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Abstract

Background While inactivity and sedentarism among adolescents are increasing globally, technology-based inter-
ventions incorporating wearable activity trackers (WATs) demonstrate the potential to combat the situation. With

a focus on schools as critical environments in which to perform interventions among adolescents, this meta-analytic
review of literature aimed to examine the effectiveness of wearable trackers in objectively measured physical activity
(PA).

Methods A systematic search was conducted across six databases—PubMed, CENTRAL, Scopus, SPORTDis-

cus, the Web of Science Core Collection, and PsycINFO—between January 2012 and March 2024. The language

was restricted to English only. Both randomized controlled trials and quasi-experiment studies were included. Risk

of bias was assessed using Cochrane RoB2 and ROBINS-I tools. Subgroup analyses and sensitivity analyses were
performed. Effect direction for a narrative synthesis was also conducted. GRADE criteria were applied to assess quality
of evidence.

Results Fifteen studies were finally included in the literature review, and ten were adopted for meta-analysis. No
statistical significance was found in intervention outcomes involving WATSs' effect on PA, whether in terms of total daily
steps, moderate-to-vigorous PA (MVPA), or calorie counts. However, the subgroup analysis revealed that one study
using research-grade assessment showed a substantial positive effect on steps. There were no data reported regard-
ing the effect of objectively measured sedentary behavior.

Conclusion Further study is needed to explore whether wearable activity trackers raise or decrease PA among ado-
lescents in schools.
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Background

Physical inactivity is a risk factor for adiposity, non-com-
municable diseases (e.g., type 2 diabetes, cardiovascular
diseases), several types of cancer and premature mortal-
ity [1-3]. More than a quarter of the global population
is insufficiently active and people live increasingly seden-
tary lifestyles [4, 5].

Adolescents, who account for a significant propor-
tion (16%) of the global population [6], appear to show
significant decline in PA levels [7, 8]. It is estimated that
approximately 80% of adolescents (11-19 years of age)
around the world fall short of meeting PA guidelines of
moderate-to-vigorous PA (MVPA) of 60 min per day
[9]. Health throughout adolescence is essential for adult
health and the health of the next generation; develop-
ing an active lifestyle from an early age exhibits positive
association with adults’ participation in and maintenance
of PA [9-11]. Extensive evidence has found a positive
association between increasing PA in youth populations
and a range of physical and psychosocial outcomes,
including academic performance [12—-15]. Therefore, it is
imperative to identify plausible interventions to change
unhealthy behaviors in young people.

The school environment is of prime importance when
it comes to enhancing adolescents’ health behaviors,
given their greater involvement in school activities com-
pared to family or community settings [16]. In addition,
schools provide infrastructure as well as skilled person-
nel to support safe participation in diverse forms of PA
[17, 18]. Children and adolescents may have come to face
heavier study burdens due to global educational policy,
and this might have contributed to the decline of PA
in schools during the 2000s [19]. However, school-day
MVPA has in more recent years shown an increase under
health promotion policies, and there is potential for PA
interventions to improve adolescent health within school
settings [19].

Traditional PA interventions, such as education, coun-
seling and adaptation of more active curricula, have been
widely adopted, demonstrating some success in causing
behavioral changes in adolescents [20, 21]. However, such
interventions are often time consuming and challenging
to implement on a large-scale basis with uniform stand-
ards. This fact underscores the potential of technology-
based interventions which can be convenient and feasible
to integrate into classrooms [22-24]. Wearable activity
trackers (WATs), known as “fitness trackers” or “physical
activity monitors,” have achieved wide interest and dem-
onstrated growth in their market shares over the past two
decades [25]. In this review, wearable trackers are defined
as electronic devices worn on the body (wrist, hip, or
waist) to provide information regarding PA and sedentary
behaviors [26]. A survey conducted among participants
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from 21 countries, including 371 adolescents, showed
that 33.4% of teenagers were currently using wearable
devices, and 26.1% had previously used wearables [27].
Meanwhile, wearable devices with distinctive features
have advanced rapidly (ie., sensors, engineering and
algorithms), providing real-time physiological data and
functions that collect large amounts of data that allow
for more precise analyses [27]. The literature reveals that
researchers and practitioners are increasingly interested
in using WATSs to promote healthy behavior among ado-
lescents [28], based in part on promising examples of
PA promotion among adults using wearables [29, 30].
In particular, wearables can be utilized to create higher-
quality PE classes to increase MVPA, more active lessons
to reduce non-screen time, or be integrated into school
activities to enhance engagement, all of which show
numerous advantages for use in the school environment
[23].

