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Abstract

The purpose was to examine the validity of three wrist-worn com-
mercial activity trackers (Samsung Galaxy Watch Active 2, Ap-
ple Watch Series 5, and Xiaomi Mi Band 5) and six mobile apps
(Pedometer and Pacer for android and iPhone mobiles, Google Fit
for android, and Apple Health for iPhone mobiles) for estimating
high school students’ steps and physical activity (PA) under free-
living conditions. A sample of 56 (27 females; mean age = 14.7
years) and 51 (25 females; mean age = 14.0 years) high school
students participated in Study 1 and 2, respectively. Study 1: Stu-
dents performed a 200-meter course in four different conditions
while wearing the wearables. Step counting through a video rec-
ord was used as the golden standard. Study 2: Students wore the
three wrist-worn commercial activity trackers during the waking
time of one day, considering ActiGraph model wGT3X-BT ac-
celerometers as a standard of reference. Afterward, the agreement
between the PA scores measured by the commercial activity
trackers and the video (study 1) or accelerometers (study 2) were
calculated as follows: Equivalence test, Limits of Agreement
(LOA); Mean Absolute Error (MAE); Mean Absolute Percentage
Error (MAPE); and Intraclass Correlation Coefticient (ICC). Re-
sults showed that all the wearables presented excellent validity
for assessing steps in structured free-living conditions (study 1;
MAPE < 5%), although their validity was between poor-excellent
based on ICC (95% confidence interval) values (ICC = 0.56-
1.00). Regarding Study 2, the Xiaomi wristband and the Samsung
Watch presented acceptable-excellent (MAPE = 9.4-11.4%; ICC
=0.91-0.97) validity for assessing steps under unstructured free-
living conditions (study 2). However, the Apple Watch presented
questionable-excellent validity (MAPE = 18.0%; ICC = 0.69-
0.95). Regarding moderate-to-vigorous PA (MVPA) and total
PA, only the Apple Watch showed low-acceptable validity for
MAPE value and questionable-excellent validity for the ICC val-
ues for MVPA assessment (MAPE = 22.6; ICC = 0.67-0.93). All
wearables checked in this study have shown adequate validity re-
sults in order to assess steps in both structured and unstructured
free-living conditions for both continuous and dichotomous vari-
ables. Moreover, for assessing MVPA, only the Apple Watch re-
ported valid results for compliance or non-compliance with the
daily PA recommendations. However, the results showed low va-
lidity for total PA and MVPA as continuous variables. In conclu-
sion, depending on the user’s/researcher’s aim and context, one
or another wearable activity tracker could be more adequate,
mainly because of its valid measurements and its costs.

Key words: Consumer-wearables, daily steps, physical activity
recommendations, accuracy, validity, schoolchildren.

Introduction

The high prevalence of physical inactivity in all ages (i.e.,
in adolescence, 77.5% of males and 84.7% of fe-
males; Word Health Organization, WHO, 2020; Guthold et
al., 2020) and its associated consequences for health is well
known (Poitras et al., 2016; WHO, 2020). For instance,
physically inactive high school students are more likely to
become physically inactive adults who are more suscepti-
ble to all-cause mortality (Paluch et al., 2022). Conse-
quently, a current public health priority is to improve the
ratio of high school students that meet the daily physical
activity (PA) recommendations of 60 minutes of moderate-
to-vigorous PA (MVPA) in aerobic activities (WHO,
2020) or its equivalent in steps, that is to say 10,000 per
day (Mayorga-Vega et al., 2021).

Additionally, it is not an easy ability for high school
students to interpret the intensity level of daily activities
and their relationship with MVPA (Crossley et al., 2019).
In order to help the population in this task of regulating
daily PA and its quantification, the consumer-wearable ac-
tivity trackers have become a valuable asset as they provide
a display for self-monitoring of the users’ PA (Strath and
Rowley, 2018). Particularly, due to several advantages,
two types of wearable activity trackers stand out as being
the most popular: (a) wrist-worn activity trackers (includ-
ing smartwatches and activity wristbands) have shown to
be one of the most valued and used type of wearable be-
cause of their characteristics, including an attractive dis-
play, real-time feedback, low weight and price, audible
sedentary break warnings, and goal alerts (Maher et al.,
2017); and (b) mobile apps, which are widely used among
high school students, are freely available, and let them reg-
ister many PA parameters. Therefore, wrist-worn activity
trackers and mobile apps could be useful, accessible, and
feasible devices to objectively assess and promote high
school students’ daily PA (Casado-Robles et al., 2022; Da
Silva et al., 2015). Moreover, these two wearable activity
trackers are widely extended all over the world, and the
number of users is continuous and exponentially increasing
every year (Vailshery, 2021).

Concerning the measurement of these wearables, it
is necessary to know to what extent the information that
consumers receive from their device regarding PA is accu-
rate and valid. For instance, it is also important for
educational researchers and Physical Education teachers in
the school setting who are interested in applying wearables
in Physical Education-based physical activity promotion

Received: 29 March 2022 / Accepted: 26 May 2022 / Published (online): 01 September 2022



Viciana et al.

357

programs, as it affects students’ daily physical activity,
which is a priority in the educational system of most coun-
tries around the world (OECD, 2019). Consequently, valid
wearable activity trackers could help researchers and Phys-
ical Education teachers to achieve this educational standard
with reduced costs. That is, they could better control the
PA carried out by high school students, even differentiating
between different parts of the day. Additionally, students
could have immediate feedback about the PA that they are
performing during the day, which may facilitate them to
achieve the daily PA recommendations. However, re-
searchers need to know if they can use wearable activity
trackers only as a strategy to increase habitual PA or also
as a dependent variable.

In regards to PA intensity, the doubly labeled water
assessment of energy expenditure is the gold standard
(Westerterp, 2017), but the oxygen uptake measurement
substitutes this expensive method, and is considered as the
“reference standard” for assessing MVPA. Nevertheless,
because of viability motives (e.g., small, light, comforta-
ble, and reliable and valid; Migueles et al., 2017), accel-
erometers have been used as the most appropriate alterna-
tive in free-living conditions (Cosoli et al., 2020; Mayorga-
Vegaetal., 2019; Westerterp, 2013). In fact, ActiGraph ac-
celerometers have been the most widely used method in
population and calibration studies with high school stu-
dents (Romanzini et al., 2014). Regarding the number of
steps per day in free-living conditions, the accelerometer is
also considered as the reference standard in most previous
studies (Westerterp, 2013; 2017). However, it should be
considered that accelerometer data for validation of other
devices has traditionally been based on proprietary algo-
rithms and therefore still subject to various forms of meas-
urement error, particularly when assessing an outcome like
MVPA (Migueles et al., 2017). The gold standard in struc-
tured or controlled settings is the video-taped and manual
counter of the number of steps in a particular circuit or ac-
tivity (El-Amrawy and Nounou, 2015; Stamm and Har-
tanto, 2018). In this sense, the convergence of measure-
ments provided by other wrist-worn activity trackers, mo-
bile apps, and the accelerometer will provide new possibil-
ities and devices to use in those contexts beyond the labor-
atory, for instance, in Physical Education settings where
validity and feasibility must coexist with each other
(O’Neill et al., 2017).

