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Objectives: Commercially available wearable activity monitors can promote physical activity behaviour. Clinical
trials typically quantify physical activity with research grade activity monitors prior to testing interventions
utilising commercially availablewearable activitymonitors aimed at increasing step count. Therefore, it is impor-
tant to test the agreement of these two types of activity monitors.
Objectives: Observational.
Methods: Thirty adults (20–65 years, n = 19 females) were provided a Fitbit Charge 4©. To determine reliability
using an intraclass correlation coefficient, two, one-minute bouts of treadmill walking were performed at a self-
selected pace. Subsequently, participants wore both anActiGraphwGT3X-BT and the Fitbit for seven days. To de-
termine agreement, statistical equivalence and the mean absolute percentage error were calculated and repre-
sented graphically with a Bland–Altman plot. Ordinary least products regression was performed to identify
fixed or proportional bias.
Results: The Fitbit showed ‘good’ step count reliability on the treadmill (intraclass correlation coefficient = 0.75,
95 % CI = 0.53–0.87, p < 0.001). In free-living however, it overestimated step count when compared to the
ActiGraph wGT3X-BT (mean absolute percentage error = 26.02 % ± 14.63). Measurements did not fall within
the ± 10 % equivalence region and proportional bias was apparent (slope 95 % CI = 1.09–1.35).
Conclusions: The Fitbit Charge 4© is reliablewhenmeasuring step count on a treadmill. However, there is an over-
estimation of daily steps in free-living environments which may falsely indicate compliance with physical activ-
ity recommendations.
© 2024 The Authors. Published by Elsevier Ltd on behalf of Sports Medicine Australia. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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• The Fitbit Charge 4© is reliable atmeasuring step count in a laboratory
setting.

• However, it overestimates compared to a research grade activitymon-
itor in a real world setting.

• The Fitbit can therefore be used to promote an increase in step count
over time, but should not be used to prescribe specific activity targets.
traclass correlation coefficient;
st products regression.
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1. Introduction

Commercially available wearable activitymonitors (WAMs) provide
real-time data of physical activity behaviour to encourage autonomy
and facilitate an active lifestyle.1 As the wrist being the most user-
friendly and accessible location to wear such devices,2 physical activity
wrist watches are frequently used for this purpose. One function of a
WAM is measuring step count, which is easily quantifiable.3 Conse-
quently, WAMs are often used to promote an increase in step count in
clinical populations,4 by providing individuals with an ability to objec-
tively monitor their own activity and take accountability.5 By helping
people to achieve physical activity recommendations, increased step
counts facilitated with WAMs may offer health benefits including re-
duced adiposity and increased insulin sensitivity.6
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For physical activity interventions, physical activity behaviour is typ-
ically quantified by research grade monitors (well established, typically
expensive and not available to the general public) before being pro-
videdwith aWAM to facilitate an increase in step count.7 It is, therefore,
necessary to consider whetherWAMs are comparable to research grade
activity monitors when quantifying step count8— aWAM in agreement
with a research grade device would depict similar baseline activity. The
Toward Intelligent Health and Well-Being Network of Physical Activity
Assessment (INTERLIVE) developed recommendations for an optimised
validation protocol to ensure consistency of procedures.9

The Fitbit Charge 4© is a mid-range wrist worn WAM, capable of a
number of physical activity monitoring techniques. As research lags
behind product release, evaluation of more recent devices is lacking.
Although research trials tend to use older models, as time progresses the
prevalence of newer options amongst the general populationwill only in-
crease. Only one study has evaluated the Fitbit Charge 4© step count func-
tion in a laboratory setting in individuals with Huntington's disease10;
agreement has not been determined in a free-living environment.

Therefore, the aim of this study was to evaluate the reliability of the
Fitbit Charge 4© step count function under laboratory conditions, and
its agreement in free-living conditions against a commonly used re-
search grade activity monitor, the ActiGraph wGT3X-BT.

2. Methods

The study received ethical approval from Coventry University Re-
search Ethics Committee (P129054). The study sample consisted of 30
adult participants (mean age = 43.3 ± 17.6 years, n = 19 females,
mean body mass index = 25.4 ± 4.4 kg/m2). Recruitment took place
using the principal investigator's network and word of mouth within
xxx University. The inclusion criteria were adults aged 18 to 65 years,
access to a smartphonewith Bluetooth capabilities, ability towalk inde-
pendently and the ability to provide informed consent. Prior to enrol-
ment, potential participants were given an explanation of the
investigation, and written informed consent was obtained.

