensity variable were defined according to the
Compendium of Physical Activities. For example, walking >3
mph or 5 km/h and cycling >7 mph or 11 km/h, or 150 W, were
considered moderate to vigorous physical activity. A complete
description and justification of these analyses are provided in
the registered protocol.

Quality Assessment (Risk of Bias)
A custom tool, developed based on a previous study using the
COSMIN (Consensus-Based Standards for the Selection of
Health Measurement Instruments) criteria [31], was used to
assess study quality, including (1) sample size calculation
justifying a reasonably large sample (N>50=1 point [32]), (2)
peer reviewing (study peer reviewed=1 point), (3) appropriate
placement of the device (device up to 3 finger widths above the
wrist bone=1 point [33]), and (4) validation of only 1 device on
the wrist (1 device at a time=1 point), thus providing a quality
score between 1 (low) and 4 (high). Sensitivity analyses were
JMIR Mhealth Uhealth 2022 | vol. 10 | iss. 4 | e35626 | p. 3
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performed for the primary meta-analyses (ie, average energy
expenditure, heart rate, and steps) based on the risk of bias by
removing the high risk of bias studies (quality score ≤1) from
the analyses and outliers. Subgroup analyses were also
conducted according to the potential moderators identified
previously and when at least four comparisons between the
Fitbits and criterion measures were available.
All analyses were conducted using the R statistical program
(version 4.1.2; R Foundation for Statistical Computing). The R
code (adapted from the study by Tipton and Shuster [27]) and
all the data used in the meta-analyses are available on the web
[25].

Results
Systematic Review
A total of 52 studies were included in the systematic review
(see Multimedia Appendix 3 for the study flowchart). Among
the 52 studies, 41 (79%) were included in the meta-analyses,
representing 203 individual comparisons between Fitbit devices
and a criterion measure (ie, n=117, 57.6% for heart rate, n=49,
24.1% for energy expenditure, and n=37, 18.2% for steps; see
study flowchart in Multimedia Appendix 3). The participants
(n=1628) were mostly young (only 8/52, 15% of studies
included participants aged >65 years), without chronic diseases
(47/52, 90% of studies), and with a mean BMI of 24.9 kg/m2
(range 21-34). Approximately 15% (8/52) of studies included
participants with chronic conditions (ie, cardiac, respiratory,
and Parkinson diseases and chronic pain). The included studies
mostly tested the validity of the devices as part of formal and
structured laboratory protocols (45/52, 87%; see the column
Protocol in Table 1) instead of activities measured in free-living
conditions.

Chevance et al
10 (19%) studies, the Blaze and Versa in 3 (6%) studies each,
and the Ionic and Charge 3 in 1 (2%) study each. Of the 52
studies, Fitbits were compared with a criterion measure for heart
rate in 32 (62%) studies, energy expenditure in 19 (37%) studies,
and steps in 15 (29%) studies. According to our inclusion
criteria, heart rate was mainly estimated using
electrocardiograms (18/32, 56%) or Polar heart rate straps
(14/32, 44%). Energy expenditure was estimated using indirect
calorimetry in all studies except one, which used doubly labeled
water. Steps were measured with video records for 57% (8/14)
of studies and a manual hand counter for 43% (6/14) of studies.
Regarding the authors’ study conclusions, 63% (20/32), 79%
(15/19), and 27% (4/15) of studies concluded that the
estimations provided by the Fitbit devices were not optimally
valid compared with the reference standards for heart rate,
energy expenditure, and steps, respectively. Most studies (18/32,
56%) explicitly reported an underestimation of the Fitbits
compared with criterion measures for heart rate in their
conclusion (only one of the studies explicitly reported an
overestimation of heart rate; the remaining studies did not
explicitly provide a conclusion about under- or overestimation).
Similarly, a large number of studies (6/15, 40%) reported an
underestimation of the Fitbits compared with criterion measures
for steps (only one of the studies explicitly reported an
overestimation of steps; the remaining studies did not explicitly
provide a qualitative conclusion about under- or overestimation).
Results were mixed for energy expenditure, with 12% (6/52)
of studies explicitly reporting an underestimation of this
outcome for the Fitbit, and 10% (5/52) reporting an
overestimation (one of the studies indicated mixed findings
related to the intensity and the remaining did not explicitly
provide a conclusion about under- or overestimation). See Table
1 for a detailed description of each study included in the
systematic review.

Of the 52 studies, the Fitbit Charge HR was included in 27
(52%) studies, the Surge in 11 (21%) studies, the Charge 2 in
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Table 1. Outcomes of the systematic review (N=52).
Study

Participants

Fitbit

Outcomes

Al-Kaisey et Patients with cardiac Charge HR HRa
al [34]
conditions (N=12;
observations=53,288)

Criterion measures

Protocol

Statistics

Authors’conclusion

ECGb (DigiTrakXT)

24-hour monitoring
within a cardiology
department (usual
routine)

Correlations;
multilevel
Bland-Altman
analyses

Underestimation, particularly pronounced
at HR ranges
>100 bpmc; accuracy judged
as insufficient

Baek et al
[35]

Healthy adults;
mean age 24 years
(N=15)

Charge 2

HR

ECG (Philips
StressVue)

Two 20-minute
walking sessions on
a treadmill (1 conventional walking
and 1 Nordic walking)

Bland-Altman
analyses; Lin
concordance
correlation coefficients; mean
relative difference; paired t
test

Polar heart rate
chest strap; indirect calorimetry
(Oxycon Mobile 5.0)

80-minute structured
activity protocol
(treadmill and freeliving activities)

Bland-Altman
analyses;

Bai et al [37] Healthy adults; aged Charge 2
18 to 59 years
(N=48)

HR; steps not used Polar heart rate
in the MA (criterion chest strap
measure=pedometer)

24-hour monitoring
in a free-living setting (devices removed during the
night)

Correlations;
Bland-Altman
analyses;
MAPE; equivalence testing

Underestimation; accuracy
judged as reasonable

Benedetto et Healthy adults; aged Charge 2
al [38]
25 to 36 years
(N=16; observations=9000)

HR

ECG (ProComp Maximal 10-minute
Infiniti
stationary bicycle
T7500M)
test

Multilevel
Bland-Altman

Underestimation; accuracy
judged as poor

Boudreaux
et al [39]

Healthy adults; aged Charge 2;
18 to 35 years
Blaze
(N=50)

HR; EE not used in
the MA (absolute
value cannot be
compiled)

ECG (Quinton
4500)

Structured activity
protocol, including
stationary cycling
and resistance exercises (total time not
provided)

MAPE; ICC;
Bland-Altman
analyses

Bunn et al
[40]

Healthy adults;
mean age 26 years
(N=20)

Steps

Video recorded

10-minute walking
and running bouts
on a treadmill

MAPE; correla- Underestimations; equivation of steps
lence testing
above standards
(MAPE<10%)
for the walking
bout and overestimation for the
running bout;
accuracy judged
as poor for both
intensities

Burton et al
[41]

Healthy older adults; Charge HR Steps
age >65 years
(N=31)

Video recorded

2-minute walking
ICC; Bland-Alttests; 2-week of
man analyses
measures in a freeliving environment
not used in the MA
(criterion measure=accelerometer)

Bai et al [36] Healthy adults; aged Charge HR HR; EEd; steps not
19 to 60 years
used in the MAe
(N=39)
(criterion measure=pedometer)
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Surge

Accuracy
judged as adequate for conventional walking and inadequate during
Nordic walking

Accuracy
judged as poor
f
MAPE ; equiva- for EE but
strong for HR
lence testing

analyses; ICCg

Underestimation of HR
judged as valid
depending on
the intensities
and activities;
accuracy of EE
judged as inaccurate

Underestimation of steps;
accuracy judged
as good
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Participants

Fitbit

CadmusHealthy adults; aged Surge
Bertram et al 30 to 65 years
[42]
(N=40)

Chevance et al
Outcomes

Criterion measures

Protocol

Statistics

Authors’conclusion

HR

ECG (type not
specified)

10-minute treadmill
exercise at 65% of
the maximum HR

Multilevel
Bland-Altman
analyses

Accurate agreement at rest;
poor agreement
when participant exercised
at 65% of their
maximum HR;
overall accuracy judged as insufficient

Manual hand
counter

3-minute treadmill
exercise at varying
speeds

ANOVAi

Underestimation of steps at
slowest speeds;
accuracy improved at faster
speeds; no clear
conclusion
about the overall accuracy of
the device

Indirect
calorimetry
(COSMED
K4b2)

Simulated activities
of daily living and
structured exercise
in laboratory conditions (64-minute in
total); 24-hour period in free-living
conditions not used
in the MA (criterion
measure=accelerometers and armband
device)

Bland-Altman
analyses; mean
signed error

Underestimation of EE in
the 2 conditions; not as
consistent as research-grade
devices

Chow et alh
[43]

Healthy adults;
mean age 24 years
(N=31)