The integration of behavior change techniques (BCTs)
is key to wearables’ success in improving PA behaviors.
Such techniques were categorized by Michie et al. [31],
who identified 93 items as standardized behavior change
approaches. Specific BCTs, such as self-monitoring, show
promising results in promoting PA among adolescents
[32, 33]. Compared with traditional interventions, com-
bining BCTs with wearables requires minimal expertise
or guidance and may lead to behavior changes [34, 35].

A growing number of studies have explored the use of
wearable devices to promote PA for children and ado-
lescents. In particular, four systematic reviews have syn-
thesized evidence concerning the likelihood that WATSs
support changes in health behaviors among adolescents
[36—39]. Nevertheless, due to a lack of high-quality evi-
dence and inconsistent results, most studies have been
inconclusive on this topic, except for one study which has
demonstrated positive effects of WATs in PA enhance-
ment among adolescents [39]. These reviews synthesized
interventions that were implemented in multiple settings
(including schools and families), focused on a wide age
span, and they included participants with different health
statuses, leaving them with a lack of strictly comparable
data [36, 38, 39]. In addition, only two reviews reported
using intervention devices (mostly Fitbit) with insuf-
ficient information (i.e., specific mode and intervening
time) for application [36, 38]. Finally, all of the reviews
conducted their database searches before 2020, and the
exponential increase in demand for wearables may have
resulted in rapid advancements of these devices through-
out the more recent years; this leaves a gap in meta-ana-
lytic research on the topic.

To date, no review has evaluated the use of WATSs as
an intervention tool in promoting PA among adolescents
in exclusively school-based settings. This review aims to
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examine the effectiveness of interventions that use WATSs
to promote PA among adolescents in school-based set-
tings. There are three research objectives:

(1) Describe the types and characteristics of wearables
used among adolescents in school-based settings

(2) Evaluate the effects of using wearables to change
adolescents’ PA behavior in school environments

(3) Propose recommendations for schools aiming to
change adolescents’ PA behavior via the implemen-
tation of wearables

Method

Protocol

The systematic review was conducted according to Pre-
ferred Reporting Items for Systematic reviews and Meta-
Analyses (PRISMA) [40], with a supplement of Synthesis
Without Meta-analysis (SWiM) items for extended guid-
ance in constructing a narrative review [41].

Data source and search strategy

The search was conducted in six databases: PubMed,
CENTRAL, Scopus, SPORTDiscus, the Web of Science
Core Collection, and PsycINFO. The search focused on
articles published between January 2012 and March
2024. The earliest year was selected as 2012 following the
rationale outlined by B6hm et al. [37], whereby consumer
wearables entered the market with proven validity and
reliability from that period. There were four concepts in
the search terms: (1) children/adolescents; (2) wearable
activity tracker; (3) intervention program, and (4) PA /
sedentary behavior (SB). Specifically, we adopted the def-
inition of adolescents from the World Health Organiza-
tion (WHO) as being 10-19 years old. Moreover, school
settings referred to primary and secondary education
sectors, including middle schools. This review’s search
terms were adapted from previous reviews [36, 37].
Terms belonging to the same conceptual category, and
those found in a title/ abstract/ keyword, were combined
using the Boolean operator OR; all four concepts were
combined using the Boolean operator AND. Detailed
examples of the search strategies are shown in Additional
file 1: S1 for search strategy.

The reference lists of relevant articles were examined
in search of additional studies relevant for inclusion in
this review. This practice is recommended for systematic
reviews aiming to minimize the probability of overlook-
ing potentially related articles [42].

