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Abstract

Background: Cardiovascular disease (CVD) remains the leading cause of death worldwide, yet participation in cardiac
rehabilitation (CR) remains suboptimal . Wrist-worn wearables may support fully remote or hybrid CR through activity monitoring
and individualized feedback, but the effectiveness and consistency of benefits remain uncertain.

Objective: This study aimed to evaluate the effectiveness of wrist-worn wearable—guided CR delivered through fully remote
or hybrid programs initiated during phase Il or 111 CR in patients with CVD.

Methods: A tota of 8 databases were searched for randomized controlled trials published from January 1, 2015, through August
7, 2026. Eligible trials enrolled adults with CVD and integrated a wrist-worn wearable into fully remote or hybrid CR. Studies
focused primarily on heart failure or using wearables only for outcome measurement were excluded. Primary outcomes were
peak oxygen consumption (VO,), 6-minute walk distance (6MWD), and daily steps. Random-effects meta-analyses used mean
differences (MDs), except for quality of life, which used standardized MDs. Between-study variance was estimated using the
DerSimonian-Laird method, pooled-effect Cls used the Knapp-Hartung adjustment, and 95% prediction intervals (Pls) used the
Nagashima-Noma-Furukawa parametric bootstrap method. Risk of bias was assessed with Cochrane Risk of Bias 2. Subgroup
and univariable meta-regression analyses explored study and intervention characteristics.

Results. A total of 18 trialsinvolving 1993 randomized participants, reported in 20 publications, were included; 17 contributed
to meta-analysis. Pooled estimates favored wearable-guided CR for peak VO, (10 studies; 591 participants, MD 1.69, 95% ClI
0.46-2.92, 95% Pl —2.21 t0 5.39 mL/kg/min), BMWD (9 studies; 1094 participants, MD 31.03, 95% CI 7.66-53.92, 95% Pl —-62.11
t0123.18 m), and daily steps (8 studies; 474 participants; MD 1062.8, 95% CI 383.5-1825.0, 95% PI —-503.0 to 2860.0 steps/day).
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All 3 Plsincluded the null, indicating uncertainty about consistency across future comparable settings. No clear pooled effects
were observed for anaerobic threshold, BMI, waist circumference, grip strength, or quality of life. Subgroup differences were
not statistically significant. In univariable meta-regression, ahigher proportion of female participants was associated with greater
peak VO, improvement, although this aggregate-level finding was exploratory.

Conclusions: Wrist-worn wearable—guided CR delivered through fully remote or hybrid programs may improve average exercise
capacity and physical activity in patients with CVD. However, Pls included the null, indicating uncertainty about consistency
across future settings. These programs may extend activity monitoring, individualized feedback, and behavioral support beyond
center-based CR, but their multicomponent nature prevents attributing effects to wearables alone. Larger, rigorously designed
trials with standardized protocols and outcomes should identify the patients and program components most likely to benefit.
Future research should also evaluate long-term adherence, safety, equity, and implementation within routine multidisciplinary

CR across diverse health systems.

(JMIR Mhealth Uhealth 2026;14:€101306) doi: 10.2196/101306
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Introduction

Cardiovascular disease (CVD) remains the leading cause of
death worldwide. Annual deaths are projected to risefrom 20.5
million in 2025 to 35.6 million in 2050, with global prevalence
increasing by approximately 90% [1]. Its economic burden is
also substantial; in the United States, annual cardiovascular
health care costs are projected to reach US $1.49 trillion by
2050, with an additional US $361 billion in productivity losses
[2]. Long-term risk reduction and functional recovery therefore
remain major public health priorities.

Cardiac rehabilitation (CR) is a core component of secondary
prevention, integrating individualized exercise, risk-factor
management, education, and psychosocial support [3]. It reduces
cardiovascular mortality and readmissionsand improvesexercise
capacity and quality of life (QoL) [4,5], yet participation and
completion remain suboptimal [6,7]. Travel, limited program
availability, work and caregiving responsibilities, socioeconomic
constraints, and physical limitations restrict engagement [8-10].
Home-based, community-based, remote, hybrid, and digitally
supported models have therefore been developed to extend
monitoring and behavioral support beyond centers [11-15].

Wearable devices are body-worn sensors that collect and
transmit physiological or behavioral data, including chest-strap
monitors, biosensors, smart garments, smartwatches, and activity
trackers [15]. Previous reviews examined wearable activity
monitoring during CR maintenance, heterogeneous
wearable-assisted home CR, broader eHealth interventions, or
mixed devicesincluding pedometers and accelerometers[16-19].
They did not isolate actively guided wrist-worn programs
initiated during phase Il or 1l1 CR. Wrist-worn devices are
clinically relevant because they are accessible, scalable, and
can continuously monitor heart rate (HR) and activity with low
user burden. Several recent randomized controlled trials (RCTSs)
also warrant updated synthesis.

Individual RCTsof wrist-worn wearable—guided CR have been
small and inconsistent: Zhang et al [20] and Zheng et al [21]
reported significant peak oxygen consumption (VO,) gains,
whereas Yagi et a [22] and Mitropoulos et a [23] did not.
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Effects on exercise capacity, physical activity, and related
outcomes therefore remain uncertain.

This systematic review and meta-analysi s eval uated wrist-worn
wearable—guided CR delivered through fully remote or hybrid
programs initiated during phase Il or 1l CR in patients with
CVD. We assessed exercise capacity, physical activity, and
related outcomes and expl ored heterogeneity through subgroup
and meta-regression analyses of participant, intervention, and
comparator characteristics.

Methods

This systematic review and meta-analysis of RCTs followed
PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) 2020 [24]. The completed expanded
checklist is provided in Multimedia Appendix 1.

Eligibility Criteria

Eligibility was defined using population, intervention,
comparator, outcomes, and study design framework. We
included adults with CVD receiving wrist-worn
wearable—guided CR delivered through fully remote or hybrid
programs initiated during phase 11 or 111. Phase denoted when
the intervention began, not eligibility of all delivery settings.
Both phases were included to span structured postacute
rehabilitation through longer-term maintenance; phase was
extracted as a prespecified subgroup variable. Intervention
duration was unrestricted.

Eligible participants included patients with coronary artery
disease, acute coronary syndrome, ischemic heart disease, and
those who had undergone percutaneous coronary intervention
(PCI) or cardiac surgery, such as coronary artery bypass grafting,
valve surgery, or aortic surgery, or transcatheter valve
intervention. Studies primarily focused on patients with heart
failure were excluded; however, studies enrolling mixed
populations of patients with cardiovascular disease remained
eligiblewhen patientswith heart failure constituted only a subset
of the overall population.