Chowdhury
et al [44]

Healthy adults; aged Charge HR EE
18 to 50 years
(N=30)

Charge HR Steps

tests; MAEj
tests; correlations; ANOVA;
equivalence
testing

Claes et al
[45]

Healthy adults; aged Charge HR EE; steps
18 to 40 years
(N=18)

Indirect
50-minute protocol
calorimetry
on a treadmill at var(Jaeger Oxycon ious intensities
Mobile); video
recorded

Paired sample t
tests; Wilcoxon
signed ranks
tests; BlandAltman analyses

Estimation of
the 2 outcomes
judged as accurate

Herkert et al
[46]

Patients with cardiac Charge 2
conditions (N=19)

EE

Indirect
calorimetry
(Jaeger Oxycon
Mobile)

Low- to moderateintensity walking
and cycling activities (protocol duration not provided)

Bland-Altman
analyses; ICC

Accuracy
judged as poor

Düking et al
[47]

Healthy adults;
mean age 26 years
(N=25)

HR; EE

Polar HR chest
strap; indirect
calorimetry
(Metamax 3B,
CORTEX Biophysik GmbH)

5 minutes of sitting,
walking, and running at different velocities and intermittent sprints during 3
minutes performed
on a treadmill

Standardized
mean bias; standardized typical
error of the estimate; coefficient of variation; Pearson
correlation

HR should be
interpreted with
caution because
of the high error
rate, and the
Fitbit should
not be used to
monitor EE
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Participants

Dooley et al
[15]

Criterion measures

Protocol

Students; aged 18 to Charge HR HR; EE
38 years (N=62)

Polar HR chest
strap; indirect
calorimetry
(Parvo Medics
TrueOne 2400)

40-minute treadmill ANOVA;
protocol performed Bland-Altman
at various intensities analyses;
MAPE

Overestimation
of HR during
light-intensity
activities and
overestimation
of EE during
light and moderate intensities;
accuracy judged
as reasonably
accurate to estimate HR but
not accurate for
EE

Etiwy et al
[48]

Patients with cardiac Blaze
conditions; mean
age 62 years (N=80)

HR

ECG (type not
specified)

15-minute treadmill MAPE; Blandprotocol performed Altman analyat various intensities ses; correlations; mixed
model analyses
of variance

Underestimation of HR; accuracy judged
as probably insufficient
among patients
with cardiac
conditions

Falgoust et

Healthy adults; aged Charge
23 to 54 years
HR; Surge
(N=30)

Steps

Manual hand
counter

2×2 laps on a track
at a self-selected
walking speed

ANOVA; corre- Underestimalations
tion of steps,
more pronounced for the
Fitbit Surge
than the Charge
HR; accuracy
judged as insufficient for research purpose

Charge HR Steps

Manual hand
counter

Two 30-minute
treadmill walking
bouts at 3 different
walking speeds

ICC; MAPE;
paired sample t
tests; Wilcoxon
signed-rank
tests

ECG (type not
specified)

One 15-minute ses- Bland-Altman
sion of continuous
analyses
cycling on an ergometer and one 15minute session of interval cycling

alh [49]

Fitbit

Chevance et al
Outcomes

Fokkema et
al [50]

Healthy adults;
mean age 32 years
(N=31)

Gaynor et al
[51]

Patients with respira- Charge HR HR
tory conditions;
mean age 34 years
(N=15)
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XSL• FO
RenderX

Statistics

Authors’conclusion

Accuracy decreased as
walking speed
increased; accuracy was judged
as not valid for
high walking
speeds but acceptable for
lower walking
speeds
Underestimation, particularly pronounced
during continuous exercise
compared with
interval training; authors recommended to
not use a Fitbit
Charge HR for
assessing HR
during exercise
in adults with
cystic fibrosis
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Fitbit

Outcomes

Criterion measures

Protocol

Statistics

Authors’conclusion

Gillinov et al Healthy adults;
[52]
mean age 38 years
(N=50; observations=3985)

Blaze

HR

ECG (type not
specified)

24-minute structured
exercise protocols
on a treadmill, ergometer, and elliptical trainer

Correlations;
MAPE; BlandAltman analyses; mixed
model analyses
of variance

Accuracy varies
with the activities but, overall,
judged mostly
inaccurate

Gorny et al
[16]

Healthy adults;
mean age 25 years
(N=10; observations=2769)

Charge HR HR

Polar HR chest
strap

3 to 6 hours of normal daily living activities

ICC; Multilevel UnderestimaBland-Altman tion, particularanalyses
ly pronounced
for higher intensity activities;
accuracy inconclusive

Jagim et al
[53]

Healthy adults;
mean age 24 years
(N=20)

Versa

ECG (12-lead
CareCenter MD
ECG); indirect
calorimetry
(TrueMax 2400
Metabolic Measurement System, ParvoMedics)

12-minute graded
exercise protocol at
speeds of 4.8
km/hour, 7.2
km/hour, 9.6
km/hour, and 12.1
km/hour on a motorized treadmill

Pearson correlation; ANOVAs;
MAPE; constant error;
Bland-Altman
analyses

Underestimation of HR and
overestimation
of EE; no clear
conclusion
about the overall accuracy of
the device

Jo et al [54]

Healthy adults;
mean age 24 years
(N=24; observations=87,340)

Charge HR HR

ECG (Cosmed
C12x)

77-minute protocol
comprising various
activities (treadmill,
ergometer, and resistance) performed at
two intensities (light
and moderate to vigorous)

Correlations;
multilevel
Bland-Altman
analyses;
MAPE

Underestimation at the higher ends of the
mean HR spectrum; failed to
satisfy validity
criteria

Manual hand
counter

6-minute bouts of
ICCs; Blandoverground and
Altman analytreadmill walking at ses; MPEk
a comfortable speed

Accurate and
precise for
overground
walking only

Lai et al [55] Patients with Parkin- Charge 2
son disease; mean
age 64 years (N=31)
Lamont et

HR; EE

Steps

alh [56]

Patients with Parkin- Charge HR HR; steps not used Polar HR chest
son disease; mean
in the MA (criterion strap
age 69 years (N=33)
measure=accelerometer)

Six 2-minute walking bouts at various
intensities on an indoor track

MAPE; BlandAltman analyses; paired sample t tests

Weakly associated with increases in HR; no
clear conclusion
about the overall accuracy of
the device

Lee et al
[57]

Students; mean age
27 years (N=10)

Polar HR chest
strap

8-hour continuous
monitoring during
normal daily activities

Correlations;
MAPE; Multilevel analyses
of variance

Measurement
judged as inaccurate

Modave et

Healthy adults in
Surge
three age groups: 18
to 39 years, 40 to 64
years, 65 to 84 years
(N=60)

Steps

Manual hand
counter

Two separate 1000step walks on a
treadmill at a selfselected speed

Multilevel anal- Underestimayses of variance tion of steps
across all age
groups

Healthy adults;
mean age 25 years
(N=40)

Steps

Manual hand
counter

5-minute walking
MAPE; Blandand running free
Altman analymotion and treadmill ses; Pearson
correlation; ICC

alh [58]

Montes et al
[59]
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Charge HR HR

Surge

Underestimation of steps for
all activities,
with walking
activities being
higher than the
running; valid
for all conditions except
treadmill walking
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Montoye et
al [60]

Healthy adults;
mean age 24 years
(N=32)

Morris et al
[61]

Chevance et al
Outcomes

Criterion measures

Protocol

Statistics

Authors’conclusion

Charge HR HR; EE; steps not
used in the MA (criterion measure=pedometer)

Pulse oximeter
(Nonin PureSAT); indirect
calorimetry
(Parvo TrueOne
2400)

90-minute structured
protocol performed
at various intensities
in laboratory condition and on a 200 m
indoor track

ANOVA;
paired sample t
tests; MAPEs;
Bland-Altman
analyses

Underestimation of HRs for
higher intensity
activities and
poor estimation
of EE

Healthy adults;
mean age 29 years
(N=47)

Charge HR EE

Indirect
15-minute high-incalorimetry
tensity workout
(Cosmed K4b2)

ICC; ANOVA;
MAPE

Significant underestimation of
EE; judged as
inaccurate

Muggeridge
et al [62]

Healthy adults;
mean age 40 years
(N=20; k=35,639)

Charge 3

HR

Polar HR chest
strap

Multilevel
Bland-Altman
analyses;
MAPE; Pearson
correlation

Accuracy was
generally poor,
notably, during
cycling exercises; underestimation of HR

Nelson and
Allen [63]

Healthy adults;
mean age 29 years
(N=1; k=102,740)

Charge 2

HR

ECG (Vrije
24 hours of daily
Universiteit
living monitoring
Ambulatory
Monitoring System)

Multilevel
Bland-Altman
analyses;

Slight underestimation; judged
as acceptable

Visit 1: 15-minute
sedentary activities,
10-minute cycling
on a bicycle ergometer, and incremental
exercise test to exhaustion on a motorized treadmill; visit
2: four 15-second
maximal sprints on
a cycle ergometer
and four 30 m to 50
m sprints on a treadmill