Different cross-sectional studies with adults (e.g.,
Redenius et al., 2019; Toth et al., 2018) and synthesis stud-
ies (Brickwood et al., 2019; Gal et al., 2018) have shown
the validity of wrist-worn activity trackers and mobile
apps. Concerning high school students, the number of pub-
lications is scarce, although there are still some publica-
tions regarding their validity (Cosoli et al., 2020; Gorzelitz,
et al., 2020). Overall results of these above-mentioned pub-
lications have shown a great variety of protocols for vali-
dation, devices, and methodological characteristics, which
provide irregular results barely comparable to each other.
Nevertheless, depending on the context to be applied and
the required accuracy of the PA parameters, different
devices could be recommended. Moreover, particular
measurements, such as energy expenditure or PA levels,
are more complex constructs, and their measurements

present significant errors when assessed by wrist-worn ac-
tivity trackers and mobile apps. For instance, Adamakis
(2020) obtained large errors in all monitors and apps used
underestimating the PA energy expenditure from 13.16%
to 37.46%. On the contrary, the number of steps is a sim-
pler measurement that can be assessed in a valid manner by
mobile apps and wrist-worn activity trackers with a mod-
erate correlation to the reference standard. Although these
outputs measured by wearable activity trackers tend to
have a lower validity for assessing intensity-related PA
than steps among adults because of their high absolute per-
centage error with respect to reference instrumentation
(Cosoli et al., 2020), among high school students, the evi-
dence is currently insufficient (Voss et al., 2017). Moreo-
ver, because the components of wrist-worn activity track-
ers and mobile phones for the estimation of PA levels and
steps are in continuous evolution by companies of weara-
ble activity trackers, to analyze new models of them is de-
sirable and recommended. Finally, Apple device validity
studies were not found, or were scarce and centered in
other parameters such as heart rate or energy expenditure,
or measuring steps in a laboratory setting, as some previous
synthesis studies have concluded (Fuller et al., 2020; Gor-
zelitz et al., 2020; LaMunion et al., 2020). However, they
did not study unstructured free-living conditions, the meas-
urement of PA intensities, nor the adequacy of its measure-
ment to PA daily recommendations.

Consequently, the overall purpose of the present
study was to examine the validity of the mobile apps Pe-
dometer, Pacer, Google Fit for Android mobiles (Sam-
sung); Pedometer, Pacer, and Apple Health for Apple mo-
biles (iPhone); and the wrist-worn activity trackers Sam-
sung Galaxy Watch Active 2, Apple Watch Series 5, and
Xiaomi Mi Band 5 for estimating PA in high school stu-
dents during free-living conditions. Specifically, the pur-
poses of this study were twofold: Study 1: to compare the
criterion-related validity of the steps assessed by the nine
wearable activity trackers under structured free-living con-
ditions. Study 2: to compare the convergent validity of the
daily steps, total PA, and MVPA scores assessed by the
three wrist-worn activity trackers under unstructured free-
living conditions (the comparability between them and
their convergent validity with the accelerometer, consid-
ered as reference standard).

Methods

The Guidelines for Reporting Reliability and Agreement
Studies (GRRAS) have been taken into account in the pre-
sent study (Kottner et al., 2011), and the protocol followed
conforms to the Declaration of Helsinki statements (64th
WMA, Brazil, October 2013) and was approved by the
Ethical Committee for Human Studies at the University of
Granada. Then, the principals of two state high schools
(chosen by convenience) from an urban area situated in
Granada (Spain) were contacted for Study 1 and 2. They
were informed about the project and permission to conduct
the study was obtained. After the school’s approval was
acquired, all the students and their legal guardians were
fully informed about the characteristics of the project.
Signed written informed assents from the participants and
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signed written informed consents from their legal guardi-
ans’ were obtained before starting the study. School A was
used for Study 1 (i.e., criterion-related validity under struc-
tured free-living conditions) and school B for Study 2 (i.e.,
convergent validity under unstructured free-living condi-
tions). According to the center’s reports, all the students’
families had a middle socioeconomic level.

The present validity study followed a cross-sec-
tional design. All the high school students (i.e., 70 and 75
for the school A and B, respectively) enrolled in the se-
lected schools (i.e., 12—18 years old) were invited to par-
ticipate in the present study. The high schools were located
in an urban area of the city center of (deleted for anonymity
reasons). For each study, the following inclusion criteria
were considered: (a) being enrolled in the selected high
schools (i.e., in the 7™ to 12" grade); (b) being free of any
health disorder that would make them unable to engage in
PA normally; (c) presenting the corresponding signed writ-
ten informed assents of the students, and (d) presenting the
corresponding signed written informed consents of their le-
gal guardians. The following exclusion criteria were con-
sidered: (a) not having completed and valid data from the
three wrist-worn activity trackers (i.e., Samsung Galaxy
Watch Active 2, Apple Watch Series 5, or Xiaomi Mi Band
5) or from the six mobile apps (Study 1) or from the three
wrist-worn activity trackers (Study 2), and (b) not having
completed and valid data from the video-based step counts
(Study 1) or from the accelerometer (Study 2).

A priori sample size calculation was estimated with
the Arifin’s web-based sample size calculator (Arifin,
2018). Based on steps values, parameters were set as fol-
lows: Study 1 and 2: Intraclass Correlation Coefficient
(ICC), po = 0.70 (Nunnally, 1978); p; = 0.86 (Voss et al.,
2017), a=0.05, 1 — B =0.80, k =2, dropout = 10% (Row-
lands et al., 2018). Study 2: Kappa, ko = 0.40 (Cicchetti,
2001); k; = 0.85 (Mayorga-Vega et al., 2021), p = 0.25
(Guthold et al., 2020), a = 0.05, 1 — p=0.80, k=2, dropout
= 10% (Rowlands et al., 2018). A final sample size of at
least 49 students (minimum initial sample size equal to 55)
was used in the final analysis. In addition to exceeding the
minimum required sample size, a balance by grade and sex
was taken into account for each study’s sample.

Measures

Demographic characteristics. Participants’ sex (males/fe-
males), age (in years), and non-dominant hand (left/right)
information was self-reported.

Anthropometric. Participants’ body mass (kg) and
height (cm) were first measured following the International
Standards for Anthropometric Assessment (Stewart et al.,
2011). Participants’ body mass and height were measured
in shorts, T-shirts, and barefoot. For the body mass meas-
ure, participants stood in the center of the scale (Seca, Ltd.,
Hamburg, Germany; accuracy = 0.1 kg) without support
and with their weight distributed evenly on both feet. For
the body height assessment, participants stood with their
feet together with the heels, buttocks and upper part of the
back touching the stadiometer (Holtain Ltd., Crymmych,
Pembs, United Kingdom; accuracy = 0.1 cm), and with the
head placed in the Frankfort plane. Each measurement was
performed twice and the mean was recorded (Stewart et al.,

2011). Then, the body mass index was calculated as body
mass divided by body height squared (kg/m?). Finally, stu-
dents’ body weight status was categorized by sex- and age-
adjusted body mass index thresholds as overweight/obese
or non-overweight/obese (Cole et al., 2000). Body mass in-
dex and body weight status scores have shown high evi-
dence supporting validity among high school students
(Cole et al., 2000).

Activity wristbands and mobile apps. Participants’
PA levels and steps were estimated by the three wrist-worn
activity trackers [i.e., Xiaomi Mi Band 5 (Xiaomi, Pekin,
China); Samsung Galaxy Watch Active 2 (Samsung, Seul,
South Korea); and Apple Watch Series 5 (Apple Park, Cal-
ifornia, USA)]; and from six mobile apps [i.e., Pedometer
(ITO Technologies) and Pedometer Pacer Health for An-
droid and i0S; and Google Fit app for Android (Samsung
Galaxy S20+), and the Apple Health app for iOS (iPhone
11 Pro Max)]. Regarding the number of wrist-worn activity
trackers, it was considered that three devices were a feasi-
ble number that did not interfere with the participants’ nat-
ural arm swing while walking, brisk walking, or running
(Study 1), or daily PA (Study 2). Mobile phones (Study 1)
were allocated in two belt bags that changed sides for each
participant, which also did not interfere with the partici-
pants’ movements during the test. The total mass of the
three wearable bands was not high (88 grams). According
to the user manual of each device brand, the wrist-worn ac-
tivity trackers were fit snugly on the top of participants’
wrist, close and above the wrist bone (7.6 cm width). Con-
cerning the particular chosen wrist-worn activity trackers,
the criteria were to study the most used worldwide display-
based trackers, choosing the most advanced model (in that
moment). Three wrist-worn activity trackers were chosen,
one being a more low cost option (i.e., Xiaomi Mi Band 5
~ 25€) and the other two were smartwatches from the two
main brands [Samsung belonging to Android (Samsung
Galaxy Watch Active 2 that uses the Android Wear Sys-
tem) and Apple belonging to iOS (Apple Watch Series 5
that uses the WatchOS Apple System)] (based on the Inter-
national Data Corporation’s Worldwide Quarterly Weara-
ble Device Tracker reports from 2021, and Henriksen et al.
2018). Concerning the mobile apps, the following ones
were selected: Pedometer (ITO Technologies) and Pedom-
eter Pacer Health for Android and i0S, the Google Fit app
for Android and the Apple Health app for i0S. After revis-
ing the previous literature, the criteria followed for the se-
lection were (both for Android and iOS): (a) the most pop-
ular and used apps (due to the number of downloads and
their user ratings); (b) free download apps; and (c) the in-
cluded apps of the corresponding mobile phones (i.e., Sam-
sung Google Fit for Android and Apple Health for iOS).