Eligible interventions used a wrist-worn smartwatch or
smartband as a core component of structured remote or hybrid
CR to guide exercise prescription, monitor physical activity,
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provide individualized feedback, or manage adherence.
Conventional center-based CR alone and wearable use solely
for passive monitoring or outcome assessment wereineligible.
Comparators included usual care, unsupported home exercise,
passive or minimally supported monitoring, and structured
center-based CR.

Eligible studies were full-text RCTs published in English or
Korean from January 1, 2015, through August 7, 2026.
Conference abstracts, study protocols, review articles,
nonrandomized or observational studies, and secondary or
overlapping reports without independent eligible outcome data
were excluded. Gray literature, including conference abstracts,
dissertations, and unpublished materials, was not included
because the review was restricted to full-text, peer-reviewed
RCTs providing sufficient methodological information for
eligibility and risk-of-bias assessment.

I nformation Sources

We searched PubMed, Web of Science, CENTRAL, Embase,
Scopus, CINAHL, KoreaMed, and KMbase. Theoriginal search
(November 14, 2025) was updated on August 7, 2026, covering
January 1, 2015, through August 7, 2026. Reference lists of
included reports and relevant reviews were examined. Trial
registries, regulatory databases, and gray literature were not
searched.

Search Strategy

Following PRISMA-S (Preferred Reporting Itemsfor Systematic
Reviewsand Meta-AnalysesLiterature Search Extension) [25],
database-specific strategies combined controlled vocabulary
and free-text termsfor CVD or cardiac procedures, wrist-worn
wearables or remote monitoring, CR or related delivery models,
and RCTs. Syntax, field tags, proximity operators, and filters
were adapted by database. The August 7, 2026, update used the
same concepts and updated date limits; overlapping records
were deduplicated when day-specific restrictions were
unavailable.

Complete original and updated strategies, platforms, dates,
limits, filters, and yields are provided in Multimedia Appendix
2. No automated search tools were used; the strategies did not
undergo peer review using the Peer Review of Electronic Search
Strategies, and authors or manufacturers were not contacted.

Selection Process

Records were exported to EndNote (version 21; Clarivate) and
deduplicated. Two reviewers (BRK and JHC) independently
screened titles and abstracts; reports considered potentially
eligible by either were retrieved. Four reviewers (BRK, JHC,
S Young Lee, and KCS) independently assessed and
cross-checked full texts, recorded exclusion reasons, and
resolved disagreements by consensus. No automation or
crowdsourcing was used, and no translation was required.

Data Collection Process

Threereviewers (BRK, JHC, and S Young L ee) extracted data
using a standardized Excel form; 4 reviewers cross-checked
entries and resolved discrepancies by consensus. Extracted
variables covered study design; participant characteristics, CR
phase and delivery model; intervention, wearable, feedback,
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exercise, and comparator characteristics, outcomes, and
assessment timing.

Companion reportswere linked as one study, with outcome data
taken from the relevant report. Each cohort contributed only 1
estimate per outcome, preventing double counting. No
automated extraction tools were used.

Data ltems

Primary outcomes were peak VO,, 6-minute walk distance
(6MWD), and daily steps. Peak VO, was the highest directly
measured oxygen uptake during maximal or symptom-limited
cardiopulmonary exercise testing; relative values (mL/kg/min)
were preferred, and equivalent VO, max measures were
included. The 6MWD represented submaximal functional
capacity, and daily steps represented habitual ambulatory
activity rather than functional independencein activities of daily
living.

Secondary outcomes included anaerobic threshold (AT), BMI,
waist circumference, grip strength, and QoL . Peak VO, and AT
were expressed in mL/kg/min, BMWD in meters, daily stepsin
steps/day, BMI in kg/m?, waist circumference in centimeters,
and grip strength in kilograms. QoL was assessed using
validated instruments, including the 36-1tem Short Form Health
Survey (SF-36), 12-Item Short Form Health Survey, Kansas
City Cardiomyopathy Questionnaire, World Health Organization
Quiality of Life-Brief version, and EQ-5D. Additional outcomes
reported by the included studies were recorded descriptively
but were not included in the predefined quantitative syntheses.

We also extracted study setting and design; diagnosis;
randomized, analyzed, and outcome-specific sample sizes,
dropout; age; sex; intervention duration and dose; follow-up;
and comparator components. Combined exercise included
aerobic and resistance training; comparators were categorized
as minimal/usua care, passive or less intensive wearable
monitoring, or active structured CR.

Information that was missing or unclear in the published reports
was recorded as not reported and was not imputed unless it
could bedirectly calculated from the available data. When only
the proportion of male participants was reported, the proportion
of female participants was calculated as 100% minus the
reported male proportion. Randomized, andyzed, and
outcome-specific sample sizes were extracted separately when
available; the sample size used in each meta-analysis was
determined according to the population contributing to the
corresponding outcome estimate, as described in the Synthesis
Methods section.

Study Risk of Bias Assessment

Risk of biaswas assessed at the outcome level using the revised
Cochrane Risk of Bias 2 (RoB 2) tools in accordance with the
Cochrane Handbook for Systematic Reviews of Interventions
[26,27]. Four reviewers (BRK, JHC, S Young Lee, and KCYS)
independently assessed the studies assigned to them, with each
outcome-specific assessment performed by at least 2 reviewers.
The reviewers subsequently discussed their assessments, and
disagreements were resolved by consensus.
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The standard RoB 2 tool was used for parallel RCTs, the
cluster-specific tool for the cluster RCT, and the crossover tool
for the crossover RCT. Design-specific judgments, including
recruitment timing and period or carryover effects, were mapped
to harmonized D1-D5 labels for Multimedia Appendix 3.

Domain and overall judgmentsfollowed RoB 2 algorithms: low
risk required all domains to be low; some concerns required at
least one concern without a high-risk domain; and high risk
reflected at least one high-risk domain or multiple concerns
substantially lowering confidence. Plots used R (version 4.5.2;
R Foundation for Statistical Computing) [28]; no automation
was used.

Effect M easures

All outcomes were continuous. Mean differences (MDs) with
95% Cls were used when outcomes were reported using a
common measurement scale. Accordingly, MDswerecalculated
for peak VO, and AT in mL/kg/min, BMWD in meters, daily

steps in steps/day, BMI in kg/mz, waist circumference in
centimeters, and grip strength in kilograms. For QoL, which
was assessed using different validated instruments across
studies, standardized mean differences (SMDs, Hedges g) with
95% Cls were caculated. Before calculating SMDs, the
direction of each QoL scale was harmonized so that effect
estimates had a consistent interpretation.