MAPE; CCCl

Nuss et al
[64]

Healthy adults;
mean age 24 years
(N=20)

Charge 2

EE

Indirect
calorimetry
(Parvo Medics
TrueOne 2400)

Bruce treadmill pro- CCC; MAPE;
tocol (maximal)
paired sample t
tests

Significant underestimation
judged as inaccurate

Pasadyn et

Healthy adults;
mean age 29 years
(N=50)

Ionic

HR

ECG (Quinton
Q-tel RMS
telemetry system)

12-minute treadmill CCC; Blandprotocol performed Altman analyat various intensities ses; mixed
model ANOVA

Moderate to
high level of accuracy

Healthy adults; age Charge HR HR
range 18 to 26 years
(N=22)

ECG (MP150,
BioPac Systems)

Buffalo Concussion
Treadmill Test
(maximal)

Small underestimation judged
as not accurate
for monitoring
HR within a
narrow range

alh [65]

Powierza et
al [66]

ICC; multilevel
Bland-Altman
analyses;
MAPE

Pribyslavska Healthy adults;
mean age 26 years
et alh [67]
(N=34)

Surge

EE

Indirect
calorimetry
(Oxycon Mobile)

Two 2-minute bouts PEm; MAPE
on an ergometer and
treadmill at different
intensities

Underestimation; accuracy
judged as reasonable

Reddy et al
[68]

Healthy adults;
mean age 28 years
(N=20)

Charge 2

HR; EE

Polar HR chest
strap; indirect
calorimetry
(Cosmed K4b2
or Cosmed K5)

Maximal oxygen up- MAPE; Blandtake test, resistance Altman analyexercises, interval
ses; correlations
training (27 minutes), and free-living
activities (28 minutes)

Underestimation; accuracy
judged as reasonable

Salazar et al
[69]

Healthy adults;
mean age 22 years
(N=35)

Charge 2

HR

Polar HR strap

12-minute treadmill
protocol at different
intensities
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ANOVA; corre- Underestimalations
tion; accuracy
judged as adequate
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Shcherbina

Healthy adults;
mean age 38 years
(N=60)

Surge

HR; EE

ECG (type not
specified); indirect calorimetry
(Quark CPET,
COSMED)

38-minute treadmill
and ergometer protocol performed at
various intensities

PE; ANOVA;
Measure of HR
principal compo- judged adequate
nent analysis;
but poor for EE
correlations;
Bland-Altman
analyses

Military officer
trainees; mean age
23 years (N=20)

Surge

EE

Doubly labeled
water

10 days of military
training

Correlations;
Bland-Altman
analyses

Versa

EE; HR

Indirect
calorimetry
(Jaeger Oxycon
Pro); Polar HR
strap

Treadmill walking at ICC; ANOVA;
three speeds (3.0
Bland-Altman;
km/hour, 4.5
MAPE
km/hour, and 6.0
km/hour) in the laboratory setting

Overestimation
of EE; accuracy
judged as poor;
good agreement
for HR that
tends to decrease with
speed

Polar HR strap

30-minute treadmill
protocol performed
at different intensities

Correlations;
multilevel
Bland-Altman
analyses;
MAPE; ANOVA; equivalence testing

Small underestimation; accuracy judged as adequate

Video recorded

25-minute treadmill
protocol performed
at different intensities

Paired sample t
tests; BlandAltman analyses; correlations; MAPE

Estimation
judged as accurate

Video recorded; 3-hour structured
Polar HR chest protocol involving
strap
walking on a treadmill, simulated
household, and
sedentary activities

Mean bias;
MPE; MAPE;

Underestimation of heart
rate; deficits in
accuracy

ECG (Quinton 15-minute treadmill
Q-Stress, verprotocol performed
sion 4.5); indi- at various intensities
rect calorimetry
(Trueone 2400,
Parvomedics)

Correlations;
limits of agreement; MAPE;
equivalence
testing

h

et al [70]

Siddall et al
[71]

Sjöberg et al Adults with chronic
[72]
pain; mean age 44
years (N=41)

Stahl et al
[73]

Healthy adults; age Charge HR HR
range 19 to 45 years
(N=50; observations=1781)

Tam and
Healthy adults;
Cheung [74] mean age 32 years
(N=30)

Charge HR Steps

Tedesco et al Older adults; mean Charge 2
[75]
age 69 years (N=18)

Steps; HR

Thiebaud et
al [76]

Healthy adults;
mean age 22 years
(N=22)

Surge

Thomson et
al [77]

Healthy adults;
mean age 24 years
(N=30)

Charge HR HR
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HR; EE

MADn; MAE;
RMSEo; ICC;
paired sample t
tests; Wilcoxon
signed-rank
test; Bland-Altman analyses

ECG (Q-Stress, Bruce treadmill pro- Equivalence
Mortara)
tocol (maximal)
testing; CCC;
Bland-Altman
analyses

Authors’conclusion

Underestimation judged as
insufficiently
accurate

Underestimation of HR
judged as acceptable; overestimation of EE
at each speed
and judged as
insufficiently
accurate
Underestimation increasing
with intensity;
Overall accuracy judged as insufficient
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Authors’conclusion

Tophøj et alh Healthy students;
mean age 26 years
[78]
(N=20)

Surge;
Steps
Charge HR

Manual hand
counter

800 steps performed MAPE; ICC;
on a treadmill
Bland-Altman
analyses

Accurate estimation for the Fitbit Surge at
higher walking
speeds and inaccurate estimations at lower
speeds; the Fitbit Charge HR
was judged as
insufficiently
accurate

Wahl et alh
[79]

Healthy sport students; mean age 25
years (N=20)

Charge HR Step count; EE

Manual hand
counter; indirect calorimetry
(Metamax 3B,
CORTEX Biophysik GmbH)

55-minute treadmill MAPE; ICC;
protocol at constant TEp; Bland-Altand intermittent ve- man analyses
locities; outdoor exercise not included
in the MA

Acceptable level of validity for
steps; inaccurate estimation
of EE, with
overestimation
of EE for slower velocities and
underestimation
of EE for higher
velocities

Wallen et al
[80]

Healthy participants; Charge HR HR; EE; steps
mean age 24 years
(N=22)

ECG (CASE,
GE Healthcare);
indirect
calorimetry
(MetaMax 3B,
Cortex); video
recorded

58-minute treadmill Correlations;
and ergometer proto- Bland-Altman
col performed at
analyses
various intensities

Accurate measure of HR;
overestimation
of EE, judged
as inaccurate;
no clear conclusion is proposed
for steps

Wang et alh
[81]

Healthy participants; Charge HR HR
mean age 37 years
(N=50; observations=1773)

Polar HR chest
strap

18-minute treadmill
protocol at various
intensities

Adequate estimation of HR at
low intensities,
suboptimal accuracy during
moderate exercise, and underestimated during vigorous exercise; judgment deemed as
inaccurate

Xie et alh
[82]

Healthy participants; Surge
aged 19 to 27 years
(N=44)

Indirect
calorimetry
(Cosmed
K4b2); video
recorded

Walking, running,
MAPE; correla- High accuracy
and cycling on a 400 tions; paired
of measure for
m standard track
sample t tests
steps; inadequate accuracy
of EE
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Steps; EE; HR not
used in the MA (criterion measure=manual estimation)

CCC; Wilcoxon
signed-rank;
Bland-Altman
analyses
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Fitbit

Outcomes

Zhang et al
[83]

Healthy students;
mean age 20 years
(N=30)

Charge HR EE

Criterion measures

Protocol

Statistics

Authors’conclusion

Indirect
calorimetry
(TrueOne 2400,
Parvo Medics
Inc)

6 structured 10minute exercise
bouts on a treadmill
at various intensities

Paired sample t
tests; equivalence testing;
correlations;
MAPE; BlandAltman analyses

Estimation of
EE judged as
adequate during
treadmill running

HR: heart rate.

b

ECG: electrocardiogram.

c

bpm: beats per minute.

d

EE: energy expenditure.

e

MA: meta-analysis.

f

MAPE: mean absolute percentage error.

g

ICC: intraclass correlation coefficient.

h

Studies not included in the meta-analysis.

i

ANOVA: analysis of variance.

j

MAE: mean absolute error.

k

MPE: mean percentage error.

l

CCC: concordance correlation coefficient.

m

PE: percentage error.

n

MAD: median absolute deviation.

o

RMSE: root mean square error.

p

TE: typical error.