The following two devices were selected for comparison:

1. Commercially available: Fitbit Charge 4© (Fitbit Inc., San Francisco,
CA, USA). A wrist-worn WAM with a large organic light-emitting
diode screen and a 3-axis accelerometer. Steps are recorded from ac-
celeration data using Fitbit's proprietary algorithm.

2. Research-grade: the ActiGraph wGT3X-BT (ActiGraph LLC, Pensa-
cola, FL, USA) activity monitor that captures and records raw data
at a sample frequency between 30 and 100 Hz using a 3-axis acceler-
ometer. The raw data is then post-processed into epochs using the
ActiLife software. Step counts are generated on a per epoch basis
using data collected on the vertical axis.

The INTERLIVE network provides recommendations for assessing the
validity and reliability of devices.9 In the context of a physical activity clin-
ical trial, we deemed it only necessary to demonstrate that the Fitbit
Charge 4© is reliable at recording steps, and that it is valid when com-
pared to an ActiGraph wGT3X-BT in free living conditions. Therefore,
only the relevant aspects of the recommendations were followed, as de-
scribed below. After providing informed consent, sociodemographic and
anthropometric information was collected including age, sex, height,
and body mass. The participants were then given a Fitbit Charge 4© to
wear on the non-dominantwrist (manufacturer instructions), and thede-
vice was set up using a study specific email address.

To assess intra-device reliability of the Fitbit Charge 4©, participants
were asked to complete two bouts of one-minute, steady state walking
at a self-selected pace on a treadmill.9 The number of steps recorded
during each bout was recorded and compared. To calculate the number
of steps recorded during each minute of walking, participants were
asked to stand still at the start and end of each walking bout, to allow
the researcher to note the number of steps that had been recorded
2

during each walk. The treadmill was paused and resumed between
bouts to ensure the same speed was utilised.

Validity was determined by comparing the step recordings between
the Fitbit Charge 4© and an ActiGraph wGT3X-BT over one week in a
free-living environment. Following the end of the treadmill assessment,
participants were set upwith the ActiGraphwGT3X-BT activitymonitor
to wear around the waist on the non-dominant side (manufacturer in-
structions). Participants were asked to wear both devices continuously,
only removing themwhen washing or sleeping, and to synchronise the
Fitbit with the Fitbit app daily. A physical wear log was completed to re-
cord instances where devices were removed, and both devices were re-
turned after one week. Participants verbally confirmed that they had
undertaken a typical/‘normal’ week and that they had not experienced
any injuries that would have influenced gait.

Fitbit and ActiGraph data were downloaded and total step count for
the week and average daily steps were determined. For ActiGraph data,
the sampling frequencywas set at 30 Hz, without the low frequency ex-
tension applied (firmware version 1.9.2). Data were downloaded using
the ActiLife software (version 6.13.4) with 60 second epochs, calculat-
ing daily steps automatically. Fitbit accelerometer raw data can be ob-
tained using an application programming interface (API), however
this was not within the scope of the present study. Step count data
was therefore obtained from each participant's user dashboard. Fitbit
data by default is collected at a sampling frequency of 100 Hz. Valid
wear time for both the Fitbit and ActiGraph wGT3X-BT was defined as
a minimum of three days of 10 h of wear time, including at least one
weekend day.11 ActiGraph non-wear time was defined by a 90-minute
timewindow of consecutive no counts and no interruptions.11,12 Partic-
ipants were instructed to wear both devices simultaneously, recording
the removal of both on thewear log. Discrepancies in non-wear timebe-
tween the ActiGraph wGT3X-BT and Fitbit were determined on return
of the wear log.