Positive MDs represented effects favoring the intervention for
peak VO,, AT, BMWD, daily steps, and grip strength, whereas
negative MDs represented effects favoring the intervention for
BMI and waist circumference. For QoL, the direction of effect
was defined consistently after harmonization of the scales. No
prespecified thresholds were used to categorize pooled effects
as small, moderate, or large.

Synthesis M ethods

Outcome-specific meta-analysesincluded studieswith clinically
comparable measures and sufficient data to calculate an effect
and variance. Otherwise, studies remained in the review and
risk-of-bias assessment but not the synthesis. Postintervention
values were preferred; change scores were used when
unavailable. Units were converted as needed.

For studiesreporting outcomes at multiplefollow-up time points,
only 1 assessment per outcome was included to avoid repeated
inclusion of the same participants. The assessment conducted
at or closest to the completion of the intervention was
preferentially selected. When an assessment at intervention
completion was unavailable, the earliest dligible postintervention
assessment was used. For each outcome, the sample size
corresponding to the reported summary statisticswasused. The
randomized sample size was used when results were reported
according to the intention-to-treat principle, whereas the
outcome-specific analyzed sampl e size was used when analyses
were based on participants with available outcome data. Missing
outcome data were not imputed unless the required statistics
could be derived directly from information reported in the
original article using established meta-analytic methods.

Multiple reports originating from the same trial cohort were
linked and treated as companion publications. When companion
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reports provided datafor different outcomes, datawere extracted
from the report relevant to each outcome. Each trial cohort
contributed only one effect estimate to any given
outcome-specific meta-analysis. For multiarm trials, only the
comparison relevant to the eigibility criteriawasincluded, and
no shared intervention or comparator group was entered more
than oncein the same pooled analysis. Thus, no participant was
double-counted within any outcome-specific meta-analysis.

M Dswith 95% Clswere calculated for peak VO,, BMWD, daily
steps, AT, BMI, waist circumference, and grip strength because
these outcomes were reported using consistent measurement
units. For QoL, SMDs using Hedges g with 95% Cls were
calculated because different validated instruments were used
across studies. Quantitative synthesiswasrestricted to validated
overall or composite QoL scoreswith sufficient numerical data
to calculate an effect estimate and variance. An unvalidated
sum of SF-36 domain scores was not considered an €ligible
overal QoL score. Where necessary, score directions were
harmonized so that higher values consistently represented better

QoL.

Pooled effect estimates were calculated using inverse-variance
random-effects models because clinical and methodological
heterogeneity was anticipated across study populations and

interventions. Between-study variance (1%) was estimated using
the DerSimonian-Laird method, and 95% Clsfor pooled effects
were calculated using the Knapp-Hartung adjustment. Statistical
heterogeneity was described using Cochran Q, T2, and 12, 12 was
not interpreted using fixed low, moderate, or high categories
because it represents the relative proportion of observed
variability attributable to between-study heterogeneity rather
than its absolute magnitude or clinical importance and can be
imprecise when few studies are available. Heterogeneity was
therefore interpreted jointly using T2, 95% prediction intervals,
and clinical and methodological differences among studies
[29,30].

For the main meta-analyses, 95% prediction intervals were
calculated using the Nagashima-Noma-Furukawa parametric
bootstrap method [31] to estimate the range in which the effect
of a future comparable study might be expected. Prediction
intervals were not calculated for subgroup analyses because of
the small number of studies within individual subgroups and
the resulting instability of subgroup-specific estimates. A
reliable 95% prediction interval was not reported for QoL
because marked between-study variability remained after
exclusion of the study with an invalid SF-36 total score. Forest
plots presented study-specific estimates,
K napp-Hartung-adjusted pooled estimates, and clearly labeled
normal-normal framework (NNF) prediction intervals.

Subgroup and meta-regression analyses were planned to
investigate potential sources of heterogeneity and patient- and
intervention-level  factors associated with intervention
effectiveness. The specific outcomes eligible for these analyses
were determined after data extraction based on the number of
contributing studies and the availability of relevant subgroup
and study-level covariate data, rather than on the magnitude or
statistical significance of the pooled effects.
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Subgroup analyses were conducted for peak VO, and 6BMWD,
for which sufficient studieswere available, according to the CR
phase at intervention initiation, provision of real-timefeedback,
type of wearable device, type of exercise, and comparator
characteristics. Subgroup analyses were performed using
restricted maximum likelihood estimation with the
Knapp-Hartung adjustment. Differences between subgroups
were evaluated using formal testsfor subgroup interaction. The
comparator-based subgroup analysis was added during the
peer-review process and was therefore considered post hoc.
Given the limited number of studieswithinindividual subgroups,
the findings were interpreted cautiously. A diagnosis-based
subgroup analysis (eg, post-PCl, post—coronary artery bypass
grafting, or mixed populations of patients with cardiovascular
disease) was not performed because several studies enrolled
heterogeneous populations of patients with cardiovascular
disease and too few studies were available within specific
diagnostic categories to support reliable subgroup estimates.

Univariable random-effects meta-regression analyses were
conducted for peak VO, and 6MWD, for which sufficient
study-level covariate data were available. These analyses were
performed using restricted maximum likelihood estimation with
the Knapp-Hartung adj ustment. Mean partici pant age, proportion
of female participants, and i ntervention duration were examined
as potential moderators. Multivariable meta-regression was not
performed because of the limited number of contributing studies.
Meta-regression coefficientswith 95% Clsand 2-sided P values
were reported. Given the limited statistical power and use of
aggregate study-level data, the meta-regression findings were
interpreted as hypothesis-generating.

Sensitivity analyses were performed by excluding the
cluster-randomized trial from the affected outcome-specific
meta-analyses. A leave-one-out sensitivity analysis was
additionally conducted for BMWD by sequentially excluding
each study and recalculating the pooled effect estimate and
heterogeneity statistics. All analyses were performed using R
version 4.5.2 (R Foundation for Statistical Computing) [28].
Statistical significance wasdefined asa2-sided P value of <.05.

Reporting Bias Assessment

Small-study effects were assessed for outcome-specific
meta-analyses including at least 10 studies through visual
inspection of funnel plots and the Egger regression test.
Accordingly, these assessments were performed for peak VO,,
which included 10 studies. Formal tests for funnel plot
asymmetry were not performed for the remaining outcomes
because fewer than 10 studieswere available, resulting in limited
statistical power and unreliable assessments of asymmetry.
Funnel plot asymmetry was interpreted as potential evidence
of small-study effects rather than definitive evidence of
publication bias [26].