Meta-analyses
Table 2 presents the results of the main and sensitivity analyses
after removing studies with a high risk of bias (ie, low quality).
Regarding heart rate, the pooled estimate of the mean bias
between Fitbit devices and criterion measures was −3.39 bpm
(k comparison=117), indicating an underestimation of the Fitbits
compared with criterion measures. The range in population
limits of agreement was large, resulting in the 2 methods
differing from −24 bpm to 18 bpm across all studies.
Underestimation slightly improved when removing low-quality
studies (k comparison=74) from −3.39 bpm for the main analysis
to −2.99 bpm (however, heterogeneity remained similar).

underestimation of the Fitbits compared with the criterion
measures (k comparison=37). The population limit of agreement
was large, ranging from −15 steps per minute to 12 steps per
minute across all studies. These differences were more
pronounced after removing studies with a low-quality score but
with a lower heterogeneity (k comparison=19): pooled estimate
of −3.11 steps per minute ranged between −13 steps per minute
and 7 steps per minute.
Figure 1 displays the results (main meta-analyses and sensitivity
analyses) as a forest plot. Figure 1 highlights the particularly
high heterogeneity for heart rate compared with energy
expenditure and steps. This heterogeneity is addressed in the
following section using a series of subgroup analyses.

Regarding steps, the mean bias between Fitbit devices and
criterion measures was −1.47 steps per minute, indicating an
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Table 2. Results of the main meta-analysis.
k comparisonsa

Biasb, mean (SDc)

τd

LoAe,f

95% CIg

HRh (bpmi)

117

−3.39 (9.91)

11.35

−24.32 to 17.53

−26.36 to 19.58

EEj (kcal per minute)

49

0.19 (2.53)

0.99

−5.32 to 5.70

−7.23 to 7.61

Steps (per minute)

37

−1.47 (6.30)

6.50

−15.07 to 12.13

−20.55 to 17.61

HR (bpm)

74

−2.99 (9.43)

21.42

−23.99 to 18.01

−27.68 to 21.71

EE (kcal per minute)

29

−2.77 (4.12)

8.40

−12.75 to 7.41

−15.28 to 9.95

Steps (per minute)

19

−3.11 (4.32)

6.17

−13.07 to 6.86

−17.27 to 11.06

HR (bpm)

116

−3.34 (9.79)

11.35

−24.06 to 17.37

−26.09 to 19.40

EE (kcal per minute)

48

0.19 (2.38)

0.98

−4.96 to 5.38

−6.68 to 7.06

Steps (per minute)

36

−1.02 (6.07)

6.17

−14.15 to 12.11

−19.49 to 17.46

Analyses
Main analyses

Low-quality studies removed

Outliers removed

a

k comparisons is the number of comparisons between the Fitbits and criterion measures available within studies.

b

Bias is the pooled estimate of mean differences calculated as Fitbit–criterion measures.

c

SD is the pooled SD of differences.

d

τ is the variation in bias between studies.

e

LoA: limits of agreement.

f

Lower 95% limit of agreement calculated from pooled estimates of bias and SD of differences with robust variance estimation and upper 95% limit of
agreement calculated from pooled estimates of bias and SD of differences with robust variance estimation.
g

Outer confidence bound for lower 95% limit of agreement and outer confidence bound for the upper 95% limit of agreement.

h

HR: heart rate.

i

bpm: beats per minute.

j

EE: energy expenditure. Regarding energy expenditure, the mean bias between Fitbits and criterion measures was 0.19 kcal per minute, and the range
in population limits of agreement was large, between −5 kcal per minute and 6 kcal per minute across participants (k comparison=49). This result is
somewhat inconsistent with the meta-analysis, excluding low-quality studies (k comparison=29), which indicated an underestimation of the Fitbit of
−2.77 kcal per minute (population limits of agreement comprise between −13 kcal per minute and 7 kcal per minute).
Figure 1. Forest plots for the main and sensitivity analyses. EE: energy expenditure; HR: heart rate; LoA: limits of agreement.

https://mhealth.jmir.org/2022/4/e35626

XSL• FO
RenderX

JMIR Mhealth Uhealth 2022 | vol. 10 | iss. 4 | e35626 | p. 13
(page number not for citation purposes)

JMIR MHEALTH AND UHEALTH

Subgroup Analyses
A range of subgroup analyses is presented in Tables S1, S2,
and S3 in Multimedia Appendix 4 and can be visualized
altogether in Figure 2. Overall, subgroup analyses by population
characteristics, intensities, and types of activities, as well as
Fitbits’ models, were consistent with the main findings (ie,
showing an underestimation of the Fitbits compared with
criterion measures in most cases).
Compared with young and middle-aged adults, the results
indicated a relatively similar mean bias in the 2 age groups, as
well as in the subgroup of participants without health conditions
(these results should be considered with caution, given the
disproportionately lower number of studies conducted in older
adults; k comparisons were between 6 and 26). Heterogeneity
in these effects (ie, 95% limits of agreement) was systematically
lower in younger than in older adults and lower in participants
without health conditions, particularly for energy expenditure
(Table S1 in Multimedia Appendix 4; Figure 2).
The results of the subgroup meta-analyses for different
intensities and types of activities (Table S2 in Multimedia
Appendix 4) clearly show a more pronounced underestimation
of heart rate and energy expenditure for cycling activities
compared with daily living and treadmill activities as well as

Chevance et al
overground walking. Performance of the device was better
(lower heterogeneity) for treadmills than for overground
walking. For energy expenditure and steps, the underestimation,
and heterogeneity of these effects, were larger for moderate to
vigorous intensity activities than for light-intensity activities.
Opposite results were observed for heart rate, with more accurate
measurements (ie, smaller bias and lower heterogeneity) at
moderate to vigorous intensity activities compared with
light-intensity activities.
The results of the subgroup meta-analyses by type of device
and considering the number of k comparisons available by
device show that the Fitbit Charge HR presents better
performance than other models, notably in comparison with the
Fitbit Charge 2 that has been tested in a comparable number of
studies (Table S3 in Multimedia Appendix 4). Performance of
the Fitbit Charge HR was particularly good for steps, with a
mean bias of −0.27 steps per minute ranging between −6 steps
per minute and 5 steps per minute. Interestingly, the Fitbit Versa
was particularly precise compared with other models (Figure
2); however, this result should be confirmed on the basis of
more future validation studies for this specific device.
Figure 2 displays the results of the subgroup meta-analyses for
heart rate (Figure 2A), energy expenditure (Figure 2B), and
steps (Figure 2C).

Figure 2. Forest plots for the subgroup analyses. EE: energy expenditure; FB: Fitbit; HR: heart rate; LoA: limits of agreement; MVPA: moderate to
vigorous physical activity.
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Discussion
Principal Findings
The results of this systematic review and meta-analysis showed
that Fitbit devices are likely to underestimate heart rate, energy
expenditure, and steps. This work adds to the current state of
evidence for the analytical validity of heart rate, energy
expenditure, and steps measured by recent combined-sensing
Fitbits compared with criterion measures, many of which are
considered gold standards or widely used reference standards.
This is also the first review to include meta-analyses of
Bland-Altman results evaluating the validity of measures of
heart rate, energy expenditure, and steps for these devices. Thus,
it offers actionable quantitative information to appreciate device
validity.
Overall, our systematic review revealed that most authors of
the included studies concluded that Fitbits underestimated heart
rate, energy expenditure, and steps compared with criterion
measures (Table 1). These independent (qualitative) conclusions
aligned with the results of our meta-analysis, even in sensitivity
and subgroup analyses that considered various aspects of study
quality. The fact that results from the authors’ qualitative
conclusion (obtained via our systematic review) and this
meta-analysis aligned is important, given the heterogeneity of
study designs and statistical procedures used in the literature.
The underestimation of activity intensity appears consistent
with previous systematic reviews, including different brands of
activity monitors, older Fitbits, and/or other criterion measures
than those considered in this study (see the study by O’Driscoll
et al [17] for energy expenditure, the study by Evenson et al
[18] for steps, and the studies by Fuller et al [19] and Feehan
et al [20] for the 3 outcomes).
However, precisely interpreting the magnitude of this
underestimation remains a challenge, as there is little consensus
in the literature regarding what constitutes an acceptable
magnitude of bias or error. As observed in this systematic
review, the interpretations and conclusions from the authors of
the included studies were highly variable from one study to
another (ie, a result deemed acceptable in one study can be
judged as poor in another). Excluding low-quality studies, our
pooled estimates indicated that Fitbits underestimate by
approximately 3 bpm, 3 steps per minute, and 3 kcal per minute
compared with the respective criterion measures. The
implications of these differences depend on the nature of the
comparisons and on the application. For heart rate, an
underestimation of 3 bpm may be an acceptable difference, as
the Association for the Advancement of Medical Instrumentation
has defined the accuracy of cardiac monitors, heart rate meters,
and alarms as a readout error of no greater than +5 and –5 bpm
[84]. A similar interpretation can be provided for steps.
Assuming that the average 3 steps per minute bias is linear over
time and intensities, a 1-hour walk would result in an average
underestimation of 180 steps (3 steps × 60 minutes). At a pace
of 100 steps per minute (which corresponds to a
moderate-intensity walk for the general population [85]), the
Fitbit would indicate 5820 steps instead of 6000, which might
be judged as a relatively small underestimation of 3% (ie,
https://mhealth.jmir.org/2022/4/e35626
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5820×100/6000). However, a mean bias of 3 kcal per minute
might be met with greater concern. Applying a similar logic as
for the steps, after 1 hour of a specific activity, the Fitbit would
detect an average of −180 kcal per minute. This is the estimated
difference between a 1-hour walk at 3.5 mph to 4.5 mph for a
154 lbs (70 kg) person (respectively 280 kcal per hour and 460
kcal per hour [86]), representing an underestimation of
approximately 40% (ie, 280×100/460).
The approximately 3 units of underestimation referred to above
may vary largely within participants as well between studies
and contexts (as indicated by the large pooled limit of agreement
and their CIs, as well as the variation τ in bias between studies).
According to our subgroup analyses, this heterogeneity is higher
(1) in older adults than in younger adults and adults without
chronic health conditions, (2) for cycling activities than for
other activities, and (3) for the Fitbit Charge 2 than for the Fitbit
Charge HR (ie, the 2 devices that received the most attention
in the literature). Noticeable results also include reduced
heterogeneity (ie, better validity) for energy expenditure in
younger adults, heart rate for moderate to vigorous intensities,
and Fitbit Charge HR for steps. Other potential differences must
be taken with caution, given the number of comparisons (k)
available per subgroup analysis. Replicating these subgroup
analyses with an individual participant meta-analysis approach
(ie, meta-analyzing each participant’s estimates instead of the
studies’ pooled estimates) would constitute an interesting next
step to even more precisely quantify the heterogeneity in these
effects. However, this would require a greater number of
open-access data sets from researchers in this specific field,
which is not the case for now.
This study also highlights the need for ongoing high-quality
validation research that uses a greater level of protocol
standardization, particularly in regard to the assessment tasks,
criterion measures, and reported analyses, following, for
instance, the ones recommended in the study by Welk et al [87].
Consensus-building efforts that are focused on methodological
rigor among researchers in this field are warranted, as are efforts
to establish acceptable ranges of accuracy for the metrics of
interest. The adoption of common practices for validation studies
would facilitate the conduct of robust meta-analyses with
comparable metrics and outcomes. In addition, protocols that
systematically isolate a wide range of suggested sources of bias
(eg, device movement, arm hair, sweat, skin thickness, skin
tone, and adiposity) that may affect the underlying technologies
in most wrist-worn multi-sensor devices (ie, accelerometry and
photoplethysmography) are needed. Finally, as previously
mentioned, the adoption of open science practices, notably data
sharing, would greatly facilitate future meta-analyses of
individual studies.