Inclusion and exclusion criteria

Inclusion and exclusion criteria are shown in Table 1.
Only year of publication and language (English) were
applied as restrictions to the search.
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Heterogeneity

Statistical heterogeneity of the calculated effect size
(ES) was conducted using the I” test in three categories:
low heterogeneity (I?<20%), moderate heterogeneity
(20% <I><50%), and high heterogeneity (I>>50%) [43].
The methodological heterogeneity of the studies included
was carefully considered (e.g., study type, bias control
and methods of statistical analysis). Subgroup analysis
was conducted to examine the influence of clinical het-
erogeneity, including: intervention duration (2 years vs
an average of 5 weeks), use of intervention tools (pedom-
eter vs Fitbit vs Misfit), intervention context (BCT vs no
BCT), intervention mode (weekdays vs those including
weekends), assessment method (research-grade vs non-
research-grade measurement) and assessment time (>7d
vs<7d).

Quality assessment

Two reviewers used assessment tools from the Cochrane
Collaboration to assess the risk of bias. All disagreements
were discussed with a third reviewer. For randomized
controlled trials (RCTs), the tool was adapted from the
revised tool for assessing risk of bias in randomized tri-
als (RoB 2) [44]. The following domains were considered
in individual RCTs: (1) random sequence generation, (2)
incomplete outcome data, (3) measurement of outcomes,
(4) selective reporting, (5) other bias (e.g., validity of out-
come measures, sample size and baseline comparability
of groups). Notably, allocation concealment and blind-
ing (of participants and personnel) were disregarded as
assessed domains because interventions with wearable
trackers cannot be blinded. For cluster trials, an addi-
tional assessed domain was considered: bias due to the
identification / recruitment of participants in clusters.
There were three classifications for each domain in the
adapted RoB 2: low risk, some concerns, and high risk [44].
For non-RCT experimental studies, the Risk of Bias in
Non-randomized Studies — of Interventions (ROBINS-I)
tool was employed [45]. Seven domains were considered
for assessment: bias due to confounding, selection bias,
bias in classification of intervention, bias due to deviation
from intended interventions, attrition bias, bias in meas-
urement of outcomes, and report bias. Each study was
classified as critical, serious, moderate, or low under each
domain.

The Grading of Recommendations, Assessment,
Development and Evaluation approach (GRADE) was
employed to assess the certainty of the evidence [46]. If
sufficient publications were identified (7> 10), the fun-
nel-plot (visually asymmetry or not) with Egger’s regres-
sion test (p<0.10 indicates the presence of publication
bias) was conducted to test publication bias [47, 48].
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Table 1 Inclusion/Exclusion criteria
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Inclusion criteria

Exclusion criteria

Types of study to be included  -Any kind of experimental designs,
including pre-experimental trials, quasi-
experimental trials and true-experimen-
tal trials
-Studies with full-text papers and pub-
lished in a peer-reviewed academic
journal

Participants -Children and/or adolescents reported
with an average age above 10

and under 19

-Healthy participants

-Participants who are overweight/obese

-Studies that used a wearable

device as a sole intervention tool,

or that included wearables as one com-
ponent of the whole intervention
«Intervention program carried out in the
school environment, whether it

was applicated during school time

or was an after-school program

Intervention

-PA-related variables measured

with objective tools (i.e., device-

based measures such as pedometers
and accelerometers), such as step
counts, light-, moderate- and vigorous-
intensity PA and energy expenditure

Outcomes

-No intervention

“Wait-list

-Passive comparison group that does
not involve wearing an activity tracker

Comparators

Types of study to be excluded

Participants

Intervention

Outcomes

Types of literature to be excluded

-Review articles, such as qualitative
reviews, systematic reviews, and meta-
analyses

‘Non-human participants

-Studies that used wearable devices
only to evaluate an intervention rather
than to intervene in behaviors

-Studies with obese or overweight par-
ticipants only focused on weight control
or loss without any PA/SB outcomes

-Conference proceedings, book chapters,
dissertations
-Protocols without results

Data extraction

The following details were extracted: study character-
istics consisting of first author, country, year of pub-
lication, study design; demographic characteristics
of participants: gender, age, sample size, overweight
/ obese; study design including wearable device type
and amount of use, intervention mode and period,
additional interventions, BCT use; outcomes such as
step count, total PA, light-, moderate-, and vigorous
PA, energy expenditure and sedentary time (ST), and
assessment method; comparators; results of pre—post
data, means and standard deviations of targeted out-
comes, effect directions, and significant levels of pre—
post differences or differences between groups.