Certainty Assessment

The certainty of evidence was assessed for all predefined
primary and secondary outcomes using the Grading of
Recommendations Assessment, Development and Evaluation
(GRADE) approach [32]. The assessed outcomesincluded peak
VO,, BMWD, daily steps, AT, BMI, waist circumference, grip
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strength, and QoL . Four reviewers (BRK, JHC, S Young Lee,
and KCS) participated in the assessment. Outcomes were
independently evaluated in reviewer pairs using a structured
Microsoft Excel form, and disagreementswere resolved through
discussion and consensus among all reviewers. Final judgments
were summarized using GRADEpro guideline development
tool [33].

The certainty of evidencefor each outcome was eval uated across
5 domains: risk of bias, inconsistency, indirectness, imprecision,
and publication bias. Because the evidence was derived from
RCTs, the initid certainty was rated as high and was
downgraded by 1 or 2 levels when serious or very serious
concerns were identified within a domain. Downgrading
decisions considered the outcome-level RoB 2 assessments,
clinical and statistical heterogeneity, consistency inthedirection
and magnitude of effects, width of the 95% Cls, amount of
availableinformation, applicability to the review question, and
evidence of possible publication bias or small-study effects.
Prediction intervalswere considered supplementary information
when evaluating inconsistency but were not used as an
independent criterion for downgrading. The overall certainty
of evidence was categorized as high, moderate, low, or very
low.

Results

Study Selection

The origina database search identified 1428 records, and the
updated search conducted on August 7, 2026, identified 552
records, resulting in atotal of 1980 records identified through
electronic databases. Three additional reports were identified
through other sources acrossthe original and updated searches.
After removal of 633 duplicate database records, 1347 database
records underwent title and abstract screening, of which 1249
were excluded.

The remaining 98 database reports were sought for retrieval and
successfully retrieved for eligibility assessment. The 3 reports
identified through other sources were aso retrieved and
assessed. Thus, a total of 101 reports were assessed for
eligibility, and 81 were excluded for the following reasons: not
RCTs (n=9), not meeting the eligibility criteria for study
participants (n=7), not meeting theintervention criteria(n=14),
protocol publications (n=30), overlapping or salami publications
without distinct eligible data (n=7), or abstract-only reports
without sufficient full-text data (n=14).

The remaining 20 publications, representing 18 unique trials,
were included in the systematic review [20-23,34-49]. The
updated database search resulted in the inclusion of Nishio et
al [38], while the supplementary manual search resulted in the
inclusion of Claes et a [39]. Of the 20 included reports, 19
reports representing 18 unique trials contributed outcomes
eligible for the RoB 2 assessment [20-23,34-47,49], while 18
reports representing 17 unique studies contributed data to the
guantitative meta-analysis [20-23,34-47].

Lahtio et a [35] and Hakala et a [45] were identified as
companion  publications arising from the same
cluster-randomized trial (ISRCTN61225589). Both reportswere
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retained becausethey provided distinct eligible outcomes: Lahtio
et a [35] contributed data on 6MWD, BMI, and waist
circumference, whereas Hakala et a [45] contributed data on
daily steps. The reports were linked and treated as arising from
asingle underlying study.

Mitropouloset al [23] and Ntovoli et a [48] were alsoidentified
as companion publications arising from the same trial cohort
(NCT06071273). Ntovoli et a [48] did not report any of the
outcomes predefined for this review and was therefore not
included in the outcome-level RoB 2 assessment or quantitative
meta-analysis. However, it was retained as a companion report

Choi et d

in the systematic review and linked to Mitropoulos et al [23].
Accordingly, the cohort was counted as a single unique study.

One included study [49] did not contribute to the quantitative
meta-analysis because it reported quality-adjusted life-years, a
composite outcome incorporating both quality and duration of
life that was not directly comparable with the conventional QoL
outcomes reported by the other studies. Each unique study
contributed only one effect estimate to any given
outcome-specific meta-analysis; therefore, no participant was
double-counted within the same pooled anaysis. The
study-selection process is presented in Figure 1.

Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 2020 flow diagram of study selection. The PRISMA
diagram shows identification, screening, eligibility, and inclusion. The review contained 20 publications from 18 trials; 17 trials contributed to the

meta-analysis. RCT: randomized controlled trial.

L Identification of studies via databases and registers Identification of studies via other methods
5 g i i
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Abstract only (n=14)
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_—

Study Char acteristics

Table 1 summarizes the characteristics of the 18 unique trials
reported in 20 publications representing 18 unique trias,
published between 2018 and 2025 [20-23,34-49]. At the
unique-trial level, 6 studies were conducted in the United States
[36,37,40,43,44,46], 2 each in China [20,21], the Czech
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Republic [34,41], and Japan [22,38], and 1 each in Greece
[23,48], Finland [35,45], Uzbekistan [47], the Netherlands[49],
and Belgium[42]. One multicenter study was conducted across
Belgium and Ireland [39]. Companion publicationsfrom Greece
[23,48] and Finland [35,45] were linked at the trial level, and
each pair was counted only once in the country distribution.
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Table 1. Characteristics of 20 publications representing 18 unique RCTs conducted across multiple countries and published between 2018 and 2025,
evaluating wrist-worn wearable—guided CR delivered through fully remote or hybrid programsin adults with CVD, with interventions initiated during

phase |l or phaselll CR.