Limitations and Perspectives
This systematic review and meta-analysis is not without
limitations. First, we restricted our synthesis to studies of adults,
as although the number of studies that include children is
growing, there remains a dearth of high-quality studies in this
area. Additional research across the age span is needed to close
the gap in our understanding of how well the Fitbits measure
physical activity in young individuals and older adults. Second,
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many different statistical strategies and related effect sizes are
used to estimate the validity of these devices [37]. Researchers
have used, separately or in combination, analysis of variance,
correlations (eg, intraclass coefficient correlation), and measures
of agreement (eg, Bradley-Blackwood test, Bland-Altman
analyses, and mean absolute percentage error). At present, there
is no specific framework for meta-analyzing statistics, such as
mean absolute percentage error, although it is a preferred metric
for understanding validity [37]. Thus, the meta-analysis was
restricted to the mean bias and SD from the Bland-Altman
analyses. Third, the field of physical activity measurement has
yet to establish the magnitude of bias from consumer-level
activity monitors that is acceptable or problematic. These
classifications are likely contingent on the context in which the
devices are used. For example, if one is using a consumer-level
activity monitor for self-monitoring within a physical activity
promotion intervention, a modest underestimation might not
have a large negative impact on the research. However,
underestimation within epidemiological surveillance efforts is
less than ideal. A consensus regarding the magnitude of error
that is either acceptable or unacceptable within a given research
context would allow for improved interpretation of the results

Chevance et al
of validation efforts. Finally, to make comparisons between
studies, we retrieved the time spent during each protocol task
and converted the absolute number of kcal and steps to kcal per
minute and steps per minute. This analytical strategy is not
without limitations, notably for energy expenditure. This
assumes that energy expenditure is linear over time and over a
protocol, which may not be the case.

Conclusions
Compared with reference standards, recent Fitbit devices are
likely to underestimate heart rate, energy expenditure, and steps
by an average of three units per minute (ie, steps, bpm, and
kcal). Although the expected level of accuracy might vary from
one context to another, this underestimation can be acceptable,
on average, for steps and heart rate. However, the measurement
of energy expenditure may be too inaccurate for some research
purposes. The estimation of these measurements varied slightly
by the quality of the study, age of the participants, type of
activities, and model of Fitbit. Overall, devices were more
accurate in younger adults, for treadmills activities (notably,
compared with cycling), and for the Fitbit Charge HR (notably,
for steps).

Acknowledgments
GC was supported by the Spanish Ministry of Science and Innovation and State Research Agency through the Centro de Excelencia
Severo Ochoa 2019-2023 program (CEX2018-000806-S) and the Generalitat de Catalunya through the CERCA program. NMG
was supported by a grant from the National Institute of Health’s National Institute on Aging (T32AG058529).

Conflicts of Interest
None declared.

Multimedia Appendix 1
PRISMA-P (Preferred Reporting Items for Systematic Review and Meta-Analyses Protocols) checklist.
[DOCX File , 31 KB-Multimedia Appendix 1]

Multimedia Appendix 2
Search terms.
[DOCX File , 12 KB-Multimedia Appendix 2]

Multimedia Appendix 3
Flow diagram.
[DOCX File , 43 KB-Multimedia Appendix 3]

Multimedia Appendix 4
Supplementary tables.
[DOCX File , 24 KB-Multimedia Appendix 4]

References
1.
2.

Hallal PC, Bauman AE, Heath GW, Kohl 3rd HW, Lee IM, Pratt M. Physical activity: more of the same is not enough.
Lancet 2012;380(9838):190-191. [doi: 10.1016/S0140-6736(12)61027-7] [Medline: 22818932]
Lee I, Shiroma EJ, Lobelo F, Puska P, Blair SN, Katzmarzyk PT, Lancet Physical Activity Series Working Group. Effect
of physical inactivity on major non-communicable diseases worldwide: an analysis of burden of disease and life expectancy.
Lancet 2012;380(9838):219-229 [FREE Full text] [doi: 10.1016/S0140-6736(12)61031-9] [Medline: 22818936]

https://mhealth.jmir.org/2022/4/e35626

XSL• FO
RenderX

JMIR Mhealth Uhealth 2022 | vol. 10 | iss. 4 | e35626 | p. 16
(page number not for citation purposes)

JMIR MHEALTH AND UHEALTH
3.

4.
5.
6.
7.

8.
9.

10.

11.

12.

13.
14.

15.

16.

17.

18.
19.

20.

21.
22.
23.
24.