All quantitative statistics are presented asmeans and standard devi-
ations unless otherwise stated. Descriptive statistics for socio-
demographic information were calculated. All data was assessed for
normality both visually via histograms and with the Shapiro Wilk test.
The level of agreement between the Fitbit and ActiGraph was assessed
with Bland–Altman limits of agreement, and with standardised tests
of statistical equivalence.13 The null hypothesis of a difference between
the Fitbit and ActiGraph step counts was tested with a pre-determined
equivalence region of ±10 % of themean of the ActiGraph steps (based
on the conservative recommendations of an acceptable MAPE of 10–15
% in free living conditions9). The test was performed to determine if the
90 % confidence intervals of the difference between the two measures
fell within the equivalence zone with 95 % precision. An ordinary
least-product (OLP) regression was calculated to determine the degree
of fixed/proportional bias.14,15 Differences between the two devices
were determined using the mean absolute percentage error (MAPE).
An intraclass correlation coefficient (ICC) was performed for the two
treadmill walking bouts to quantify the intra-device reliability of the
Fitbit. The ICC estimate and 95 % confidence intervals were calculated
based on a single rating, absolute agreement, two-way mixed effects
model. An ICC of >0.9, 0.75–0.90, 0.50–0.75, and <0.50 was classified
as excellent, good, moderate, and poor, respectively.16 All statistical
analyses were performed using the latest version of R (4.1.3).17 The
alpha level was set at 0.05. The study data and analysis code are avail-
able in the Supplementary material.

3. Results

All 30 participants completed study procedures. Participant charac-
teristics are shown in the Supplementary material.

Each monitored day was deemed valid for analysis, as the average
wear time for all participants was 824.45 ± 142.44 min per day, exceed-
ing the required 10h.Nodiscrepancieswere observed on thewear log be-
tween the two devices, meaning wear time can be interpreted as similar.



Fig. 1. Bland–Altman plot of differences against averages for Fitbit & ActiGraph daily steps
over one week. Solid line represents ordinary least squares regression line of best fit. UCL;
upper 95 % confidence limit, LCL; lower 95 % confidence limit.
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Laboratory evaluation of the Fitbit reliability – through repeated
treadmill walking – revealed a ‘good’ ICC of 0.75 (95 % CI = 0.53–0.87,
p < 0.001).

Average step counts after one week of free-living for both devices
are shown in Table 1. The MAPE between the Fitbit and ActiGraph for
total weekly steps was 26.02 % (95 % CI = 20.78–31.26). The absolute
percentage error ranged from 0.87 % to 58.32 %.

OLP regression revealed the Fitbit showed proportional bias,
whereby it was consistently measuring a higher number of steps com-
pared to the ActiGraph, at a level proportional to the number of steps
measured in total (i.e. the more steps that were recorded, the greater
the degree of error). This was demonstrated by the 95 % confidence in-
tervals of the slope not including 1 (see Supplementary material).14

The Bland–Altman plot for daily average step count is shown in
Fig. 1. Given the OLP regression demonstrated proportional bias, the
Bland–Altman plot was constructed using an ordinary least squares re-
gression line of best fit and hyperbolic 95 % confidence limits.18 Wide
limits of agreement indicate a high individual predictive error, and the
plots show a trend of Fitbit's overestimating steps in all participants
compared to the ActiGraph.

The equivalence zones are shown in Table 1 and Fig. 2. The equiva-
lence region was predetermined as ±10 % of the ActiGraph mean
weekly steps based on the conservative recommendation from
INTERLIVE (10–15 % in free living environments).9 The 90 % confidence
intervals of the difference between the ActiGraph and Fitbit do not fall
within the equivalence region, meaning the null hypothesis is unable
to be rejected, and thus the Fitbit cannot be considered equivalent to
the ActiGraph for recording steps (p = 0.999).

4. Discussion

The purpose of this study was to determine the reliability of the
Fitbit Charge 4©'s step count function in a laboratory setting, and eval-
uate agreement in a free-living environment compared to a research
grade activity monitor to assess its suitability for use in a clinical re-
search trial.19 In agreement with previous research (ICC of 0.81),10 we
report ‘good’ reliability for the Fitbit Charge 4© step count function
(ICC of 0.75) on a treadmill at self-selected walking speeds. However,
the Fitbit consistently overestimated step count compared to an
ActiGraph wGT3X-BT.