The BCTs used in the intervention group were
extracted by two reviewers according to the BCT tax-
onomy vl [49]. Unreported or unclear information
was obtained or clarified by contacting the authors;
however, only two out of the eight replied [50, 51]. For
studies with multiple outcomes, only results with data
related to the targeted outcomes were extracted.

Data synthesis

For narrative synthesis, the included studies were
grouped by study design, intervention, and outcomes.
For the grouping by study design, RCTs, clustered-
RCTs (CRCTs), and non-RCT experimental studies
were analyzed separately. The grouping by interven-
tion included multi-component interventions and sole
wearable interventions, the separated analysis of tar-
geted outcomes included total daily steps, MVPA and
energy expenditure.

For continuous variables with different measurements,
standardized mean difference (SMD) was selected as the
effect estimate and calculated with the sample size of
each group; mean and SD of PA outcomes from experi-
ment groups and control groups [43]. We applied 95%
confidence intervals (CI). Cohen’s d was chosen to repre-
sent the ES of SMD, and d <0.20 was considered as triv-
ial, 0.20—0.49 as small, 0.50—-0.79 as moderate, and > 0.80
as large [52]. All calculations were performed in Review
Manager software (RevMan, 5.4.1, The Cochrane Collab-
oration, 2020) and Stata 17.
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To avoid misrepresentation of the available evidence,
and given the unavailability of a calculable SMD for all
included studies, vote counting was adopted based on
effect direction for additional synthesis [53].

Data presentation

Study characteristics and effect direction were summa-
rized in tables. Quantitative syntheses (effect estima-
tions of SMD) were visually displayed via forest plots and
shown in the summary table. The results were presented
in alphabetical order.

Results

Study selection

The systematic search process across databases yielded
2446 studies, and an additional 12 items were identified
through citation searching. After the removal of 1063
duplicates, we screened 1395 studies’ titles and abstracts
(resolving 20 conflicts); 69 remained for full-text screen-
ing. Finally, 15 studies were selected for inclusion after 13
conflicts were resolved. Characteristics of these 15 stud-
ies are shown in Table 2 [28, 50, 51, 54—65]. The flow of
the study selection process is shown in Fig. 1: Flow of
study selection from Covidence. Ten publications (n=10)
with 18 comparing groups (k=18) were selected for ES
calculation. All 15 included studies were synthesized with
reference to effect direction.

Description of studies

The included studies were conducted in Europe (n=6),
North America (n=5), Australia (n=3), and Asia (n=1).
Regarding study type, there were four quasi-experimental
studies, seven pre—post designed experimental studies,
one RCT and three CRCTs. In total, 1303 unique partici-
pants (1006 =intervention; 297 =control) were included
in samples ranging in size from 10 to 273. The mean ages
of the control and intervention groups were 12.7 (+1.67)
years and 13.15 (+£2.15) years respectively. One study
included only girls and one only boys; all the other stud-
ies included both boys and girls (except, in the case of
one study, which did not provide a statement on gender).
One third of the studies (n=5) reported the proportion
of participants who identified as overweight or obese; the
rest did not report on this matter.

When it comes to the wearables used in these studies’
interventions, almost half (n=7/15, 46.7%) used pedom-
eters of various brands; one third (n=5/15, 33.3%) used
Fitbit activity wristbands, and the rest adopted other
types including Galaxy Gear and Misfit. More than
half (n=8/15, 53.3%) were worn at wrist level; three
were worn at waist level, and the remainder were unre-
ported. While one study lasted for 2 years, the majority
of interventions lasted less than 12 weeks (mean of the
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majority=>5.79 w) [58]. Days of device assessment to esti-
mate PA levels varied greatly, from three to eight days.
Regarding intervention mode, four studies performed
their programs during weekdays, nine performed theirs
during both weekdays and weekends, and two performed
theirs in PE classes. Four studies targeted more than one
outcome [51, 55, 56, 59]. The targeted ones included:
total daily steps (12 studies)) MVPA (5), ST (2), and
energy expenditure (1).