Hallal PC, Andersen LB, Bull FC, Guthold R, Haskell W, Ekelund U, Lancet Physical Activity Series Working Group.
Global physical activity levels: surveillance progress, pitfalls, and prospects. Lancet 2012;380(9838):247-257. [doi:
10.1016/S0140-6736(12)60646-1] [Medline: 22818937]
Wareham NJ, Rennie KL. The assessment of physical activity in individuals and populations: why try to be more precise
about how physical activity is assessed? Int J Obes Relat Metab Disord 1998;22 Suppl 2:S30-S38. [Medline: 9778094]
Lynch J, Smith GD. A life course approach to chronic disease epidemiology. Annu Rev Public Health 2005;26:1-35. [doi:
10.1146/annurev.publhealth.26.021304.144505] [Medline: 15760279]
Troiano RP, McClain JJ, Brychta RJ, Chen KY. Evolution of accelerometer methods for physical activity research. Br J
Sports Med 2014;48(13):1019-1023 [FREE Full text] [doi: 10.1136/bjsports-2014-093546] [Medline: 24782483]
Van de Water AT, Holmes A, Hurley DA. Objective measurements of sleep for non-laboratory settings as alternatives to
polysomnography--a systematic review. J Sleep Res 2011;20(1 Pt 2):183-200 [FREE Full text] [doi:
10.1111/j.1365-2869.2009.00814.x] [Medline: 20374444]
Dobkin BH, Dorsch A. The promise of mHealth: daily activity monitoring and outcome assessments by wearable sensors.
Neurorehabil Neural Repair 2011;25(9):788-798 [FREE Full text] [doi: 10.1177/1545968311425908] [Medline: 21989632]
Brage S, Westgate K, Franks PW, Stegle O, Wright A, Ekelund U, et al. Estimation of free-living energy expenditure by
heart rate and movement sensing: a doubly-labelled water study. PLoS One 2015;10(9):e0137206 [FREE Full text] [doi:
10.1371/journal.pone.0137206] [Medline: 26349056]
Brage S, Ekelund U, Brage N, Hennings MA, Froberg K, Franks PW, et al. Hierarchy of individual calibration levels for
heart rate and accelerometry to measure physical activity. J Appl Physiol (1985) 2007;103(2):682-692 [FREE Full text]
[doi: 10.1152/japplphysiol.00092.2006] [Medline: 17463305]
Brage S, Brage N, Franks PW, Ekelund U, Wong MY, Andersen LB, et al. Branched equation modeling of simultaneous
accelerometry and heart rate monitoring improves estimate of directly measured physical activity energy expenditure. J
Appl Physiol (1985) 2004;96(1):343-351 [FREE Full text] [doi: 10.1152/japplphysiol.00703.2003] [Medline: 12972441]
Thompson D, Batterham AM, Bock S, Robson C, Stokes K. Assessment of low-to-moderate intensity physical activity
thermogenesis in young adults using synchronized heart rate and accelerometry with branched-equation modeling. J Nutr
2006;136(4):1037-1042. [doi: 10.1093/jn/136.4.1037] [Medline: 16549471]
Mercer K, Li M, Giangregorio L, Burns C, Grindrod K. Behavior change techniques present in wearable activity trackers:
a critical analysis. JMIR Mhealth Uhealth 2016;4(2):e40 [FREE Full text] [doi: 10.2196/mhealth.4461] [Medline: 27122452]
Phillips SM, Cadmus-Bertram L, Rosenberg D, Buman MP, Lynch BM. Wearable technology and physical activity in
chronic disease: opportunities and challenges. Am J Prev Med 2018;54(1):144-150 [FREE Full text] [doi:
10.1016/j.amepre.2017.08.015] [Medline: 29122356]
Dooley EE, Golaszewski NM, Bartholomew JB. Estimating accuracy at exercise intensities: a comparative study of
self-monitoring heart rate and physical activity wearable devices. JMIR Mhealth Uhealth 2017;5(3):e34 [FREE Full text]
[doi: 10.2196/mhealth.7043] [Medline: 28302596]
Gorny AW, Liew SJ, Tan CS, Müller-Riemenschneider F. Fitbit charge HR wireless heart rate monitor: validation study
conducted under free-living conditions. JMIR Mhealth Uhealth 2017;5(10):e157 [FREE Full text] [doi: 10.2196/mhealth.8233]
[Medline: 29055881]
O'Driscoll R, Turicchi J, Beaulieu K, Scott S, Matu J, Deighton K, et al. How well do activity monitors estimate energy
expenditure? A systematic review and meta-analysis of the validity of current technologies. Br J Sports Med
2020;54(6):332-340. [doi: 10.1136/bjsports-2018-099643] [Medline: 30194221]
Evenson KR, Goto MM, Furberg RD. Systematic review of the validity and reliability of consumer-wearable activity
trackers. Int J Behav Nutr Phys Act 2015;12:159 [FREE Full text] [doi: 10.1186/s12966-015-0314-1] [Medline: 26684758]
Fuller D, Colwell E, Low J, Orychock K, Tobin MA, Simango B, et al. Reliability and validity of commercially available
wearable devices for measuring steps, energy expenditure, and heart rate: systematic review. JMIR Mhealth Uhealth
2020;8(9):e18694 [FREE Full text] [doi: 10.2196/18694] [Medline: 32897239]
Feehan LM, Geldman J, Sayre EC, Park C, Ezzat AM, Yoo JY, et al. Accuracy of Fitbit devices: systematic review and
narrative syntheses of quantitative data. JMIR Mhealth Uhealth 2018;6(8):e10527 [FREE Full text] [doi: 10.2196/10527]
[Medline: 30093371]
Hills AP, Mokhtar N, Byrne NM. Assessment of physical activity and energy expenditure: an overview of objective
measures. Front Nutr 2014;1:5 [FREE Full text] [doi: 10.3389/fnut.2014.00005] [Medline: 25988109]
Horton JF, Stergiou P, Fung TS, Katz L. Comparison of Polar M600 optical heart rate and ECG heart rate during exercise.
Med Sci Sports Exerc 2017;49(12):2600-2607. [doi: 10.1249/MSS.0000000000001388] [Medline: 29135785]
O'Connell S, ÓLaighin G, Quinlan LR. When a step is not a step! Specificity analysis of five physical activity monitors.
PLoS One 2017;12(1):e0169616 [FREE Full text] [doi: 10.1371/journal.pone.0169616] [Medline: 28085918]
Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew M, PRISMA-P Group. Preferred reporting items for
systematic review and meta-analysis protocols (PRISMA-P) 2015 statement. Syst Rev 2015;4(1):1 [FREE Full text] [doi:
10.1186/2046-4053-4-1] [Medline: 25554246]

https://mhealth.jmir.org/2022/4/e35626

XSL• FO
RenderX

Chevance et al

JMIR Mhealth Uhealth 2022 | vol. 10 | iss. 4 | e35626 | p. 17
(page number not for citation purposes)

JMIR MHEALTH AND UHEALTH
25.

26.

27.
28.
29.

30.
31.

32.

33.
34.

35.
36.
37.

38.
39.

40.
41.

42.

43.

44.
45.
46.

47.

Supplemental materials for preprint: accuracy and precision of energy expenditure, heart rate, and steps measured by
combined-sensing Fitbits: protocol for a systematic review and meta-analyses. Open Science Framework. 2020. URL:
https://osf.io/ky4jp/ [accessed 2022-03-21]
Preston L, Carroll C, Gardois P, Paisley S, Kaltenthaler E. Improving search efficiency for systematic reviews of diagnostic
test accuracy: an exploratory study to assess the viability of limiting to MEDLINE, EMBASE and reference checking. Syst
Rev 2015;4:82 [FREE Full text] [doi: 10.1186/s13643-015-0074-7] [Medline: 26113080]
Tipton E, Shuster J. A framework for the meta-analysis of Bland-Altman studies based on a limits of agreement approach.
Stat Med 2017;36(23):3621-3635 [FREE Full text] [doi: 10.1002/sim.7352] [Medline: 28664537]
DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin Trials 1986;7(3):177-188. [doi:
10.1016/0197-2456(86)90046-2] [Medline: 3802833]
Scammacca N, Roberts G, Stuebing KK. Meta-analysis with complex research designs: dealing with dependence from
multiple measures and multiple group comparisons. Rev Educ Res 2014;84(3):328-364 [FREE Full text] [doi:
10.3102/0034654313500826] [Medline: 25309002]
Tanner-Smith EE, Tipton E. Robust variance estimation with dependent effect sizes: practical considerations including a
software tutorial in Stata and spss. Res Synth Methods 2014;5(1):13-30. [doi: 10.1002/jrsm.1091] [Medline: 26054023]
Mokkink LB, Terwee CB, Patrick DL, Alonso J, Stratford PW, Knol DL, et al. The COSMIN checklist for assessing the
methodological quality of studies on measurement properties of health status measurement instruments: an international
Delphi study. Qual Life Res 2010;19(4):539-549 [FREE Full text] [doi: 10.1007/s11136-010-9606-8] [Medline: 20169472]
Lu MJ, Zhong WH, Liu YX, Miao HZ, Li YC, Ji MH. Sample size for assessing agreement between two methods of
measurement by Bland-Altman method. Int J Biostat 2016;12(2):20150039. [doi: 10.1515/ijb-2015-0039] [Medline:
27838682]
Allen J. Photoplethysmography and its application in clinical physiological measurement. Physiol Meas 2007;28(3):R1-39.
[doi: 10.1088/0967-3334/28/3/R01] [Medline: 17322588]
Al-Kaisey AM, Koshy AN, Ha FJ, Spencer R, Toner L, Sajeev JK, et al. Accuracy of wrist-worn heart rate monitors for
rate control assessment in atrial fibrillation. Int J Cardiol 2020;300:161-164. [doi: 10.1016/j.ijcard.2019.11.120] [Medline:
31787389]
Baek S, Ha Y, Park HW. Accuracy of wearable devices for measuring heart rate during conventional and Nordic walking.
PM R 2021;13(4):379-386. [doi: 10.1002/pmrj.12424] [Medline: 32449291]
Bai Y, Hibbing P, Mantis C, Welk GJ. Comparative evaluation of heart rate-based monitors: Apple Watch vs Fitbit Charge
HR. J Sports Sci 2018;36(15):1734-1741. [doi: 10.1080/02640414.2017.1412235] [Medline: 29210326]
Bai Y, Tompkins C, Gell N, Dione D, Zhang T, Byun W. Comprehensive comparison of Apple Watch and Fitbit monitors
in a free-living setting. PLoS One 2021;16(5):e0251975 [FREE Full text] [doi: 10.1371/journal.pone.0251975] [Medline:
34038458]
Benedetto S, Caldato C, Bazzan E, Greenwood DC, Pensabene V, Actis P. Assessment of the Fitbit Charge 2 for monitoring
heart rate. PLoS One 2018;13(2):e0192691 [FREE Full text] [doi: 10.1371/journal.pone.0192691] [Medline: 29489850]
Boudreaux BD, Hebert EP, Hollander DB, Williams BM, Cormier CL, Naquin MR, et al. Validity of wearable activity
monitors during cycling and resistance exercise. Med Sci Sports Exerc 2018;50(3):624-633. [doi:
10.1249/MSS.0000000000001471] [Medline: 29189666]
Bunn JA, Jones C, Oliviera A, Webster MJ. Assessment of step accuracy using the consumer technology association
standard. J Sports Sci 2019;37(3):244-248. [doi: 10.1080/02640414.2018.1491941] [Medline: 29958058]
Burton E, Hill KD, Lautenschlager NT, Thøgersen-Ntoumani C, Lewin G, Boyle E, et al. Reliability and validity of two
fitness tracker devices in the laboratory and home environment for older community-dwelling people. BMC Geriatr
2018;18(1):103 [FREE Full text] [doi: 10.1186/s12877-018-0793-4] [Medline: 29724191]
Cadmus-Bertram L, Gangnon R, Wirkus EJ, Thraen-Borowski KM, Gorzelitz-Liebhauser J. The accuracy of heart rate
monitoring by some wrist-worn activity trackers. Ann Intern Med 2017;166(8):610-612 [FREE Full text] [doi:
10.7326/L16-0353] [Medline: 28395305]
Chow JJ, Thom JM, Wewege MA, Ward RE, Parmenter BJ. Accuracy of step count measured by physical activity monitors:
the effect of gait speed and anatomical placement site. Gait Posture 2017;57:199-203. [doi: 10.1016/j.gaitpost.2017.06.012]
[Medline: 28666177]
Chowdhury A, Sehgal S, Rabih F, Gadre A, Highland KB. Accuracy of accelerometer (Fitbit® ChargeHR™) measured
distance and heart rate in patients with pulmonary arterial hypertension. Am J Respir Crit Care Med 2017;195:A3116.
Claes J, Avila A, Cornelissen V, Cool H, Segers A, Buys R. Validity of three consumer-based physical activity devices:
Fitbit charge HR, Garmin forerunner 225 and Mio fuse. Eur Heart J 2016;37:334-335.
Herkert CC, Kraal JJ, Van Loon EM, Van Hooff M, Brouwers RW, Kemps HM. Validation of two wrist-worn devices for
the assessment of energy expenditure in patients with chronic heart failure and coronary artery disease. Eur J Prev Cardiol
2019;26(1_suppl):S7.
Düking P, Giessing L, Frenkel MO, Koehler K, Holmberg HC, Sperlich B. Wrist-worn wearables for monitoring heart rate
and energy expenditure while sitting or performing light-to-vigorous physical activity: validation study. JMIR Mhealth
Uhealth 2020;8(5):e16716 [FREE Full text] [doi: 10.2196/16716] [Medline: 32374274]