o Outcome as-
Study, Study de-  Population (interven- Comparator type ~ OUtCOMES  sacgment/fol -
country sign tion vs control)? Intervention characteristics and components assessed” low-up
Zhangetal Single- CHDA (angina, MI€, Timing: at discharge; delivery: home-based Usual care (stan-  pggk VOzk, 3 months
[20],  center PCI’); n=35 vs 35: CRY with wearable+app+ICT"™ components:  dard HBCR! with- AT QoL™
gJZS) Chi- RreT® dropout: 3vs5 (8/70, real-time feedback, remote supervision, PA  Out technological '
11.4%); age: mean  and hemodynamic monitoring, medication re-  8Sistance)
62.67 (SD 4.89) years minders, educational content; device: smart-
vsmean 57.2 (SD 13) watch (Le-W20 Heart Health Watch); real-time
years, male sex: feedback: yes; exercise: aerobic; dose: not re-
56.2% vs 63.3% ported; duration: 3 months
Zhengeta Single- CHD (PCl); n=55vs  Timing: post discharge; delivery: home-based Usual care (dis- 6MWD®, 3 months
[21], center 55; dropout: 2 vs 2 CR with wearable+app+|CT; components. re-  chargeinstructions pesk VO,
(2024) Chi- RCT (4/110, 3.6%); age: mote supervision, PA and HR" monitoring; and a health guide AT, QoL
na mean 63.49 (SD 9.53)  geyice: smartband (model not reported); real- handbook)
vsmean 63.04(SD  time feedback: no; exercise: aerobic; dose: 3-
10.44) years male 5 gays/week, session duration not reported;
sex: 60% vs 57% duration: 3 months
Yegietal  Single  cypP (angina, MI,  Timing: after outpatient center-based CR; de-  Usual care (super-  Peak VOp, 3 months
[22], center CHFY): n=23 vs 21 livery: home-based CR with wearable; compo-  vised hospital- 6MWD, AT,
(2025) RCT dro ou,t' 4vs1 (5l 44 nents: PA and HR self-monitoring; device: based CR without  grip strength
Japan 1 2)% ) X age: 73vsT 6 smartwatch (Fithit Versa 3); real-time feed- wearabl e support)
eérs; m de sex 68% back: no; exercise: aerobic, resistance; dose:
zs 95% ) 30 min/session, 5 days/week; duration: 3
months
Mitropou-  Single- CAD' (MI); n=18 vs Timing: less than 4 weeks after MI; delivery:  Community-based Peak VO,, 6 months
loset a center 18; dropout: 3 vs 3 home-based CR with wearable+app+ICT, CR (supervised daily steps
[23], RCT (6/36, 16.7%); age: components: real-timefeedback, remote super-  gym-based exer-
(2024) mean54.1(SD 8.5)vs Vision, PA and hemodynamic monitoring; de-  cisewithout hemo-
Greece mean 53.5 (SD 6.6) vice: smartwatch (ScanWatch); real-time dynamic monitor-
years, male sex; 73% feedback: yes; exercise: aerobic, resistance,  ing)
vs 73% balance, flexibility; dose: 60 min/session, 3
days/week; duration: 6 months
Wohlfahrt  Single- MI; n=32 vs 32; Timing: 1 month after M1; delivery: home- Usual care (physi- Peak VO,, 3 months for
eta [34], center, dropout: 1vs2 (3/64, based CR with wearable+app+ICT; compo-  cal activity advice MWD, the meta-anal-
(2024)° Cross- 4.7%); age: mean 51.6  nents: remote supervision, PA monitoring; de-  without wearable QoL ysis(first peri-
CzechRe- OverRCT  (SD 10.2) vs mean vice: smartwatch (model not reported); real-  support) od before
public 51.2 (SD 10.5) years; time feedback: no; exercise: aerobic; dose: in- crossover); to-
male sex: 90% vs dividualized daily step count target (derived tal trial dura-
90% from 6BMWTE 0.9 x 5 x 6MWT steps); dura- tion, 6 months
tion: 3 months per period
Lahtioeta Single- CHD (angina, Ml, Timing: PCl or CABG 3-12 months priorto  Usud care(conven-  6MWD, 12 months
[35], center, PCI, CABG); n=29 the study; delivery: home-based CR with tional CR without BMI, waist
(2023)" cluster (3 clusters) vs 30 (3 wearablet+app+| CT; components: remotesuper-  remotetechnology) circumfer-
Finland RCT clusters); dropout: 3 vision, PA and HR monitoring, educational ence, QoL
vs 3 (6/59, 10.2%); content; device: smartband (Fitbit Charge);
age: mean 59.7 (SD real-time feedback: no; exercise: aerobic, resis-
6.0) vsmean 59.2 (SD tance, flexibility; dose: not reported; duration:
6.1) years, malesex; 12 months
77% vs 86%
Beckieet  Multicen- CHD; n=23 vs 24; Timing: CHD with or without PCI withinthe Usual care (CR 6MWD, 3 months
al [36], ter RCT  dropout: 1vs4 (5/47, prior 5years, delivery: home-based CR with  workbook/DVD BMI, waist
(2023) 10.6%); age: mean wearablet+app+| CT; components: remotesuper-  with weekly tele-  circumfer-
United 62.7 (SD 7.3) vsmean vision, PA monitoring, educational content; phone support) ence, QoL
States 59.7 (SD 10.5) years; device: smartwatch (Android model not report-

male sex: 0% vs 0%

ed); real-time feedback: no; exercise: aerobic,
balance, flexibility; dose: not reported; dura-
tion: 3 months
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o Outcome as-
Study, Study de- Population (interven- Comparator type ~ OUtCOMES  sacgment/fol -
country sign tion vs control)? Intervention characteristics and components assessed” low-up
Lindmanet Multicen- 1Ay RW: n=25 vs 25: Timing: 1 month post-TAVR; delivery: home- Usua care(activity Daily steps, 6 weeks
al [37], ter RCT  gropout: 0 (0%); age: Pased CR with wearable+app+ICT; compo-  monitor without  6MWD, grip
(2021) mean 76 (SD 7) vs nents: remote supervision, PA and HR monitor- feedback or exer-  strength,
United mean 76 (SD 9) years, Ng; device: smartband (Fitbit AltaHR); real-  ciseinstructions) QoL
States male sex: 64% vs time feedback: no; exercise: aerobic, resistance;
68% dose: not reported; duration: 6 weeks
Chokshi et Multicen-  CHD (angina MI);  Timing: recent-onset ACS” or coronary Usual care (wear-  Dally steps 4 months
a [40], ter RCT ~ n=50vs55; dropout:  sheterizati on; delivery: home-based CR with _able s_tep monitor-
(2018) 1vs0(V/105,0.9%);  \vearable+app+CT; components: remotesuper- N9 Without person-
United age: mean 60 (SD 9.5)  yision, PA monitoring; device: smartband alized goals or
States vsmean59.1(SD  (wmisfit Shine); real-time feedback: no; exer- ~ feedback)
11.5) years, malesex:  cjse: agrobic; dose: not reported; duration: 16
72.0% vs 67.3% weeks
Batalik et Single- CVD (angina, Ml, Timing: CVD inthelast 6 months; delivery:  Center-based CR ~ Peak VO,, 3 months
al [41], center PCI, CABG); n=28vs home-based CR with wearable+app+ICT; (supervised outpa- QoL
(2020) RCT 28; dropout: 3vs2 components: remote supervision, PA and HR  tient exercise)
Czech Re- (5/56, 8.9%); age: monitoring; device: smartband (Polar M430);
public mean 56.5 (SD 6.9) vs  real-timefeedback: no; exercise: agrobic; dose:
mean 57.7 (SD 7.6) 60 min/session, 3 days/week; duration: 3
years, male sex: 80% months
vs 85%
Avilaeta Single- CAD; n=30vs30vs Timing: after discharge from phase Il center-  Center-based CR ~ Peak VO, 12 months
[42], center 30; dropout: 4vs1vs based CR; delivery: home-based CR with (supervised exer-  daily steps,
(2020)Y RCT 5(10/90, 11.1%); age:  wearablet+app+| CT; components: remotesuper-  cise); usual care BMI, waist
Belgium mean 62.2(SD 7.1) vs  vision, PA and HR monitoring; device: smart- (physical activity  circumfer-
mean 62.0 (SD 7.4) vs watch (Garmin Forerunner), sensewear mini advice only) ence, grip
mean 63.7 (SD 7.4)  armband (BodyMedia); real-time feedback: strength,
years, male sex: 88%  no; exercise: agrobic; dose: 30 min/session, 5 QoL
vs 90% vs 92% days/week; duration: 3 months
Park eta  Multicen- CVD; n=32vs28; Timing: after discharge from phase Il center-  Usua care (pe- Daily steps, 2 months
[43], ter RCT  dropout: 6 vs 3 (9/60, based CR; delivery: home-based CR with dometer, stepdi- 6MWD
(2021) 15.0%); age: mean wearabletapp+| CT; components: remotesuper-  ary, and telephone
United 66.7 (SD 8.6) vsmean  vision, PA and hemodynamic self-monitoring, support)
States 66.8 (SD 8.7) years,  educational content; device: smartband (Fitbit
male sex: 73% vs Charge); real-time feedback: no; exercise:
80% aerobic; dose: not reported; duration: 2 months
Duschaet  Single- CVD (angina, Ml, Timing: after discharge from phaseIl center-  Usual care (physi- Peak VO,, 3 months
a [44], center PCI, CABG, valvere- based CR; delivery: home-based CR with cian-directed phys-  daily steps
(2018) RCT pair, CHF [4/25, wearable+app+ICT; components remotesuper-  ical activity ad-
United 16%]); n=21vs 11; vision, PA monitoring; device: smartband vice)
States dropout: 5vs 2 (7/32, (Fithit Charge); real-time feedback: no; exer-
21.9%); age: mean cise: aerobic; dose: not reported; duration: 3
59.9(SD 8.1) vsmean months
66.5 (SD 7.2) years,
male sex: 81.2% vs
66.7%
Hakalaet  Single- CHD (angina, Ml, Timing: CHD who attended the center-based  Usual care(conven- Daily steps 12 months
a [45], center, PCI, CABG); n=29vs CR program; delivery: home-based CR with  tional CR without
(2021)" cluster 30 (same cohort as wearable+app+ICT; components. remotesuper- - remotetechnology)
Finland RCT Lahtio et al[35]); vision, PA and HR monitoring, educational