Confidence in cumulative evidence

Results concerning the risk of bias in each domain are
shown in Fig. 2: Risk of bias assessment results based
on study type. Most of the studies were considered to
carry moderate to high risk. One exception was rated as
carrying a Jow risk of bias [54]. According to the funnel
plot, most studies seem to be distributed symmetrically,
except for one. However, the results of an Egger’s test
(p=0.606) indicate that there is no publication bias (see
Additional file 2: S2 for funnel plot results). The overall
evidence was considered low, and so was the evidence
for each outcome based on the GRADE assessment (see
Additional file 3: S3 for GRADE analysis).

Meta-analysis

The individual studies’ ESs, based on outcomes, can be
found in Fig. 3: Forest plots based on outcomes. Over-
all, no significant effect was found in PA improvement
through the use of WATs among adolescents.

Total daily steps

No statistical significance was found in total daily steps
before and after intervention (=8, k=13; SMD =0.45;
95% CI: —0.10~0.99; 12=95%, p=0.000). To explain the
high heterogeneity between studies and identify modifi-
able intervention factors, we formed six subgroups and
conducted sensitivity analyses to assess the stability of
the results (see Additional file 4: S4 for subgroup analy-
ses). As all studies targeting steps as an outcome adopted
multiple interventions (not using wearable trackers
alone), subgroup analysis was not conducted for the
grouping by multiple or solely wearable interventions.
Each study implemented various intervention programs.
Therefore, the context of programs was not included in
the subgroup analysis.

In the subgroup analysis, studies that involved a two-
year intervention showed a significant result (n=1, k=2;
SMD=0.68; CIL: 0.39~0.97) [58], while studies with
an average intervention duration of five weeks showed
no significant differences (=8, k=11; SMD=0.40
CI: —0.33 ~1.14). There were no subgroup differences
between the two groups with varied intervention dura-
tions (I>=0%, p=0.49).
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References from other sources (n=12)
Gtation searching (n=12)
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£

References removed (n= 1063)
Duplicates identified manually (n =5)

N

Duplicates identified by Covidence (n = 1058)
Marked as ineligible by automation tools (n=0)
Other reasons (n=0)

Studies screened (n =1395)

—>{ Studies excluded (n = 1326)

v

Studies sought for retrieval (n= 69)

—>{ Studies not retrieved (n= 0)

v

Scaeening

Studies assessed for eligibility (n = 69)

—>| Studies excluded (n = 54)

A4

Studies included in review (n = 15)

Fig. 1 Flow of study selection from Covidence

Studies utilizing intervention tools with a pedometer
and Fitbit showed no statistical significance (n=6, k=10;
SMD=047; CI: -0.12~1.06; n=1, k=2; SMD=-0.49;
CL: -0.99~0.01). However, one study using Misfit
showed a significant positive effect (SMD=1.92; CIL:
1.47 ~2.36) [56]. Nevertheless, the results of the three
groups adopting different tools suggested a subgroup dif-
ference (I>=96.1%, p=0.000).

Studies that applied non-research-grade assess-
ment showed no statistical significance (n=7, k=12;
SMD=0.32; CI: -0.22~0.86; 1>=94%, p=0.000) while
the same one study, using research-grade assess-
ment [56], showed a substantial positive effect on steps

Wrong setting (n= 21)

Wrong outcomes (n= 5)

Wrong comparator (n = 1)
Wrong intervention (n= 4)
Wrong study design{n = 18)
Wrong patient population (n = 4)
non peer-reviewed article (n= 1)

(SMD =1.92; CI: 1.47 ~2.36). Significant subgroup differ-
ence was also indicated (I>=95%, p=0.000).