https://mhealth.jmir.org/2022/4/e35626

XSL• FO
RenderX

Chevance et al

JMIR Mhealth Uhealth 2022 | vol. 10 | iss. 4 | e35626 | p. 18
(page number not for citation purposes)

JMIR MHEALTH AND UHEALTH
48.

49.
50.

51.

52.

53.

54.
55.

56.
57.
58.
59.

60.
61.

62.

63.

64.

65.

66.
67.
68.

69.

Etiwy M, Akhrass Z, Gillinov L, Alashi A, Wang R, Blackburn G, et al. Accuracy of wearable heart rate monitors in cardiac
rehabilitation. Cardiovasc Diagn Ther 2019;9(3):262-271 [FREE Full text] [doi: 10.21037/cdt.2019.04.08] [Medline:
31275816]
Falgoust BJ, Handwerger B, Rouly L, Blaha O, Pontiff M, Eason JM. Accuracy of wearable activity monitors in the
measurement of step count and distance. Cardiopulm Phys Ther J 2018;29(1):35-36.
Fokkema T, Kooiman TJ, Krijnen WP, Van Der Schans CP, DE Groot M. Reliability and validity of ten consumer activity
trackers depend on walking speed. Med Sci Sports Exerc 2017;49(4):793-800. [doi: 10.1249/MSS.0000000000001146]
[Medline: 28319983]
Gaynor M, Sawyer A, Jenkins S, Wood J. Variable agreement between wearable heart rate monitors during exercise in
cystic fibrosis. ERJ Open Res 2019;5(4):00006-2019 [FREE Full text] [doi: 10.1183/23120541.00006-2019] [Medline:
31687372]
Gillinov S, Etiwy M, Wang R, Blackburn G, Phelan D, Gillinov AM, et al. Variable accuracy of wearable heart rate monitors
during aerobic exercise. Med Sci Sports Exerc 2017;49(8):1697-1703. [doi: 10.1249/MSS.0000000000001284] [Medline:
28709155]
Jagim AR, Koch-Gallup N, Camic CL, Kroening L, Nolte C, Schroeder C, et al. The accuracy of fitness watches for the
measurement of heart rate and energy expenditure during moderate intensity exercise. J Sports Med Phys Fitness
2021;61(2):205-211. [doi: 10.23736/S0022-4707.20.11151-4] [Medline: 32734757]
Jo E, Lewis K, Directo D, Kim MJ, Dolezal BA. Validation of biofeedback wearables for photoplethysmographic heart
rate tracking. J Sports Sci Med 2016;15(3):540-547 [FREE Full text] [Medline: 27803634]
Lai B, Sasaki JE, Jeng B, Cederberg KL, Bamman MM, Motl RW. Accuracy and precision of three consumer-grade motion
sensors during overground and treadmill walking in people with Parkinson disease: cross-sectional comparative study.
JMIR Rehabil Assist Technol 2020;7(1):e14059 [FREE Full text] [doi: 10.2196/14059] [Medline: 31944182]
Lamont RM, Daniel HL, Payne CL, Brauer SG. Accuracy of wearable physical activity trackers in people with Parkinson's
disease. Gait Posture 2018;63:104-108. [doi: 10.1016/j.gaitpost.2018.04.034] [Medline: 29729611]
Lee JM, An HS, Kang SK, Kim Y. Examining the validity of Fitbit charge HR TM for measuring heart rate in free-living
conditions. Res Presentations 2016:15.
Modave F, Guo Y, Bian J, Gurka MJ, Parish A, Smith MD, et al. Mobile device accuracy for step counting across age
groups. JMIR Mhealth Uhealth 2017;5(6):e88 [FREE Full text] [doi: 10.2196/mhealth.7870] [Medline: 28659255]
Montes J, Tandy R, Young J, Lee SP, Navalta JW. Step count reliability and validity of five wearable technology devices
while walking and jogging in both a free motion setting and on a treadmill. Int J Exerc Sci 2020;13(7):410-426 [FREE Full
text] [Medline: 32509137]
Montoye AH, Mitrzyk JR, Molesky MJ. Comparative accuracy of a wrist-worn activity tracker and a smart shirt for physical
activity assessment. Meas Phys Educ Exerc Sci 2017;21(4):201-211. [doi: 10.1080/1091367X.2017.1331166]
Morris CE, Wessel PA, Tinius RA, Schafer MA, Maples JM. Validity of activity trackers in estimating energy expenditure
during high-intensity functional training. Res Q Exerc Sport 2019;90(3):377-384. [doi: 10.1080/02701367.2019.1603989]
[Medline: 31046630]
Muggeridge DJ, Hickson K, Davies AV, Giggins OM, Megson IL, Gorely T, et al. Measurement of heart rate using the
polar OH1 and Fitbit charge 3 wearable devices in healthy adults during light, moderate, vigorous, and sprint-based exercise:
validation study. JMIR Mhealth Uhealth 2021;9(3):e25313 [FREE Full text] [doi: 10.2196/25313] [Medline: 33764310]
Nelson BW, Allen NB. Accuracy of consumer wearable heart rate measurement during an ecologically valid 24-hour period:
intraindividual validation study. JMIR Mhealth Uhealth 2019;7(3):e10828 [FREE Full text] [doi: 10.2196/10828] [Medline:
30855232]
Nuss KJ, Thomson EA, Courtney JB, Comstock A, Reinwald S, Blake S, et al. Assessment of accuracy of overall energy
expenditure measurements for the Fitbit Charge HR 2 and Apple Watch. Am J Health Behav 2019;43(3):498-505. [doi:
10.5993/AJHB.43.3.5] [Medline: 31046881]
Pasadyn SR, Soudan M, Gillinov M, Houghtaling P, Phelan D, Gillinov N, et al. Accuracy of commercially available heart
rate monitors in athletes: a prospective study. Cardiovasc Diagn Ther 2019;9(4):379-385 [FREE Full text] [doi:
10.21037/cdt.2019.06.05] [Medline: 31555543]
Powierza CS, Clark MD, Hughes JM, Carneiro KA, Mihalik JP. Validation of a self-monitoring tool for use in exercise
therapy. PM R 2017;9(11):1077-1084 [FREE Full text] [doi: 10.1016/j.pmrj.2017.03.012] [Medline: 28400221]
Pribyslavska V, Caputo JL, Coons JM, Barry VW. Impact of EPOC adjustment on estimation of energy expenditure using
activity monitors. J Med Eng Technol 2018;42(4):265-273. [doi: 10.1080/03091902.2018.1472823] [Medline: 29911930]
Reddy RK, Pooni R, Zaharieva DP, Senf B, El Youssef J, Dassau E, et al. Accuracy of wrist-worn activity monitors during
common daily physical activities and types of structured exercise: evaluation study. JMIR Mhealth Uhealth 2018;6(12):e10338
[FREE Full text] [doi: 10.2196/10338] [Medline: 30530451]
Salazar VE, Lucio ND, Funk MD. Accuracy of Fitbit charge 2 worn at different wrist locations during exercise. Int J Exerc
Sci 2017;2(9):41.