According to the user manual of each device brand,
wrist-worn activity trackers were adjusted, in random or-
der, on the participant’s wrist of their non-dominant hand.
The three chosen devices are characterized to be small and
lightweight based in tri-axial built-in accelerometers
(Xiaomi Mi Band 5: 22 g, 1.5 x 1.6 x 4.0 cm; Samsung
Galaxy Watch Active 2 2: 30 g, 1.09 x 4.4 x 4.4 cm; Apple
Watch Series 5: 30.8 g, 1.07 x 4.0 x 4.4 cm). Each wrist-
worn activity tracker and mobile phone has its own algo-
rithmic equation to estimate the daily steps taken and the
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minutes engaged in each specific intensity-related PA. The
wrist-worn activity trackers data and mobile phone apps
were recorded immediately from the screen (for Study 1),
and were also synchronized via Bluetooth for the three
wrist-worn activity trackers to their specific applications in
order to download and store data (for Study 2) (Xiaomi Mi
Band 5: Mi Fit version 5.3.2 for Android; Samsung Galaxy
Watch Active 2: Samsung Health version 6.19 for Android;
Apple Watch Series 5: Apple Health version 7.6.2 for iOS).

Regarding the data scoring, steps (number) were
registered as directly reported in the devices. For the inten-
sity-related PA (minutes), scores were calculated as fol-
lows: for the Xiaomi Mi Band 5, the variables “slow walk-
ing” and “brisk walking” were calculated by adding the to-
tal time spent on all the stretches of “slow walking” and
“brisk walking,” respectively. The variable MVPA was
calculated by adding the total time spent on all the stretches
of “moderate activity” and “vigorous activity”. Aside from
the default variable “total activity”, the variable “walking”
was also calculated by adding the total time spent on all the
stretches of “slow walking” and “brisk walking”; for the
Samsung Galaxy Watch Active 2, the variable total PA was
calculated considering the default option “total active
minutes” and; for the Apple Watch Series 5, the default op-
tion “exercise minutes” was considered as the variable
MVPA.

Video-based steps count. Participants’ reference
standard of steps under structured free-living conditions
was determined by step counting the video recording in
slow-motion, which is considered to be the golden standard
of this measurement. Participants were asked to perform a
200-meter course in four different conditions. The 200-me-
ter course was marked with cones and lines and performed
inside the school on a non-slippery sport court with an oval
shape and no tight turns. A digital video camera (Go Pro
Hero 7, California, USA) with a tripod was situated in the
middle of the sports court in order to easily record the par-
ticipants” lower limbs during the entire course from the
sagittal plane. When the participant was at the starting line,
the steps count from the wrist-worn activity trackers were
recorded. Then, they were instructed to not move until they
started walking/running. They also were asked to always
start the course with the contralateral leg to the arm where
the wrist-worn activity trackers were attached. For calcu-
lating the speed and step cadence of each condition, when
the participant started walking/running the manual chro-
nometer was activated and was stopped after he/she
crossed the finish line. Participants were requested to stop
immediately after the finish line, and a cone was situated
five meters beforehand to remind them. Then, the steps
counted by the wrist-worn activity trackers were regis-
tered. Participants performed the following four condi-
tions: 1) slow pace walking; 2) normal pace walking (also
known as self-pace walking); 3) brisk pace walking; and 4)
jogging (slow running). Finally, the reference standard step
count for each participant in each condition were
performed independently by two researchers through the
slow-motion video recording projected on a 15.6” screen.
When disagreement occurred (8.3%), a third researcher
evaluated it.

Accelerometer. Participants’ reference standard of

daily steps and intensity-related PA under unstructured
free-living conditions were determined by wGT3X-BT ac-
celerometers (ActiGraph, LLC, Pensacola, FL, USA). The
ActiGraph model wGT3X-BT is a small (4.6 x 3.3 x 1.5
cm), lightweight (19 g), tri-axial accelerometer. Accel-
erometers were adjusted on the participants’ right hips. In-
itializing, downloading, wear time validation and scoring
(i.e., PA data filter) were performed using the ActiLife
Lifestyle Monitoring System Software version 6.13.3
(ActiGraph, LLC, Pensacola, FL., USA), and were initial-
ized with a sampling frequency of 30 Hz (Evenson et al.,
2008; Trost et al., 2011). Data download was carried out
with 15-second epoch (Evenson et al., 2008). According to
previous literature when selecting a set of cut-points to es-
timate a variable from activity counts, it is recommendable
to select the same filter that was used in the validation
study for the cut-points employed (Migueles et al., 2017).
Valid wear time was set as equal to or higher than 600
minutes per day (Migueles et al., 2017), with non-wear pe-
riods set as 60 minutes or more of consecutive zero-count
epochs with up to a two minute spike tolerance (Oliver et
al., 2011).

Regarding the data scoring, steps (number) were as-
sessed by within-instrument processing of the number of
cycles in the accelerometer signal or cycle counts. The time
(minutes) engaged in MVPA (= 2,296 counts/ min), and
total PA (> 101 counts/min) was calculated by the Even-
son’s thresholds (Evenson et al., 2008). According to the
cross-validation study performed by Trost et al. (2011),
these cut-off points have demonstrated the best evidence
supporting score validity for assessing intensity-related PA
among high school students. Finally, participants’ steps
and MVPA were dichotomized as achieving or not achiev-
ing the daily recommendation of at least 10,000 steps and
60 minutes of MVPA, respectively (Mayorga-Vega et al.,
2021; WHO, 2020). ActiGraph accelerometer scores have
shown high evidence supporting validity for assessing
steps and intensity-related PA among high school students
(Hickey et al., 2016; Lee et al., 2015; Romanzini et al.,
2014).

Procedure

Study 1 and 2: Data collection was carried out by the same
researchers, instruments, and protocols. Firstly, partici-
pants’ demographic characteristics, anthropometric, and
self-reported habitual PA levels were registered. The three
wrist-worn activity trackers were adjusted so they would
not move (i.e., avoiding over-tightening and clearance), in
a random order, on the participants’ wrists of their non-
dominant hand. All devices were blocked in order to pre-
vent participants from manipulating any functions and op-
tions they had, and to avoid influence in their habitual be-
havior.

Study 1: Evaluations were carried out during the
afternoon in participants’ leisure time from Monday to
Friday, and then data were downloaded and batteries
charged during the morning. Due to the limitations of
instruments, facilities, and time, an average of two or three
participants per hour were evaluated one by one during
each evaluation session. Apart from the three wrist-worn
activity trackers, the two mobile phones were inside two



360

Validity of wearables for students

belt bags allocated on each participants’ hip, preventing
movement, approximately like carrying it in the pants
pocket, and alternating sides for each participant. Partici-
pants were instructed to walk/run the 200-meter course in
the four conditions specified above, at a continuous speed,
and with a natural arm swing. Before starting, a demonstra-
tion in order to guide each participant was performed. Dur-
ing the five-minute rest between conditions, step count data
from the three wrist-worn activity trackers and the mobile
phone apps were recorded.