In contrast to our findings of overestimation, Curran et al20 demon-
strated that the Fitbit Charge 2© underestimated steps compared to di-
rect observation in a laboratory setting. One explanation is that
movement is more irregular/intermittent in free-living compared to
in a laboratory, which has shown to increase the error rates of
WAMs.21,22 We have also shown that the Fitbit Charge 4© displays pro-
portional bias, indicating, that error increases the more steps are re-
corded. Research limited to assessing validity solely in laboratory
settings via a treadmill test will record far fewer total step counts than
those over an extended period of time in free-living conditions, provid-
ing another potential explanation for why underestimation is seen in a
laboratory whereas overestimation is seen in free-living environments.
This is consistent with a review of the literature, which found a range of
Fitbits to underestimate in laboratory conditions and overestimate in
Table 1
Weekly step counts for ActiGraphwGT3X-BT and Fitbit Charge 4©and equivalence testing
statistics.

Statistic Value

ActiGraph weekly steps, mean (SD) 66,908 (29398)
Fitbit weekly steps, mean (SD) 83,455 (35735)
Difference in weekly steps, mean (SD) 16,475 (10800)
10 % equivalence region −6698, +6698 or 60,282–73,768
90 % confidence intervals of the difference −13,125.28, +19,825.72

or 53,854.72–86,805.72
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free-living conditions.23 We have demonstrated that this is also the
case with a more recent model, indicating a consistent pattern.

In contrast, Burton et al24 had participants wear devices for 14 days
of free-living, but showed underestimation of step-count with a Fitbit.
However, a different device (GENEactiv) was used as the comparator,
thus preventing direct comparison to our study using the ActiGraph. A
potential explanation for why overestimation was not observed in this
case is that walking speed is a key determinant of step-count in wrist-
worn activity monitors.23,25 The associated algorithms for determining
a stepmay lack accuracy at lower speeds due to the limited acceleration
data received. As participants in the study by Burton et al24 were older,
walking speedmay have differed, thus lowering the number of steps re-
corded at the wrist. In our study, we included participants ranging from
20 to 65 years of age, where walking speeds will naturally vary consid-
erably. Despite this, the Fitbit consistently overestimated steps in every
participant, as shown in the Bland–Altman plots.

An analysis of wear location for the ActiGraph GT3X and Fitbits
showed that compared to thewaist, wristworn devices in free-living re-
sulted in significantly more steps being recorded.23,26 A potential expla-
nation may be that during sedentary activities wrist kinematics
represent a large proportion of total body movement, leading to incor-
rect recognition of steps by the WAM sensors.27 Additionally, devices
worn at the hip may be more accurate as they are closer to the body's
centre of mass and so better represent whole body acceleration than
at the wrist.26 Further, across a range of speeds, the waist appears to
have the lowest overall error compared to actual visually recorded
step count.28 An ActiGraph around the waist is therefore a more appro-
priate criterion in free-living conditions, where one may be walking,
doing general activities, or undertaking a range of exercise modes. We
required the wGTX3-BT to be worn at the waist rather than the wrist,
as this is commonly adopted methodology when quantifying habitual
physical activity behaviour in clinical trials. There is therefore a discrep-
ancy between commonly adopted methodology for research trials
which have waist-worn devices due to the increased accuracy, and
wrist worn devices used by the general public due to the increased
convenience.

There is no widely accepted error margin cut-off for confirming de-
vice validity.9 The INTERLIVE network recommends that device validity
be assessed within the context of the intended use. For example, if a de-
vice is to be used as an objective outcome of physical activity in a clinical
trial, or under controlled laboratory conditions, the acceptable MAPE
should be low (<5 %). If the device is intended for use by the general



Fig. 2. Equivalence testing shows the Fitbit Charge 4© is not equivalent to theActiGraphwGT3X-BT formeasuring step count as the 90 % confidence intervals of the difference between the
twomeasures do not fall within the±10 % equivalence region (shown in red). (For interpretation of the references to colour in this figure legend, the reader is referred to theweb version
of this article.)
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population, an acceptable MAPE may be 10–15 %.9 Given our findings
show a MAPE greater than even the upper limit of this suggested error
range, the Fitbit Charge 4© could be seen to have poor agreement
with the ActiGraph wGT3X-BT.