MVPA

The ESs of studies that targeted MVPA demonstrated
no statistical significance in effectiveness (n=3, k=4;
SMD=-0.10; CI: -0.39~0.19; >=7%, p=0.36; see
Additional file 4). Statistical heterogeneity was quite low
although there were diverse clinical characteristics (i.e.,
multi-intervention, intervention assessment and dura-
tion) among the studies.
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Risk of bias domains
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1.2.1 Steps

Baldursdottir et al (2016)  8,384.13 2,904.05 26 7,128.29 2,281.61 26 5.6%

Caillaud et al (2022) 11,272 1,471 57 8,625 1,263 57 58%

Duncan et al (2012) 13,7726  3,133.5 59 12,2384 4,276.6 59  5.9%

Ermetici et al (2016) 11,333 3,863 167 9,475 2648 167 6.1%

Ermetici et al (2016) 12,268 4,701 75 9,399 21 75  6.0%

Evans et al (2017) 8,045 2,571 19 9,713 2,894 19  54%

Evans et al (2017) 10,072 4,580 13 11,494 3,529 13 52%

Grao-Cruces et al (2016) 13,202 3,125 24 17,579 3,632 24 55%

Grao-Cruces et al (2016) 10,447 2,543 42 13,266 3,054 42 58%

Kahan & Lorenz (2019) 4,817 1,550 35 4,842 1,672 35 58%

Kahan & Lorenz (2019) 6,957 1,398 50 7,009 1210 46  59%

Kahan & Lorenz (2019) 7,819 4,845 38 5,506 2,569 37 58%

Shore et al (2014) 12,307 679 46 9,692 476 46 52%

Subtotal (95% CI) 651 646 73.8%

Heterogeneity: Tau? = 0.93; Chi? = 242.59, df = 12 (P < 0.00001); I> = 95%

Test for overall effect: Z = 1.61 (P = 0.11)

1.2.2 MVPA

Caillaud et al (2022) 54.3 265 41 49.6 19.1 41 58%

Evans et al (2017) 1.2 31.8 19 80.8 34.9 19 55%
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Kerner et al (2019) 184.89 37.47 28  194.42 40.87 28 57%
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Heterogeneity: Tau? = 0.01; Chi? = 3.21, df = 3 (P = 0.36); 1= 7%

Test for overall effect: Z = 0.69 (P = 0.49)

1.2.3 Energy expenditure

Nation-Grainger (2017) 289.2 120.76 5 253.6 84.11 5 41%
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Heterogeneity: Not applicable

Test for overall effect: Z = 0.48 (P = 0.63)

Total (95% Cl) 757 752 100.0%
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Fig. 3 Forest plots based on outcomes
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Energy expenditure

The one study that targeted energy expenditure [64]
demonstrated no statistical significance (SMD=0.31; CI:
—0.94 ~ 1.56; see Additional file 4).

Narrative synthesis

Effects based on outcomes

For studies that targeted total daily steps (n=12), half
(n=6) showed positive effects, while three contained
conflicting results. The remaining studies did not report
data on step counts. Regarding MVPA (n=5), among
four non-RCTs, half reported positive effects and half
reported negative effects. Another CRCT [28] target-
ing MVPA indicated positive results. Only one study
assessed energy expenditure, which showed a positive
effect [65]. No statistics provided information concerning
ST. Wearable tools chosen by most of the included stud-
ies in the current review (7/15 used pedometers) cannot
provide data on ST. Detailed results regarding the direc-
tion of effects are shown in Additional file 5: S5 for effect
direction results.

Effects based on BCT use

Most of the selected studies employed two (5/15, 33.3%)
or three BCTs (5/15, 33.3%; see Additional file 5: S5 with
extracted BCTs). The most frequently used BCTs were
self-monitoring (n=9/15) and goal-setting (n=28/15).
More positive effects (6/9, 66.7%) were found in studies
using self-monitoring, and half (4/8, 50%) of studies using
goal-setting showed positive results. Two studies adopted
only one BCT (prompts / biofeedback); both showed pos-
itive effects. In studies where no BCT was used (n=2),
mixed results were found (one positive and one negative).

Discussion

Primary findings

Overall, current evidence did not demonstrate that using
WATs in an intervention could improve or impede PA
among adolescents in school-based settings. Neverthe-
less, including valid measurement tools and longer inter-
vention durations might achieve more positive outcomes.

Comparison to previous reviews on included studies

In addition to the studies that were included in the four
previously published systematic reviews on this topic,
three studies were included as new evidence in this
review [28, 50, 56]. In two of these three studies [28, 56],
the year of publication was the reason for their omission
from the previous reviews, whose searches were con-
ducted before 2020. However, in the third case [50], the
omission may have been due to the reviewers’ unique
understanding regarding wearables as an intervention.
This study did not report wearables as an intervention.
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However, the research group provided participants with
unsealed pedometers (which could be viewed as an active
intervention) [50]. Therefore, it was included in the cur-
rent review.