Study 2: The three wrist-worn activity trackers and
the accelerometer were adjusted to one participant each
day, Monday through Thursday. Then, on Friday, data
were downloaded. Due to the limitations of material re-
sources, waves of three participants per day were carried
out. For each wave, participants were met at 8:00 a.m. in a
room allocated in the school gym, so they could then go
and start their school day at the regular time (i.e., 8:30
a.m.). Additionally to the wrist-worn activity trackers, an
accelerometer was adjusted on the participants’ right hip
using an elastic waistband. Participants were instructed to
wear the wrist-worn activity trackers and the accelerometer
for the whole day until bedtime maintaining their habitual
PA levels, and they were asked to take them off only when
they took a bath/shower, or to leave them in a plastic box
inside their schoolbags just before going to bed. In the case
of a participant reporting that he/she was going to engage
in aquatic activities that day, he/she was requested to come
the next day (and another participant was requested in-
stead). In the morning of the following day, the wrist-worn
activity trackers were collected and adjusted to the next
three participants following the same protocol.

Statistical analysis

Descriptive statistics for all the variables of the included
participants were calculated. Firstly, all the statistical tests
assumptions were checked and met (e.g., histograms and
Q-Q plots for normality). Furthermore, univariate (i.e., z +
3.0) and multivariate outliers (i.e., Mahalanobis distance)
were removed. Afterward, the agreement between the PA
scores (i.e., steps, total PA, and MVPA considered as con-
tinuous variables) measured by the wearable activity track-
ers and the video (study 1)/accelerometers-wearables
(study 2) were calculated as follows: Equivalence test with
the Confident Interval method (90% CI) (Dixon et al.,
2018); (b) Limits of Agreement (LOA) with its confident
intervals (95% CI) (Bland and Altman, 1986); (c) Mean
Absolute Error (MAE) (Willmott and Matsuura, 2005); (d)
Mean Absolute Percentage Error (MAPE) (Johnston et al.,
2021); and (e) Intraclass Correlation Coefficient (ICC),
and its 95% CI, by a two-way random-effects model with
absolute agreement and single measurement [also known
as ICC(2,1)] (Koo and Li, 2016). Additionally, LOA plots,
which are the individual participant differences between
the two scores plotted against the respective individual
means, were performed (Bland and Altman, 1986).
Heteroscedasticity was also examined objectively by
calculating the Pearson’s correlation coefficient (r)
between the absolute differences and the individual means
(Atkinson and Nevill, 1998). Based on Cohen’s (1992)

benchmarks, a correlation coefficient > 0.50 was consid-
ered as indicative of heteroscedasticity. Finally, the agree-
ment between the PA scores (i.e., steps and MVPA) dichot-
omized as achieving or not achieving the daily recommen-
dations of 10,000 steps (Mayorga-Vega et al., 2021) and 60
minutes of MVPA (i.e., categorical variables) (WHO,
2020) measured by the wearable activity trackers and the
accelerometers (Study 2) were calculated as the proportion
of agreement [P = number of agreements/ (number of
agreements + disagreements)] and kappa coefficient (k)
(Hernaez, 2015). Agreement values were interpreted as fol-
lows: Equivalence test, the mean reference standard is
within = 15% of the mean activity trackers is considered
acceptable (Dixon et al., 2018); MAPE, > 20.0% poor;
15.1-20.0% questionable; 10.1-15.0% acceptable; 5.1-
10.0% good; and 0.0-5.0% excellent (Bai et al., 2021;
Johnston et al., 2021). ICC, 0.00-0.49 unacceptable; 0.50-
0.59 poor; 0.60-0.69 questionable; 0.70-0.79 acceptable;
0.80-0.89 good; and 0.90-1.00 excellent (Nunnally, 1978);
k, 0.00-0.39 poor; 0.40-0.59 acceptable; 0.60-0.74 good,
and 0.75-1.00 excellent (Cicchetti, 2001). Based on statis-
tical inference, each ICC value was interpreted according
to its 95% CI, that means, there was 95% chance that the
true ICC value landed on any point between the 95% CI
range (Koo and Li, 2016). Regarding kappa values, < 0.00
poor; 0.00-0.20 slight; 0.21-0.40 fair; 0.41-0.60 moderate;
0.61-0.80 substantial; 0.81-1.00 almost perfect (Landis and
Koch, 1977). All statistical analyses were performed using
the SPSS version 25.0 for Windows (IBM® SPSS® Statis-
tics), except for the equivalence testing where the Jamovi
version 2.3 (The Jamovi project, https://www.jamovi.org)
was used. The statistical significance level was set at p <
0.05.

Results

General characteristics

Figure 1 shows the flow diagram of the participants
through the studies. An initial sample of 62 and 61 students
agreed to participate and met the inclusion criteria in the
Studies 1 and 2, respectively. Since some participants met
at least one exclusion criterion, the final sample consisted
of 56 (29 males and 27 females) and 51 (26 males and 25
females) participants for the Studies 1 and 2, respectively
(i.e., non-compliance rate of 9.7% and 16.4%, respec-
tively). Table 1 shows the general characteristics of the in-
cluded participants.

Study 1: Validity of the wearable activity trackers dur-
ing structured free-living conditions

The average speed (SD) in each condition was as follows:
Slow pace walking = 1.1 (0.2) m/s [3.9 (0.5) km/h]; normal
pace walking = 1.5 (0.1) m/s [5.2 (0.5) km/h]; brisk pace
walking = 1.9 (0.2) m/s [6.8 (0.6) km/h]; and running = 3.1
(0.4) m/s [11.0 (1.3) km/h]. The average step cadence (SD)
in each condition was as follows: Slow pace walking =99.7
(7.3) steps/min; normal pace walking = 113.3 (5.0)
steps/min; brisk pace walking = 128.7 (7.0) steps/min; and
running = 167.2 (19.1) steps/min.
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Figure 1. Flow diagram of the participants through the studies.

Table 1. General characteristics of the analyzed participants in each study. Data are reported as mean (standard

deviation) or percentage.

Study 1 (n = 56)

Study 2 (n=51)

Age (years) 14.7 (1.7) 14.0 (1.5)

Grade (7%/8™/9th 10th/11th/12th) 21.4/17.9/12.5/19.6/14.3/14.3  19.6/21.6/21.6/19.6/17.6/0.0
Gender (males/females) 51.8/48.2 51.0/49.0

Body mass (kg) 58.1 (12.9) 58.6 (13.2)

Body height (cm) 165.0 (11.3) 161.8 (8.3)

Body mass index (kg/m?) 21.2 (3.3) 22.4 (4.8)
Overweight/obesity (no/yes) 85.7/14.3 31.4/68.6
Non-dominant hand (left/right) 87.5/12.5 90.2/9.8
Self-reported habitual physical activity (days/week) 3.7(1.3) 2.4 (1.6)

Study 1: Validity in structured free-living conditions; Study 2: Validity in unstructured free-living conditions.

Table 2 shows the validity of the wearable activity
trackers for estimating steps during structured free-living
conditions. The agreement between the steps assessed by
the wearable activity trackers and video-based count
tended to be higher for slow pace walking, followed by
running, normal pace walking, and brisk pace walking. Re-
garding the validity results of the steps based on the values
of 90% CI of the equivalence test, the 90% confidence in-
terval of all activity trackers scores were inside the equiv-
alence region of reference standard. Similarly, based on the
MAPE values, the validity results of the steps assessed by
all five devices (three wrist-worn activity trackers and the
two mobile phones with their respective apps) in the four
conditions were excellent (i.e., < 5%). Note that due to the
three Apple iPhone apps registering exactly the same pa-
rameters without distinction between them, only “Apple
iPhone apps” has been reported in this Results section. Re-
garding the validity results of the steps based on the values
of 95% CI of the ICC, similarly, the Samsung apps Pacer
and Google Fit in all conditions ranged between good to

excellent. Furthermore, the validity results of the steps as-
sessed by the Apple iPhone and Apple Watch Series 5 were
excellent, and by the Samsung Pedometer and Samsung
Galaxy Watch Active 2 were good-excellent in the three
conditions. However, their validity was worse in one con-
dition: Apple iPhone in the slow pace walking condition
was acceptable-excellent; Apple Watch Series 5 in the
brisk pace walking was poor-excellent; Samsung Pedome-
ter in the normal pace walking condition was questionable-
good; and Samsung Galaxy Watch Active 2 in the brisk
pace walking was questionable-excellent. Similarly, while
the validity results of the steps assessed by the Xiaomi Mi
Band 5 were excellent in the slow pace walking and run-
ning conditions, they were acceptable-excellent and poor-
good in the normal and brisk pace walking conditions, re-
spectively. Figures 2, 3, 4 and 5 show the LOA plots. Pear-
son’s correlation coefficients showed that with all the in-
struments there was no heteroscedasticity on any walk-
ing/running condition (Table 3).
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Table 2. Validity of the wearable activity trackers for estimating steps during structured free-living conditions (n = 56).