https://mhealth.jmir.org/2022/4/e35626

XSL• FO
RenderX

Chevance et al

JMIR Mhealth Uhealth 2022 | vol. 10 | iss. 4 | e35626 | p. 19
(page number not for citation purposes)

JMIR MHEALTH AND UHEALTH
70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.
81.
82.

83.

84.

85.

86.
87.

Chevance et al

Shcherbina A, Mattsson CM, Waggott D, Salisbury H, Christle JW, Hastie T, et al. Accuracy in wrist-worn, sensor-based
measurements of heart rate and energy expenditure in a diverse cohort. J Pers Med 2017;7(2):3 [FREE Full text] [doi:
10.3390/jpm7020003] [Medline: 28538708]
Siddall AG, Powell SD, Needham-Beck SC, Edwards VC, Thompson JE, Kefyalew SS, et al. Validity of energy expenditure
estimation methods during 10 days of military training. Scand J Med Sci Sports 2019;29(9):1313-1321. [doi:
10.1111/sms.13488] [Medline: 31136027]
Sjöberg V, Westergren J, Monnier A, Lo Martire R, Hagströmer M, Äng BO, et al. Wrist-worn activity trackers in laboratory
and free-living settings for patients with chronic pain: criterion validity study. JMIR Mhealth Uhealth 2021;9(1):e24806
[FREE Full text] [doi: 10.2196/24806] [Medline: 33433391]
Stahl SE, An HS, Dinkel DM, Noble JM, Lee JM. How accurate are the wrist-based heart rate monitors during walking
and running activities? Are they accurate enough? BMJ Open Sport Exerc Med 2016;2(1):e000106 [FREE Full text] [doi:
10.1136/bmjsem-2015-000106] [Medline: 27900173]
Tam KM, Cheung SY. Validation of electronic activity monitor devices during treadmill walking. Telemed J E Health
2018;24(10):782-789. [doi: 10.1089/tmj.2017.0263] [Medline: 29364065]
Tedesco S, Sica M, Ancillao A, Timmons S, Barton J, O'Flynn B. Validity evaluation of the Fitbit Charge2 and the Garmin
vivosmart HR+ in free-living environments in an older adult cohort. JMIR Mhealth Uhealth 2019;7(6):e13084 [FREE Full
text] [doi: 10.2196/13084] [Medline: 31219048]
Thiebaud RS, Funk MD, Patton JC, Massey BL, Shay TE, Schmidt MG, et al. Validity of wrist-worn consumer products
to measure heart rate and energy expenditure. Digit Health 2018;4:2055207618770322 [FREE Full text] [doi:
10.1177/2055207618770322] [Medline: 29942628]
Thomson EA, Nuss K, Comstock A, Reinwald S, Blake S, Pimentel RE, et al. Heart rate measures from the Apple Watch,
Fitbit Charge HR 2, and electrocardiogram across different exercise intensities. J Sports Sci 2019;37(12):1411-1419. [doi:
10.1080/02640414.2018.1560644] [Medline: 30657025]
Tophøj KH, Petersen MG, Sæbye C, Baad-Hansen T, Wagner S. Validity and reliability evaluation of four commercial
activity trackers' step counting performance. Telemed J E Health 2018;24(9):669-677. [doi: 10.1089/tmj.2017.0264]
[Medline: 29303680]
Wahl Y, Düking P, Droszez A, Wahl P, Mester J. Criterion-validity of commercially available physical activity tracker to
estimate step count, covered distance and energy expenditure during sports conditions. Front Physiol 2017;8:725 [FREE
Full text] [doi: 10.3389/fphys.2017.00725] [Medline: 29018355]
Wallen MP, Gomersall SR, Keating SE, Wisløff U, Coombes JS. Accuracy of heart rate watches: implications for weight
management. PLoS One 2016;11(5):e0154420 [FREE Full text] [doi: 10.1371/journal.pone.0154420] [Medline: 27232714]
Wang R, Blackburn G, Desai M, Phelan D, Gillinov L, Houghtaling P, et al. Accuracy of wrist-worn heart rate monitors.
JAMA Cardiol 2017;2(1):104-106. [doi: 10.1001/jamacardio.2016.3340] [Medline: 27732703]
Xie J, Wen D, Liang L, Jia Y, Gao L, Lei J. Evaluating the validity of current mainstream wearable devices in fitness
tracking under various physical activities: comparative study. JMIR Mhealth Uhealth 2018;6(4):e94 [FREE Full text] [doi:
10.2196/mhealth.9754] [Medline: 29650506]
Zhang P, Burns RD, Fu Y, Godin S, Byun W. Agreement between the Apple Series 1, LifeTrak Core C200, and Fitbit
Charge HR with indirect calorimetry for assessing treadmill energy expenditure. Int J Environ Res Public Health
2019;16(20):3812 [FREE Full text] [doi: 10.3390/ijerph16203812] [Medline: 31658628]
American National Standard. Cardiac monitors, heart rate meters, and alarms. Association for the Advancement of Medical
Instrumentation. 2002. URL: https://docplayer.net/
34982183-Aami-american-national-standard-cardiac-monitors-heart-rate-meters-and-alarms-ansi-aami-ec13-2002.html
[accessed 2021-08-17]
Slaght J, Sénéchal M, Hrubeniuk TJ, Mayo A, Bouchard DR. Walking cadence to exercise at moderate intensity for adults:
a systematic review. J Sports Med (Hindawi Publ Corp) 2017;2017:4641203 [FREE Full text] [doi: 10.1155/2017/4641203]
[Medline: 28459099]
Physical activity for a healthy weight. Centers for Disease Control and Prevention. 2020. URL: https://www.cdc.gov/
healthyweight/physical_activity/index.html [accessed 2021-08-17]
Welk GJ, Bai Y, Lee JM, Godino J, Saint-Maurice PF, Carr L. Standardizing analytic methods and reporting in activity
monitor validation studies. Med Sci Sports Exerc 2019;51(8):1767-1780 [FREE Full text] [doi:
10.1249/MSS.0000000000001966] [Medline: 30913159]

Abbreviations
bpm: beats per minute
COSMIN: Consensus-Based Standards for the Selection of Health Measurement Instruments
PRISMA-P: Preferred Reporting Items for Systematic Review and Meta-Analyses Protocols
PROSPERO: International Prospective Register of Systematic Reviews
RVE: robust variance estimation
https://mhealth.jmir.org/2022/4/e35626

XSL• FO
RenderX

JMIR Mhealth Uhealth 2022 | vol. 10 | iss. 4 | e35626 | p. 20
(page number not for citation purposes)

JMIR MHEALTH AND UHEALTH

Chevance et al

Edited by L Buis; submitted 14.12.21; peer-reviewed by J Sanders; comments to author 12.01.22; revised version received 27.01.22;
accepted 10.02.22; published 13.04.22
Please cite as:
Chevance G, Golaszewski NM, Tipton E, Hekler EB, Buman M, Welk GJ, Patrick K, Godino JG
Accuracy and Precision of Energy Expenditure, Heart Rate, and Steps Measured by Combined-Sensing Fitbits Against Reference
Measures: Systematic Review and Meta-analysis
JMIR Mhealth Uhealth 2022;10(4):e35626
URL: https://mhealth.jmir.org/2022/4/e35626
doi: 10.2196/35626
PMID:

©Guillaume Chevance, Natalie M Golaszewski, Elizabeth Tipton, Eric B Hekler, Matthew Buman, Gregory J Welk, Kevin
Patrick, Job G Godino. Originally published in JMIR mHealth and uHealth (https://mhealth.jmir.org), 13.04.2022. 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 https://mhealth.jmir.org/, as well as this copyright and license information must be included.

https://mhealth.jmir.org/2022/4/e35626

XSL• FO
RenderX

JMIR Mhealth Uhealth 2022 | vol. 10 | iss. 4 | e35626 | p. 21
(page number not for citation purposes)