dropout: 6/59
(10.2%); age: mean
59.7 (SD 6.0) vsmean
59.2 (SD 6.1) years,
male sex: 76% vs
87%

content; device: wrist-worn smartband (Fitbit
Charge), hip-worn accelerometer (Fithit Zip);
real-time feedback: no; exercise: aerobic; dose:
not reported; duration: 12 months
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o Outcome as-
Study, Study de- Population (interven- Comparator type ~ OUtCOMES  sacgment/fol -
country sign tion vs control)? Intervention characteristics and components assessed” low-up
Dodsonet  Multicen- CHD (M, PCI, Timing: hospitalized for AMIZ, PCI, or CABG L_Jsual care (tradi- 6MWD, 3 months
a [46], ter RCT CABG); n=298 vs within prior 4 weeks; delivery: home-based tiona ambulatory QoL
(2925) 102; dropout: 27vs17  cR with wearabl e+app+ICT; components; re- CR permitted)
United (44/400, 11.0%); age:  mote supervision, PA and HR monitoring; de-
States 71.0vs710years;  yjce: smartband (Fitbit Inspire); real-time
male sex: 72.5% VS teadhack: no; exercise: aerobic; dose: 30
73.5% min/session, 5 days/week; duration: 3 months
Madinaet Single- MI; n=150 vs 150; Timing: MI withinthe3 monthsprior tostudy; Standard CR (exer- 6MWD, 6 months
a [47], center dropout: 0 (0%); age:  delivery: home-based CR with wear- ciseprogramand QoL
(2025) RCT mean 57.8 (SD 8.9) vs  able+app+ICT; components: remote supervi-  monthly physiother-
Uzbekistan mean 59.1 (SD 9.5)  sion, PA and HR monitoring, early warning  apist sessionswith-
years; male sex: sign reporting, medication reminders, dietary  out digital monitor-
67.3% vs 62.6% advice; device: smartband (model not report-  ing)
ed); real-time feedback: no; exercise: agrobic;
dose: not reported; duration: 6 months
Ntovoli et Single- CAD (MI); sametrial  Timing: less than 4 weeks after MI; delivery:  Community-based Perceived 6 months
a [48], center asMitropoulosetdd  home-based CR with wearable+app+ICT; CR (supervised well-being
(2025)% RCT [23]; age: 18-45years components: real-time feedback, remote super-  gym-based exer- (PERMA
Greece (26.7%), 46-55 years  vision, PA and hemodynamic monitoring; de- cise) profiler), CR
(20.1%), 56-65 years  vice: smartwatch (ScanWatch); real-time adherence,
(40%), >65 years feedback: yes; exercise: aerobic, resistance, percentage
(13.3%); male sex: balance, flexibility; dose: 60 min/session, 3 of peak HR,
80% days/week; duration: 6 months RPEa
Brouwers  Multicen- CAD (ACS, PCl); Timing: at phasell of outpatient CR; delivery: Center-based CR QoL 12 months
etal [49], terRCT n=153vs147, home-based CR with wearable+app+ICT; (supervised group-
(2021) dropout: 4vs12lost components. remote supervision, PA and HR  based exercise)
Nether- to FU% (16/300, monitoring; device: smartwatch (Mio Alpha),
lands 5.3%); age: mean 60.8  hip-worn accelerometer (ActiGraph wGT3x-
(SD9.3) vsmean60.5 BT); real-timefeedback: no; exercise: aerobic,
(SD 9.8) years; male  functional, resistance; dose: not reported; dura-
sex: 87.6% vs89.8% tion: 3 months CTR™+9 months rel apse pre-
vention
Nishioetal Single- CAD (PCI, CABG);  Timing: outpatient phase I1l CR candidates, = Wearable-support- Peak VO,, 3 months
[38], center N=25vs 25; dropout:  gfter pasdine CPET®: ddl ivery: home-based ed CPET—b@d AT, daily
(2025) RCT 1lvsOlostto FU CRwithwesarable+app+| CT; components: real- hqme exercise steps, BMI
Japan (1/50, 2.0%); age: time PA and HR monitoring, remote supervi-  Without online

mean 63.8 (SD 6.4) vs
mean 62.6 (SD 7.9)
years; male sex:
95.8% vs 92%

sion, weekly individualized text-message
coaching, monthly videoconferencing; device:
smartwatch (Fitbit Sense); real-time feedback:
yes; exercise: aerobic; dose: =30 min/session,
5 days/week; duration: 3 months

coaching
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o Outcome as-
Study, Study de- Population (interven- Comparator type ~ OUtCOMES  sacgment/fol -
country sign tion vs control)? Intervention characteristics and components assessed” low-up
Claeseta Multicen- CVD Timing: initiated during the final 4 weeksof ~ Usual care (physi- Peak VO,, 6 months
[39], ter RCT  (PCI/CABG/valvere- center-based phasell CR and continued into  cal activity advice  daily steps,
(2020) Bel- pair); n=60 vs 60; phase |11; delivery: home-based CR with without structured  grip
gium dropout: 7vs13lost  wearabletapp+l CT, components. remotesuper- CR) strength,

to FU (20/120, vision, PA and HR monitoring, telecoaching, BMI, QoL

16.7%); age: mean social networking, automated supportive text
61.7 (SD 14.5) vs messages or emails; device: smartband (Mi-
mean 59.6 (SD 13.2)  crosoft Band 2); real-time feedback: no; exer-
years; male sex: cise: aerobic; dose: 150 min/week moderate-
81.7% vs 81.7% intensity PA; duration: 6 months