Equivalence

Instrument Mean (SD) test (90% CI) LOA (95% CI) MAE MAPE ICC (95% CI)
Slow pace walking

Video-based count 306.6 (30.9) -45.99, 45.99 - - - -

Samsung Pedometer 307.6 (32.4) -2.91, 1.01 -0.9 (-18.1, 16.3) 6.2 2.0 0.96 (0.94, 0.98)
Samsung Pacer 308.0 (29.8) -3.53,0.78 -1.4 (-20.2, 17.4) 5.8 1.9 0.95(0.92, 0.97)
Samsung Google Fit 307.1 (30.2) -2.48, 1.51 -0.5(-17.9, 16.9) 5.6 1.8 0.96 (0.93, 0.98)
Apple iPhone apps?® 307.1 (28.6) -4.13,3.17 -0.5(-32.4,31.4) 8.2 2.7 0.85(0.76, 0.91)
Xiaomi Mi Band 5 303.7 (31.1) 1.63,4.15 2.9(-7.9,13.7) 4.1 1.3 0.98 (0.95, 0.99)
Samsung Galaxy Watch Active 2 305.7 (31.0) -0.18, 1.96 0.9 (-8.5,10.3) 3.9 1.3 0.99 (0.98, 0.99)
Apple Watch Series 5 304.7 (30.9) 1.15,2.68 1.9 (4.8, 8.6) 3.1 1.0 0.99 (0.98, 1.00)

Normal pace walking

Video-based count 261.4 (22.6) -39.21, 39.21 - - - -

Samsung Pedometer 259.9 (23.9) -1.89, 4.96 1.5(-28.5, 31.5) 5.6 2.1 0.79 (0.66, 0.87)
Samsung Pacer 262.0 (23.8) -2.33,1.11 -0.6 (-15.7, 14.5) 4.2 1.6 0.95 (0.91, 0.97)
Samsung Google Fit 262.8 (22.8) -2.61,-2.14 -1.4 (-12.2,9.4) 3.5 1.4 0.97 (0.95, 0.98)
Apple iPhone apps? 262.4 (23.9) -2.71,0.71 -1.0 (-15.9, 13.9) 4.5 1.7 0.95(0.91, 0.97)
Xiaomi Mi Band 5 256.3 (25.2) 3.36, 6.93 5.1 (-10.6, 20.8) 6.0 2.4 0.92 (0.79, 0.97)
Samsung Galaxy Watch Active 2 258.1 (22.3) 2.20,4.37 3.3(-6.1, 12.7) 4.0 1.5 0.97 (0.89, 0.99)
Apple Watch Series 5 258.3 (22.7) 1.96,4.22 3.1(-6.9,13.1) 3.9 1.5 0.97 (0.91, 0.99)

Brisk pace walking

Video-based count 227.6 (18.2) -34.14, 34.14 - - - -

Samsung Pedometer 230.5 (20.5) -4.95, -0.87 -2.9 (-20.7, 14.9) 5.8 2.6 0.88 (0.80, 0.93)
Samsung Pacer 229.3 (18.8) -3.27,-0.19 -1.7 (-15.2, 11.8) 3.7 1.7 0.93 (0.88, 0.96)
Samsung Google Fit 229.3 (18.9) -3.30, -0.20 -1.8 (-15.5,11.9) 3.9 1.7 0.93 (0.88, 0.96)
Apple iPhone apps?® 226.4 (18.1) 0.41, 1.95 1.2 (-5.5,7.9) 2.5 1.1 0.98 (0.96, 0.99)
Xiaomi Mi Band 5 221.6 (23.2) 2.95,9.05 6.0 (-20.7, 32.7) 7.3 32 0.76 (0.58, 0.86)
Samsung Galaxy Watch Active 2 222.1 (18.1) 3.83,7.21 5.5(-9.4,20.4) 6.8 3.0 0.87 (0.62, 0.95)
Apple Watch Series 5 220.9 (21.1) 4.27,9.08 6.7 (-14.5,27.9) 8.1 3.6 0.81 (0.56, 0.90)

Running

Video-based count 185.0 (24.0) -27.75,27.75 - - - -

Samsung Pedometer 187.7 (24.4) -4.86, -0.57 -2.7 (-21.5,16.1) 5.7 32 0.92 (0.86, 0.95)
Samsung Pacer 188.3 (25.6) -4.96, -1.61 -3.3(-18.0,11.4) 4.7 2.5 0.95 (0.90, 0.97)
Samsung Google Fit 188.4 (25.7) -5.01,-1.72 -3.4(-18.1,11.3) 4.9 2.7 0.95(0.89, 0.97)
Apple iPhone apps?® 185.6 (23.5) -1.92,0.77 -0.6 (-12.4,11.2) 33 1.8 0.97 (0.95, 0.98)
Xiaomi Mi Band 5 183.6 (24.6) 0.23,2.52 1.4 (-8.6,11.4) 3.6 2.0 0.98 (0.96, 0.99)
Samsung Galaxy Watch Active 2 183.6 (23.5) 0.64,2.29 1.5 (-5.8, 8.8) 2.8 1.5 0.99 (0.97, 0.99)
Apple Watch Series 5 184.8 (23.8) -0.28, 0.71 0.2 (-4.1,4.5) 1.5 0.8 1.00 (0.99, 1.00)

SD = Standard deviation; LOA = Limits of agreement; 90%/95% CI = 90%/95% confident interval; MAE = Mean absolute error; MAPE = Mean
absolute percentage error; ICC = Intraclass correlation coefficient; * Apple iPhone apps is referred to the three apps activated in the iPhone mobile (i.e.,
Pedometer, Pacer, and Apple Health).

Table 3. Pearson’s correlation coefficient () between the absolute differences and the individual means.

Instrument Slow pace walking  Normal pace walking Brisk pace walking  Running
(steps) (steps) (steps) (steps)
Study 1 (n = 56)
Samsung Pedometer 0.37% 0.00 0.23 0.04
Samsung Pacer 0.30* -0.06 0.09 0.23
Samsung Google Fit 0.31%* 0.01 0.09 0.22
Apple iPhone apps?* 0.11 0.06 0.20 0.06
Samsung Galaxy Watch Active 2 0.16 0.03 -0.04 0.07
Apple Watch Series 5 0.11 -0.08 -0.14 -0.07
Xiaomi Mi Band 5 0.02 -0.37% -0.38% -0.14
Study 2 (n =51)
Samsung Galaxy Watch Active 2 0.21 - 0.54% -
Apple Watch Series 5 -0.01 -0.16 - -
Xiaomi Mi Band 5 0.39% 0.551/0.222 0.621/0.511° -

MVPA = Moderate-to-vigorous physical activity; PA = Physical activity; Study 1: Validity in structured free-living conditions; Study 2:
Validity in unstructured free-living conditions; * Brisk walking time (min); ® Slow-Brisk walking time (min);* Apple iPhone apps is referred
to the three apps activated in the iPhone mobile (i.e., Pedometer, Pacer, and Apple Health). * p <0.05, £ p<0.01, and { p <0.001
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Figure 2. Bland-Altman plots of the seven devices for measuring steps under a structured free-living setting in slow pace walk-
ing condition. The middle line shows the mean difference between the measurements of steps of the activity trackers and video-
based step counts and the dashed lines indicate the limits of agreement.
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walking condition. The middle line shows the mean difference between the measurements of steps of the activity trackers and
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Figure 5. Bland-Altman plots of the seven devices for measuring

steps under a structured free-living setting in running condi-

tion. The middle line shows the mean difference between the measurements of steps of the activity trackers and video-based

step counts and the dashed lines indicate the limits of agreement.