Effects of wearables

One meta-analysis demonstrated moderate effects for
wearables in increasing PA among school-aged chil-
dren [39]. This review, however, focused on adolescents
in school settings, could not provide evidence on PA
(including steps, MVPA, or energy expenditure).

Clinical heterogeneity among studies makes compari-
sons questionable. We found that 10/10 studies included
in our meta-analysis, and 11/15 of all included studies,
used multiple interventions rather than solely wearables.
Other interventions included additional PE sessions and
materials. Diversity among additional sessions might
have impeded the exploration of effectiveness of weara-
bles on their own.

Moreover, the use of different BCT strategies makes it
challenging to tell whether BCT use could add an addi-
tional effect, or to determine which elements were most
effective. The most frequently used BCTs were goal-
setting and self-monitoring, consistent with previous
reviews [38, 39]. Although BCTs were recommended in
PA behavior change [66], and clear specifications as well
as realistic implications are essential [49], the use of BCTs
was not clearly stated in most of the included studies.

In addition, assessment of PA behaviors during less
than 7 days might not provide sufficient valid data to
meet the required length of wear time for data analysis
(=10 h/d) [67], and this question of validity might affect
outcome measures. However, because there were no
statistical subgroup differences between groups (>7d
and < 7d) in the current review, the question requires fur-
ther exploration.

One study [56] with research-grade assessment showed
a large ES in terms of increasing step counts, which high-
lights the necessity of using valid measurement tools,
although high heterogeneity in subgroups indicates cau-
tion regarding practical application based on the result.
However, most studies (11/15) used non-research-grade
devices, which may have provided invalid PA data and
increased the probability of producing incomparable data
[25].

It is a bit surprising that there was no significant effect
on MVPA, which showed an increase in other reviews
[38, 39]. The reason, based on the subgroup analysis of
the steps mentioned above, might be due to an insuf-
ficient intervention duration of no more than 7 weeks.
Only one study targeting energy expenditure showed no
significance, possibly due to its high risk of bias [64].
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It should also be noted that all studies targeting MVPA
chose upgraded measurement tools such as accelerom-
eters, and half of the studies targeting steps used pedom-
eters. Pedometers showed validity when participants
walked at a brisk (rather than slow) pace; meanwhile, step
counts using pedometers might be influenced by adi-
posity and stature [68, 69]. Therefore, wearable devices
should be chosen to measure suitable physical activities
for adolescents. Notably, studies involving participants
who did not achieve the guideline of 60 min/d MVPA
[70] at baseline showed positive results (negative results
in studies with active participants); this may be attributed
to the fact that adolescents with lower PA levels might
benefit more from PA interventions [71].

Influences of participants

Compared to children, adolescents experience more life
changes (such as puberty) and environmental changes
(such as rising workloads at school) [72]. They also tend
to be less active [73]. The current review cannot make a
conclusion for PA enhancement among adolescents, but
the effectiveness of mHealth (such as gamified apps and
wearable interventions) to improve insufficient PA has
been synthesized [74]. The synthesis found that adoles-
cent groups can benefit from mHealth and gain more
compared to younger groups. Notably, the synthesis
article [74] included adolescents with different health
statuses (such as cancer survivors), so the result should
be interpreted with caution when considering healthy
groups only.

Among the five studies reporting on the proportion of
overweight and obese participants, only one stated the
intervention effects on healthy and participants sepa-
rately from those who were overweight or obese; there
was a positive intervention effect on PA changes for over-
weight and obese participants [58]. This is consistent
with what was found in another study, whereby wearables
were found to be effective in the prevention and treat-
ment of obesity in adolescents by increasing PA [75]. Still,
unreported proportions of overweight and obese partici-
pants of the included studies may confound the overall
results of this review.