8Unless otherwise indicated, values are presented as intervention vs control. For studies with more than 2 arms, values are presented in the order of the
study arms.

bM easurement methods and units peak VO, and VO, max were measured using cardiopulmonary exercisetesting (CPET) and expressed in mL/kg/min.

AT was determined during CPET and expressed in mL/kg/min. The 6-minute walk distance was measured using the 6-minute walk test and expressed
in meters. Physical activity was assessed using the wearable device or accelerometer specified in each study and reported as steps/day, minutes/day, or
minutes/week. Heart rate was expressed as beats/min; blood pressure, as mmHg; body weight, askg; BMI, askg/m2; waist, hip, and calf circumferences,
as cm; grip strength, as kg; left ventricular gjection fraction, as a percentage; and glycated hemoglobin, as a percentage. Quality of life and other
patient-reported outcomes were assessed using the validated instruments specified in the original studies.

®RCT: randomized controlled trial.

dcHD: coronary heart disease.

eMI: myocardial infarction.

fpci: percutaneous coronary intervention.
9CR: cardiac rehabilitation.

PICT: information and communication technol ogy.
iPA: physical activity.

JHBCR: home-based cardiac rehabilitation.
kV02: oxygen consumption.

|AT: anaerobic threshold.

QoL : quality of life.

"HR: heart rate.

%6MWD: 6-minute walk distance.

PCVD: cardiovascular disease.

9CHF: congestive heart failure.

'CAD: coronary artery disease.

SWohlfahrt et al [34] used a crossover design. Data from the first 3-month period before crossover were used for the meta-analysis to avoid potential
carryover effects. The 64 participants were randomized to 2 treatment sequences (32 vs 32).

'SMWT: 6-minute walk test.

ULahtio et al [35] and Hakala et a [45] are companion publications arising from the same cluster-randomized trial (ISRCTN61225589). They reported
different eligible outcomes and were treated as one unique underlying trial for study-level counting, including the country distribution. No participant
was counted more than once within any outcome-specific meta-anaysis.

VCABG: coronary artery bypass grafting.
WTAVR: transcatheter aortic valve replacement.
XACS: acute coronary syndrome.

YAvilaet a [42] used a3-arm design. For each outcome-specific meta-analysis, only the eligiblewearable-supported intervention arm and the corresponding
usual-care comparator were included; no comparator group was entered more than once.

ZAMI: acute myocardial infarction.

%Nitovoli et al [48] and Mitropoulos et a [23] are companion publications arising from the same randomized trial (NCT06071273). Ntovoli et a did
not report any of the outcomes predefined for thisreview and therefore did not contribute to the outcome-level Risk of Bias 2 assessment or quantitative
meta-analysis. The reports were linked and treated as one unique underlying tria for study-level counting, including the country distribution.

DRPE: rati ng of perceived exertion.

&Y follow-up.

ACTR: cardiac telerehabilitation.

%CPET: cardiopulmonary exercise testing.

Lahtio et a [35] and Hakala et al [45] were companion (ISRCTN61225589), while Mitropoulos et a [23] and Ntovoli
publications arising from the same cluster-randomized trial et al [48] were companion publications arising from the same
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randomized trial (NCT06071273). Each companion-publication
pair was linked and treated as representing one unique
underlying trial for study-level counting, including the country
distribution.

Of the 18 unique trials, 10 were single-center RCTs
[20-23,34,38,41,42,44,47], 7 were multicenter RCTs
[36,37,39,40,43,46,49], and 1 was a cluster RCT reported in 2
companion publications [35,45]. Wohlfahrt et al [34] used a
crossover RCT design, whereas the remaining individually
randomized studies used parallel-group designs.

All eligible intervention groups implemented remote or hybrid
CR incorporating a wrist-worn wearable device as a core
intervention component [20-23,34-49]. The wearable
technologies included smartbands [21,35,37,39-47] and
smartwatches [20,22,23,34,36,38,48,49]. A small number of
studiesincorporated additional sensorsfor intervention delivery
or outcome assessment [39,45,49]. Nishio et al [38] used aFitbit
Sense integrated with a real-time monitoring platform and
compared additional online coaching with wearable-supported
CR without coaching. Claes et a [39] evaluated the PATHway
technology-enabled home-based CR platform, which
incorporated a Microsoft Band 2, remotely delivered exercise
sessions, physical activity monitoring, automated feedback,
education, and behavioral support.

The comparator interventionsincluded usual care, home-based
exercise without wearable-guided support, passive or minimally
supported wearable monitoring, and structured center- or
community-based CR [20-23,34-49]. Thus, the presence of a
wearable device was not necessarily exclusiveto theintervention
group. Rather, the dligible intervention groups actively
integrated wearable-derived data into CR delivery through
monitoring, feedback, coaching, exercise guidance, or adherence
management.

In termsof intervention components, nearly all studiesincluded
remote supervision and physica activity monitoring
[20,21,23,34-49]. Many studies also incorporated HR or
hemodynamic  monitoring [20-23,35,37-39,41-43,45-49],
whereas real-time or individualized feedback was provided in
a subset of studies [20,23,38,39,48]. Additional components
included educational or behaviora-support  content
[20,35,36,39,43,45,47] and warning systems for abnormal
physiological signals[20,47].

The exercise programs were predominantly aerobic, including
theintervention evaluated by Nishio et al [38], although severa
studies implemented combined training incorporating aerobic
and resistance exercise [22,23,35,37,39,48,49]. Some
interventions additionally included balance or flexibility
exercises [23,35,36,39,48]. When reported, the prescribed
exercise dose generaly ranged from 30 to 60 minutes per
session, performed 3-5 times per week
[22,23,34,38,41,42,46,48].