Study 2: Validity of the wrist-worn activity trackers
during daily unstructured free-living conditions

Table 4 shows the validity of the wrist-worn activity track-
ers for estimating daily PA (i.e., steps, moderate-to-vigor-
ous, and total physical activity) in high school students

during unstructured free-living conditions.

Regarding the validity results of the steps based on
the values of 90% CI of the equivalence test, the 90%
confidence interval of the steps assessed by the Xiaomi Mi
Band 5 and Samsung Galaxy Watch Active 2 were inside
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the equivalence region of reference standard. Similarly,
based on the values of both the MAPE and 95% CI of the
ICC, the validity results of the steps assessed by the Xiaomi
Mi Band 5 were good and excellent, respectively; and the
validity results of the steps assessed by the Samsung Gal-
axy Watch Active 2 were acceptable and excellent based
on the MAPE and 95% CI of the ICC, respectively. How-
ever, as regards the Apple Watch Series 5, the validity re-
sults showed that it was not inside the equivalence region
of the reference standard (i.e., equivalence test), was poor
for the values of the MAPE and questionable-excellent for

those with the 95% CI of the ICC. The validity results for
the MVPA and total PA assessment for the three wrist-
worn activity trackers were not inside the equivalence re-
gion of the reference standard (i.e., equivalence test), and
were poor for the values of both the MAPE and 95% CI of
the ICC (exceptionally was questionable-excellent for the
values of 95% CI of the ICC assessed by the Apple Watch
Series 5). Figures 6, 7, and 8 show the LOA plots. Pear-
son’s correlation coefficients did not show heteroscedastic-
ity, except with the MVPA with the Xiaomi Mi Band 5
(Table 3).

Table 4. Validity of the wrist-worn activity trackers for estimating daily physical activity (i.e., steps, moderate-to-vigorous, and
total physical activity) during unstructured free-living conditions (n = 51).

Instrument Mean (SD)

Equivalence test
(90% CI)

LOA (95% CI) MAE MAPE ICC (95% CI)

Steps (n)

ActiGraph wGT3X-BT

6562.1 (2662.6) -984.32,984.32

271.9 (-1349.2, 1893.0)  679.3 0.95 (0.92, 0.97)

Samsung Galaxy Watch Active 6290.2 (3002.1)  77.8, 466.0 11.4

Apple Watch Series 5 7316.0 (2886.6) -1012.4,-495.4 -753.9 (-2912.8, 1405.0) 1001.1 18.0 0.89 (0.69, 0.95)
Xiaomi Mi Band 5 6688.0 (3155.9) -347.5,95.7  -1259(-1976.7,1724.9) 591.7 9.4  0.95(0.91,0.97)

Moderate-to-vigorous physical activity (min)

ActiGraph wGT3X-BT 41.8 (17.8) -6.27,6.27 - - - -

Apple Watch Series 5 36.3 (20.8) 3.30,7.59 5.4(-12.4,23.2) 8.2 22.6 0.86(0.67,0.93)
Xiaomi Mi Band 5 65.8 (41.8) -34.05, -13.93 -24.0 (-108.1, 60.1) 37.8 120.6 0.09 (0.00,0.31)
Xiaomi Mi Band 5° 21.3 (15.3) 17.85,23.07 20.5 (-1.3,42.3) 20.7 53.5 0.44(0.00,0.77)

Total physical activity (min)

ActiGraph wGT3X-BT 216.1 (61.5) -32.42,32.42 - - - -
Samsung Galaxy Watch Active  70.3 (36.6) 134.0, 158.0 145.8 (44.1, 247.5) 1458  67.6 0.09(0.00, 0.32)
Xiaomi Mi Band 5 83.0 (34.4) 122.0, 144.0 133.0 (37.7, 228.3) 133.0 61.3 0.12(0.00, 0.38)
Xiaomi Mi Band 5" 64.6 (38.4) 140.0, 163.0 151.5 (52.3, 250.7) 151.5 70.6 0.10(0.00, 0.34)

SD = Standard deviation; LOA = Limits of agreement; 90%/95% CI = 90%/95% confident interval; MAE = Mean absolute error; MAPE = Mean
absolute percentage error; ICC = Intraclass correlation coefficient; a Brisk walking time (min); b Slow-brisk walking time (min).
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Figure 6. Bland-Altman plots of the three devices for measuring steps under unstructured free-living conditions. The middle
line shows the mean difference between the measurements of steps of the three activity trackers and the ActiGraph and the

dashed lines indicate the limits of agreement.
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Table 5 shows the comparability of the wearable activity
trackers for estimating daily PA during unstructured free-
living conditions. Based on the values of both the MAPE
and 95% CI of the ICC, the comparability results showed
that the steps scores of the Samsung Galaxy Watch Active
2 and Xiaomi Mi Band 5 were good-excellent. Although
the Apple Watch Series 5 and Xiaomi Mi Band 5 also had
an ICC acceptable-excellent value for steps, with the
MAPE the value was questionable. Similarly, while the

comparability results showed that the total PA scores of the
Samsung Galaxy Watch Active 2 and Xiaomi Mi Band 5
(with the slow-brisk walking time) were good-excellent
with the ICC, it was poor with the MAPE. For the rest of
results (i.e., Samsung Galaxy Watch Active 2-Apple
Watch Series 5 for steps; all the comparison with MVPA;
and for total PA Samsung Galaxy Watch Active 2-Xiaomi
Mi Band 5 and Xiaomi Mi Band 5 total PA time and slow-
brisk walking time) the values were unacceptable-poor.

Table 5. Comparability of the wrist-worn activity trackers for estimating daily physical activity during unstructured free-living

conditions (n = 51).

Instrument LOA (95% CI) MAE MAPE ICC (95% CI)
Steps (n)
Samsung Galaxy Watch Active 2-Apple Watch Series 5 -1025.8 (-3445.2,1393.6) 1242.8 233 0.86 (0.51, 0.94)
Samsung Galaxy Watch Active 2-Xiaomi Mi Band 5 -397.8 (-1525.2, 729.6) 518.2 8.4 0.98 (0.91, 0.99)
Apple Watch Series 5-Xiaomi Mi Band 5 628.0 (-1895.7, 3151.7) 1103.0 19.4 0.89 (0.78, 0.94)
Moderate-to-vigorous physical activity (min)
Apple Watch Series 5-Xiaomi Mi Band 5 -29.4 (-114.7, 55.9) 40.3 86.0 0.10 (0.00, 0.31)
Apple Watch Series 5- Xiaomi Mi Band 5* 15.0 (-12.8, 42.8) 16.6 72.1 0.52 (0.00, 0.78)
Xiaomi Mi Band 5-Xiaomi Mi Band 5* 44.5 (-48.2,137.2) 50.7 114.1 0.00 (0.00, 0.12)
Total physical activity (min)
Samsung Galaxy Watch Active 2-Xiaomi Mi Band 5 -12.8 (-32.8,7.2) 14.4 22.9 0.90 (0.26, 0.97)
Samsung Galaxy Watch Active 2- Xiaomi Mi Band 5" 5.6 (-21.8, 33.0) 11.5 20.9 0.92 (0.85, 0.96)
Xiaomi Mi Band 5-Xiaomi Mi Band 5 18.4 (-9.4, 46.2) 20.5 33.9 0.82 (0.07, 0.94)

SD = Standard deviation; LOA = Limits of agreement; 95% CI = 95% confident interval; MAE = Mean absolute error; MAPE = Mean absolute

percentage error; ICC = Intraclass correlation coefficient; * Brisk walking time (min); ® Slow-brisk walking time (min).
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Figure 8. Bland-Altman plots of the Samsung Watch Active 2 and Xiaomi Mi Band 5 trackers for measuring total physical
activity under unstructured free-living conditions. The middle line shows the mean difference between the measurements of
total physical activity of the activity trackers and the ActiGraph and the dashed lines indicate the limits of agreement.