Influences of intervention approaches

In adults, interventions with multiple components inte-
grating wearables proved more effective in PA behav-
ior change than wearables alone, but the result was not
shown among adolescents due to a lack of plausible and
consistent evidence [29]. Interestingly, results from effect
direction analysis showed that interventions applied dur-
ing weekdays or school days, and during PE classes, all
showed promising results while those applied on both
weekdays and weekends did not. The results may be
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attributable to the familiar environment and the involve-
ment of teachers in intra-curriculum activities [76].
Alternatively, these results may be due to incompara-
bility of students’ PA status on weekdays and weekends
[71]. Longer-term interventions (>12 weeks) appear to
be more effective in promoting and maintaining PA lev-
els among adolescents [77]. In the current review, results
also showed that long-term intervention programs (i.e., 2
years) increase step counts compared to short-term inter-
ventions (i.e., an average of 5 weeks). This indicates the
importance of intervention duration in evoking behav-
ioral change. When comparing intervention tools in our
subgroup analysis, the most commonly used devices (i.e.,
pedometers and Fitbit) were inferior to Misfit for increas-
ing step counts. However, this seems not to be associated
with validation as Fitbit was demonstrated to be a valid
measurement tool for counting steps [78]. Exploring the
specific use of different devices used in interventions
might help identify effective tools. One study reported
that wrist-level wearables might be more effective than
those worn at waist levels [39]; however, mixed results in
the current review did not allow for a conclusion.

Influences of outcome measurement

All aforementioned review studies except one [39]
included data from self-reports of PA. This may have
given rise to indeterminate results, as self-reports may
not be reliable for measuring PA among adolescents [79];
self-reports and device-based measures of PA should be
compared cautiously [80, 81]. All studies included in the
current review adopted device-based measurement, but
validity and diverse characteristics across devices made
comparison difficult.

Strengths and limitations

The greatest merit of this review is that it adopted both
a meta-analysis and an evidence-based method of narra-
tive synthesis (following Synthesis Without Meta-analysis
guidelines) instead of relying on unstructured textual
description. This approach has ensured a thorough analy-
sis of current evidence in a rigorous literature review.

The limitations of this review should be noted. First,
graph data from two studies were not extracted by our-
selves for meta-analysis considering the inaccuracy of
extraction by software; additionally, the primary numeri-
cal data were unobtainable from the authors. This might
have led to biased conclusions due to the omission of
data. Furthermore, the limited number of high-quality
studies (such as RCT studies), combined with small
sample sizes (<10) in experimental studies might not
have provided optimal evidence [82]. Nevertheless, after
removing the study with the smallest sample size [64], the
overall results of our meta-analysis remained unchanged.
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Third, a lack of data from non-English language stud-
ies might affect the overall results, as physical activity in
regions such as Asia and Latin America might differ [5].
In addition, the lack of standardized intervention dura-
tion might also affect the overall results, as indicated in
the analysis of MVPA. Finally, the lack of uniform infor-
mation (i.e., BMI or socioeconomic status) might restrict
generalization to such populations or regions.

Implications for future research

Future research requires increasingly well-designed stud-
ies (preferably RCTs) to generate more robust evidence
regarding the effect of wearables among adolescents. To
provide comparable results, the adoption of research-
grade tools for outcome measures, or of validated wear-
able devices for proper activity among adolescents,
should be considered. Furthermore, existing research has
predominantly emphasized educational interventions
and adapted physical activity programs. Nevertheless,
future research should prioritize empirically validated
strategies for integrating WATSs into school-based inter-
ventions. Specifically, systematic integration of peda-
gogical approaches, such as physically active breaks and
movement-based lessons, could be explored alongside
personalized feedback mechanisms tailored to students’
developmental stages. It should be noted that it might be
difficult to implement WATS in low socioeconomic popu-
lations. Therefore, researchers should adopt PA inter-
ventions that are suitable for different regions. Finally,
research could include regions such as Latin America
and Asia to form a global perspective.

Conclusion

This systematic review and meta-analysis did not find
evidence that WATSs increase objectively measured PA
among healthy adolescents in school-based settings.
However, our results found that total daily steps did
increase when validated measurement tools were chosen
or longer-term interventions were adopted. Nevertheless,
the generalization of the results needs caution as the cur-
rent evidence is of low quality. Future studies could be
conducted on populations in other geographical regions,
in addition to studying WATs integrated with specific
strategies to adapt to the school environment.
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