An issue with using a WAM that overestimates steps is that clinical
populations and practitioners may be under false pretenses that step
goals associated with better health outcomes are being achieved.29

This may prevent people from surpassing these thresholds due to feel-
ing satisfied once achieving their goal. If the WAM is overestimating,
therefore, people may not gain any clinically meaningful benefit. How-
ever, whilst aWAMmay overestimate, it can still be reliable (i.e. consis-
tently over or underestimating step count). If this is the case, as long as
step count is increasing consistently, the critical factor of promoting au-
tonomy and behaviour change may still be achieved. The same can be
said for proportional bias: If the main point of interest is increasing
step count, as long as it consistently increases, the objective will still
have been achieved.14 Therefore, in a clinical scenario when prescribing
steps, increases over time should be the focus, rather than achievement
of a specific target. However, if a study's aims are to detect between
group differences in step counts, devices should have a high degree of
agreement.

5. Strengths and limitations

The strengths of this study are that step count assessments were
performed in both controlled laboratory and free-living environments.
This involved both walking on a flat treadmill as well as over a range
of terrains that would be experienced whilst ambulating in the free-
living. The participants were of a wide range of ages and heights,
which naturally resulted in a spread of self-selected walking speeds
and step length both in the laboratory and free-living environments.
This helped to provide a sample representative of the general popula-
tion (age range = 18–65 years, BMI = 18.5–37.9 kg/m2).

Comparing our data with existing literature on device agreement
can be problematic due to the use of different criterion measures,
older or different WAM models and varying study design. However, as
the overall aims of the study surround WAM applications in research,
the trends of wear location/walking speed/laboratory vs free living etc.
are still warranted. To allow our data to be comparable against future
studies, we followed the standardised INTERLIVE recommendations.9

All participantswere healthy adults, so the results cannot be generalised
to clinical populations, whichmay be in greater need of physical activity
behaviour monitoring. Only individuals who could walk independently
were included, meaning we were unable to discern error rates in those
4

with walking aids or gait disturbances, although we expect the MAPE
would be even higher. Laboratory evaluation was also only completed
for two periods of 1min—walking for longermay have returned differ-
ent results. Additionally, self-selected walking speeds were not re-
corded, thus limiting analysis of the effects of speed. As the aim was to
quantify reliability, and assess agreement in free-living only, during lab-
oratory testing, no gold standard criterion such as video recording was
performed to evaluate agreement in this context. Finally, as an API
was not utilised to analyse Fitbit data, more detailed comparisons (i.e.
on a minute-by-minute level) were not possible, and sampling rate
could not be altered, and so differed between devices.

6. Conclusion

As a result of our findings regarding the reliability of the Fitbit Charge
4© step count function supported by previous work,10 researchers may
want to consider this device when conducting a physical activity inter-
vention focused on increasing step count. They are widely available, rela-
tively cheap and are wrist worn, making them easily accessible and non-
invasive.30 Real-time feedback has the added potential for promoting
physical activity behaviour change. However, if the aim is to utilise a re-
search grade device such as the wGT3X-BT to quantify habitual step
count, before then using a Fitbit as part of an intervention, this overesti-
mation should be considered. A potential solution may be to first deter-
mine habitual step count with a research grade device (in which
participants are blind to the data), and then to prescribe physical activity
targets taking into account theMAPEof the Fitbit Charge 4©. For example,
if participants' ActiGraph showed theywere averaging 5000 steps a day at
baseline, to account for the 26.02 % MAPE of the Fitbit, initial goals could
be prescribed on the Fitbit at 6300 steps. Another alternative may be to
use research grade accelerometers for both purposes. The ActiGraph
GT9X is wrist-worn and has a display, eliminating the need to use differ-
ent devices with separate wear locations and algorithms. However,
allowing participants to visualise their behaviour prior to an intervention
may not provide a true representation of habitual physical activity behav-
iour. Future research should evaluate other physical activitymetrics of the
Fitbit Charge 4© (i.e. sleep, sedentary behaviour etc.).

Given the global reach of Fitbit, the push from the World Health
Organization for people to be more physically active and the fact
wearable technology continues to top the ACSM's worldwide fitness
trends, the general public should also be aware of these findings. Set-
ting specific step count goals based on suggestions from governing
bodies will likely not result in any benefit if in reality they are consis-
tently fallen short of.
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