Table 6 shows the validity of the wrist-worn activity
trackers for estimating the daily PA recommendations (i.e.,
10,000 steps/day or 60 min. of MVPA) in high school stu-
dents during unstructured free-living conditions. A total of
13.7% and 17.6% of high school students met the accel-
erometer-measured step- and MVPA-based recommenda-
tions, respectively. The validity results of the daily step-
based recommendations assessed by the three wrist-worn
activity trackers were excellent. Regarding the daily
MVPA-based recommendation, while the validity results
with the Apple Watch Series 5 were excellent, for the Xia-
omi Mi Band 5 they were poor. Table 7 shows the compa-
rability of the wrist-worn activity trackers for estimating
the daily PA recommendations during unstructured free-
living conditions. The comparability results of the daily
step-based recommendations assessed by the three wrist-
worn activity trackers were excellent. However, as regards

the daily MVPA-based recommendation, the results with
the three wrist-worn activity trackers were poor.

Discussion

Regarding the general objective of the study referring to
the validity of the nine wearable activity trackers for esti-
mating PA in high school students during free-living con-
ditions, it is necessary to differentiate the measurement of
steps and other PA parameters in structured or unstructured
free-living conditions. In regard to the measurement of
steps, all wearable activity trackers were valid under the
two conditions. However, to measure PA parameters in un-
structured free-living conditions only the Apple Watch Se-
ries 5 was valued as excellent for estimating the compli-
ance or non-compliance of the daily recommendations
based on MVPA.

Table 6. Validity of the wrist-worn activity trackers for estimating the daily physical activity recommendations during un-

structured free-living conditions (n = 51).

ActiGraph wGT3X-BT

10,000 steps 60 min of MVPA
Instrument %TP P k %TP P k
Samsung Galaxy Watch Active 2 - 13.7 0.96 0.83+ ks < - - -
Apple Watch Series 5 = % 15.7 0.94 0.771 g & 17.6 0.96 0.87+
Xiaomi Mi Band 5 S 3 17.6 096 085t Eg 60.8 041  -0.03
Xiaomi Mi Band 52 - - - o 2.0 0.84 0.17*

MVPA = Moderate-to-vigorous physical activity; % TP= Percentage of total positive cases according to the recommendation; P = Proportion of agree-
ment; k = Kappa coefficient. * Brisk walking time (min). * p < 0.05; 1 <0.01; and T p <0.001.
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Table 7. Comparability of the wrist-worn activity trackers for estimating the daily physical activity recommendations

during unstructured free-living conditions (n = 51).

10,000 steps
Instrument P k
Samsung Watch Active 2-Apple Watch Series 5 S » 0.98 0.927
Samsung Watch Active 2-Xiaomi Mi Band 5 gn @ 0.96 0.857
Apple Watch Series 5-Xiaomi Mi Band 5 - 0.94 0.79t
60 min of MVPA

P k
Apple Watch Series 5-Xiaomi Mi Band 5 g < 0.45 0.04
Apple Watch Series 5-Xiaomi Mi Band 5* E k) % 0.84 0.17*
Xiaomi Mi Band 5-Xiaomi Mi Band 5* e = 0.37 0.00

MVPA = Moderate-to-vigorous physical activity; P = Proportion of agreement; k = Kappa coefficient. * Brisk walking time

(min). * p < 0.05 and + p < 0.001.

Previous research coincided with the present study
in regards to steps counting, showing high validity out-
comes in youths, both with other wrist-worn activity
tracker brands such as Jawbone or Fitbit (Evenson et al.,
2015; Kang et al., 2019) and with the ones used in this
tudy, although with different models of wrist-worn activity
trackers (e.g., Fuller et al., 2020; Hao et al., 2021). How-
ever, similar to this study, the measurement of PA intensi-
ties has shown inadequate validity results (e.g., Degroote
et al., 2020; Evenson et al., 2015; Feehan et al., 2018;
Fuller et al., 2020; Voss et al., 2017).

Specifically, regarding the aim of Study 1, all cases
of the wearable activity trackers were inside the equiva-
lence region of reference standard (i.e., equivalence test),
were excellent for the four conditions evaluated, taking
into account the criterion of MAPE values, and good to ex-
cellent taking into account the ICC criterion. Perhaps this
is the only condition and setting where there is a higher
consensus in previous literature regarding wrist-worn ac-
tivity trackers and their validity for measuring steps accu-
rately (e.g., Fuller et al., 2020; Fokkema et al. 2017; or Hao
et al., 2021). There were no clear differences between data
obtained among devices. Being the wrist-worn activity
trackers more comfortable than mobile phones to wear, and
particularly being the Xiaomi Mi Band 5 the cheapest one
(around 25€), it seems logical to conclude that this could
be the most recommended option for measuring steps un-
der structured free-living conditions. Therefore, in the
school setting the Xiaomi Mi Band 5 could provide Physi-
cal Education teachers with the best opportunity to meas-
ure the high school students’ steps in Physical Education-
based health promotion programs accurately. In this sense,
several aspects have to be highlighted: a) the cost of the
wearables analyzed is similar or even less than other mate-
rials such as a gymnastics bench or mats which are very
used in PE; b) many times, adolescents have their own mo-
bile phones that can be used in the centers with the corre-
sponding authorization. Therefore, it would not be neces-
sary to buy more wearables, but rather to know which ap-
plications to use and to know if they are valid, thus being a
very feasible way to promote physical activity among this
population and in Physical Education classes without
spending money; ¢) in Spain, high school centers have an
annual budget distributed among all departments, and d)
also, in Spain, external financing called “teaching innova-
tion programs” exist which allow to obtain the necessary
budget for buying, for example, enough wearables.

In relation to the mobile apps specifically, it is

important to denote that the Apple iPhone 11 used the same
algorithm for assessing PA parameters in the three evalu-
ated apps, providing the same results for all of them. Con-
sequently, the possibilities offered by the Apple Company
related to PA parameters assessed by mobile apps are re-
duced in comparison with Android mobile phones.

In regard to the specific aim of Study 2, different
results were obtained, and different conclusions could be
deduced. First, for the measurement of daily steps, the Xia-
omi Mi Band 5 obtained the best validity result (good-ex-
cellent; inside the equivalence region of reference stand-
ard); followed by the Samsung Galaxy Watch Active 2 (ac-
ceptable-excellent; inside the equivalence region of refer-
ence standard); and finally, the Apple Watch Series 5
(questionable-excellent; not inside the equivalence region
of reference standard). Previous research also obtained
good validity results of daily steps in unstructured free-liv-
ing conditions with high school students (Schneider and
Chau, 2016; Siminek et al., 2019; Yang et al., 2019), alt-
hough the first one studied the Fitbit activity wristband de-
tecting an overestimated registration in comparison to the
ActiGraph accelerometer; the second studied the Garmin 1
and 3 activity wristband models, obtaining good levels of
accuracy in comparison to the Yamax pedometer as the ref-
erence standard; and the third one studied a previous ver-
sion of Xiaomi than the one used in the present study in
comparison to the ActiGraph accelerometer. Secondly, for
the MVPA measurement, the best validity result was ob-
tained by the Apple Watch Series 5 with questionable-ex-
cellent values. The Xiaomi mi Band 5 presented unsatis-
factory results and similar to the Apple Watch Series 5 was
not inside the equivalence region of reference standard
(i.e., equivalence test), and the Samsung Galaxy Watch ac-
tive 2 did not provide this parameter. Previous literature
with high school students’ samples is scarce. On the one
hand, recent and previous review studies agree with the fact
that some specific models of activity wristbands have ob-
tained adequate validity results for MVPA (Gorzelitz et al.,
2020), although they only analyzed one study with high
school students which examined the validity of the Fitbit
activity wristband. On the other hand, a second study with
high school students carried out by Yang et al. (2019) ob-
tained inadequate validity results for MVPA. Therefore,
further studies are needed in order to achieve a more con-
sensus in this variable, which probably with the new mod-
els of activity wristbands that incorporate new algorithms
they may provide a more accurate measurement of MVPA
in the future. Third, for total PA, none of the wrist-worn
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activity trackers analyzed provided adequate validity re-
sults, and the Apple Watch Series 5 did not provide this
parameter.

Finally, for the PA daily recommendations, and tak-
ing into consideration the criterion of 10,000 steps, all de-
vices obtained excellent values of validity. In relation to
the 60 min of MVPA criterion, while the Apple Watch Se-
ries 5 obtained excellent results, the Xiaomi Mi Band 5 ob-
tained poor results (note that the Samsung Galaxy Watch
Active 2 did not provide this parameter). Therefore, valua-
ble outputs were obtained for future intervention programs
because the three wrist-worn activity trackers were valid
for accurately classifying high school students according to
whether or not they met the recommended 10,000 steps per
day or the 60 min of MVPA only in the case of Apple
Watch Series 5.

Consequently, these wearables are also useful for
reporting valid feedbacks for being used in high school stu-
dents’ progressive challenges to achieve daily recommen-
dations in health-promotion interventions, and can be used
as a motivational strategy to promote PA due to their accu-
rate measurement of PA. Wearables’ characteristics of be-
ing lightweight, easy to use and understand, and economi-
cally affordable (Parra Saldias et al., 2018), together with
the results obtained in the present study, makes these de-
vices feasible and applicable to consumers (researchers or
not) for promoting better levels of PA in adolescents at any
context. In this sense, recent meta-analysis of Casado-Ro-
bles et al. (2022) concluded that the use of these devices in
PA promotion programs among adolescents are an effec-
tive strategy for improving their PA levels. Therefore, and
specifically in the school setting, Physical Education teach-
ers may use these wearables in order to: (a) have a better
control of their students’ extracurricular and out-of-school
time PA (i.e., letting students self-monitor their PA and
compare it with the daily PA recommendations, and also
allow teachers to control students’ PA via the wearables’
application); (b) individualize health intervention pro-
grams for improving all students’ PA levels, programming
personalized alerts and daily aims throughout the personal
wearable; (c) maintain the students’ physical fitness levels
achieved in previous Physical Education programs; and (d)
plan particular students’ PA programs for holiday periods,
such as Christmas or summertime.

A strength of this study was that, to our knowledge,
it was the first study to examine the validity of more ad-
vanced and used models of wearable activity trackers (at
the moment of the data collection, International Data Cor-
poration’s Worldwide Quarterly Wearable Device Tracker
Report, 2021) in structured and unstructured free-living
conditions and with high school students, analyzing both
PA parameters as continuous variables and consensus daily
PA recommendations criteria. Furthermore, since the main
goal of wearable activity trackers is to assess high school
students’ daily PA levels or to use them as a motivational
tool during daily life, the evaluation in free-living condi-
tions as in the present study are closer to reality and, there-
fore, they are meaningful and useful (Duncan et al., 2018).
Taking into account that the majority of the previous stud-
ies have been performed in adults or special samples such
as people with different health problems (e.g., Feehan et

al., 2018 or Fokkema et al., 2017), this study expands and
complements this area of research, especially among the
high school student population in which the number of
studies are very reduced, which is also applicable to prac-
tical interventions in order to improve health promotion
and behavior change programs in regards to PA, both in
Physical Education and in other health or sport contexts
(e.g., Duncan et al., 2012; Strath and Rowley, 2018).

Regarding the limitations, this study used a non-
probability and relatively small sample, which limits the
generalizability of the obtained results to this particular
context. Secondly, ActiGraph accelerometers have been
shown as the most common and valid method for objec-
tively assessing high school students’ PA levels during
free-living conditions (e.g., Shephard and Tudor-Locke,
2016; Van Hecke et al., 2016; Hickey et al., 2016; Trost et
al., 2011; Migueles et al., 2017), considering that there is
not any golden standard for those PA levels in unstructured
free-living conditions. However, some methodological is-
sues have not achieved an evidence-based consensus, such
as the use of specific cut-off points which might misclas-
sify students PA levels because they are not relative to the
individual students’ fitness status. Nevertheless, taking
into account this issue, the best current evidence-based de-
cisions were adopted in the present study (Migueles et al.,
2017). Therefore, it may contribute to the variability of
wearable activity trackers convergent validity obtained re-
sults. Finally, the third limitation is related to the models
of wearable activity trackers evaluated and its associated
consequences. Two repercussions could be mentioned: (a)
more advanced models of wearable activity trackers are
continuously appearing in the market, and scientific
knowledge always lags behind this market progress; and
(b) some Companies did not provide their algorithms to
classify PA at different intensities (e.g., Xiaomi or Apple
companies). In this sense, to overcome these difficulties,
companies must be more open about the algorithms they
are using to estimate PA intensities. Moreover, it would be
useful to standardize the way of taking data and analyzing
it, that is, the protocol to carry out the study. To do that, it
might be useful to develop interdisciplinary collaborations
and open source tools to allow these data to be collected.
Likewise, it would be practical to standardize the way of
the reports, in order to facilitate the understanding regard-
ing the protocol followed to analyze the validity of specific
wearables and how the results obtained have been inter-
preted. Because of all of these mentioned limitations, fur-
ther studies should be performed in the future in order to
improve the knowledge regarding the accuracy and valid
registration of PA parameters by wearable activity track-
ers, both for consumers’ and researchers’ decisions of their
personal use. Moreover, it would be interesting if future
studies show a comparison between males and females in
terms of the validity assessment and physical activity lev-
els.

Conclusion
The wearable activity trackers tested in this study have

shown adequate validity results in order to assess steps in
both structured (i.e., wrist-worn activity trackers and
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mobile phone apps) and unstructured (i.e., wrist-worn ac-
tivity trackers) free-living conditions for both continuous
and dichotomous variables. However, in unstructured free-
living conditions and for assessing MVPA, only Apple
Watch Series 5 reported valid results regarding the compli-
ance or non-compliance with the daily PA recommenda-
tions, but not for measuring total PA or MVPA as continu-
ous variables. Therefore, depending on the user’s/re-
searcher’s aim and context, one or another wearable activ-
ity tracker could be more adequate, mainly because of its
valid measurements and its costs.
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Key points

e The Samsung Galaxy Watch Active 2, the Apple
Watch Series 5, the Xiaomi Mi Band 5, and the mobile
apps (i.e., Pedometer and Pacer for android and iPh-
one mobiles, Google Fit for android, and Apple
Health for iPhone mobiles) were valid to measure
high school students’ steps under structured and un-
structured free-living conditions as a continuous vari-
able.

The Samsung Galaxy Watch Active 2, the Apple
Watch Series 5, and the Xiaomi Mi Band 5 wrist-worn
activity trackers were valid to measure the compliance
or non-compliance of high school students’ daily step-
based physical activity recommendation (i.e., 10,000
steps/day) in unstructured free-living conditions.

The Apple Watch Series 5 wrist-worn activity tracker
was valid to measure the compliance or non-compli-
ance of high school students’ moderate-to-vigorous
physical activity-based recommendation (i.e., 60
minutes of moderate-to-vigorous physical activ-
ity/day) in unstructured free-living conditions.
Considering the user’s/researcher’s objective and con-
text, one or another wearable activity tracker could be
more adequate, mainly because of its valid measure-
ments and its costs.
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