Intervention duration ranged from 6 weeks to 12 months, with
most interventions lasting approximately 3-6 months
[20-23,34,36,38-42,44,46-49]. Follow-up assessments were
generally aligned with intervention completion, although some
studies reported extended follow-up to 12 months [42,46,49].

https://mhealth.jmir.org/2026/1/€101306
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When multiple assessment time points were available, the
assessment conducted at or closest to intervention completion
was preferentially selected for quantitative synthesis. When no
assessment was reported at intervention completion, the earliest
eligible postintervention assessment was used. In Avila et al
[42], the relevant outcomes were available at the 12-month
follow-up following a 3-month intervention.

Overall, the 18 uniquetrials randomized 1993 participantswith
CVD receiving wrist-worn wearable—guided CR through fully
remote or hybrid programs initiated during phase Il or phase
1l CR. Of the 20 included publications, 18 publications
representing 17 unique trials contributed data to at least 1
guantitative meta-analysis [20-23,34-47]. Because the number
of participants contributing data differed across outcomes and
assessment time points, outcome-specific sample sizes are
reported with each meta-analysis. Across the included studies,
mean participant age ranged from approximately 51 to 76 years,
and the proportion of male participants varied substantially,
ranging from 0% to approximately 96%; 1 study enrolled only
female participants [36]. Individual study sample sizes ranged
from 25 to 400 participants. Most participants had coronary
artery disease or had undergone PCI or cardiac surgery.

Risk of Biasin Studies

Among the 20 publications representing 18 unique trials, 19
reports were included in the outcome-level RoB assessment.
Ntovoli et a [48], acompanion publication from the sametrial
as Mitropoulos et a [23], was not assessed because it did not
report any of the predefined outcomes of interest. RoB was
assessed separately for each outcome using the standard or
design-specific Cochrane RoB 2 tool, as appropriate.

For peak VO,, 4 of the 10 contributing studies were rated as
having low overall RoB and 6 as having some concerns
[20-23,34,38,39,41,42,44], with no studiesrated ashaving high
RoB. For 6MWD, 8 of the 9 contributing studies were rated as
having some concerns and 1 as having high RoB
[21,22,34-37,43,46,47]. All studies contributing to BMI
[35,36,38,39,42] and waist circumference [35,36,42] wererated
as having some concerns. For AT, 2 of the 4 contributing studies
were rated as having low RoB and 2 as having some concerns
[20-22,38]. For grip strength, 3 of the 4 contributing studies
were rated as having some concerns and 1 as having high RoB
[22,37,39,42].

In contrast, substantial RoB concerns were observed for daily
steps and QoL . For daily steps, 7 of the 9 studies were rated as
having high overall RoB [37,38,40,42-45], primarily because
of bias dueto deviationsfrom intended interventions. For QoL,
10 of the 13 studies were rated as having high overall RoB
[20,34-36,38,39,42,46,47,49], primarily because of bias in
outcome measurement. The outcome-specific RoB assessments
are summarized in Multimedia Appendix 3.

Results of I ndividual Studies

Outcome-specific summary statistics and effect estimates for
each included study are presented in the forest plots (Figures
2-9) and the corresponding supplementary tables (Multimedia
Appendix 4). For continuous outcomes, individual study effects
arereported asMDswith 95% Clsfor peak VO,, 6BMWD, daily
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steps, AT, BMI, waist circumference, and grip strength. For
QoL, individua study effects are reported as SMDs using
Hedges g with 95% Cl s because different validated instruments
were used across studies. The number of participants
contributing data to each outcome-specific effect estimate is

Choi et d

also presented. Individual study findings varied in magnitude
and, for several outcomes, in direction, asreflected in the forest
plots and the between-study heterogeneity reported in the
Results of Syntheses section.

Figure 2. Random-effects meta-analysis of peak oxygen consumption (VO2). Study and pooled random-effects mean differences (MDs) are shown
with 95% Cls. DerSimonian-Laird (DL ) estimated between-study variance. Pooled Cl s used the Knapp-Hartung adjustment. The labeled normal-normal
framework (NNF) 95% prediction interval represents a future comparable study.

Peak VO: (mL/kg/min)

Study or subgroup Experilgpenta! Conl:rol M(Dn{r.'a'ﬁ':?n";i-tgusr?;)c' MD [95% CI] Weight
Zhang 2025 32 30 _ 3.92 [2.22, 5.62) 13.2%
Yagi 2025 16 20 0.20 [-3.43, 3.83] 6.7%
Wohlfahrt 2024 31 30 1.80[0.37, 3.23] 14.4%
Mitropoulos 2024 15 15 -0.10[-2.37, 2.17] 10.9%
Zheng 2024 53 53 _— — 3.91 [2.63, 5.19] 15.0%
Batalik 2020 25 26 —_— 0.60 [-2.13, 3.33] 9.2%
Avila 2020 26 25 0.90 [-2.98, 4.78] 6.1%
Duscha 2018 16 9 2.60[-1.92, 7.12] 4.9%
Nishio 2025 24 25 1.50 [-1.42, 4.42] 8.6%
Claes 2020 60 60 _ -0.40 [-2.61, 1.81] 11.1%
95% Cl1 Random-effects model 298 293 g 1.69 [0.46, 2.92] 100%
95% NNF prediction interval [-2.21, 5.39]

DL random-effects model; Knapp-Hartung 95% CI _-4 _-2 él é t‘l é é

Heterogeneity: F=61.6%: 1°=1.97; Q=23.45, df=9, P=.005

Test for overall effect: t=3.11, P=.013 PRVOUTS Control

Results of Syntheses

Overview

For each outcome, the pooled estimate and 95% CI represent
the estimated average effect acrossthe included studies, whereas
the 95% prediction interval describes the expected distribution
of true effects across comparable clinical settings while
accounting for between-study heterogeneity.

Primary Outcomes

Peak VO2

A total of 10 studies involving 591 participants were included
in the meta-analysis of peak VO, [20-23,34,38,39,41,42,44].
On average, wrist-worn wearable—guided CR delivered through
fully remote or hybrid programs was associated with greater
peak VO, than the control interventions (MD 1.69, 95% ClI

0.46-2.92 mL/kg/min; P=.01). Between-study variability was
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reflected by 12=1.97; 1°=61.6%; and Cochran Q=23.45 (P=.005).
The NNF 95% prediction interval ranged from —2.21 to 5.39
mL/kg/min and included the null. Thus, athough the estimated
average effect favored the intervention, a benefit may not be
observed consistently across future comparable settings (Figure
2).

6MWD

A total of 9 studies involving 1094 participants were included
in the meta-analysis of 6MWD [21,22,34-37,43,46,47]. The
pooled estimate indicated greater average 6MWD in the
intervention groupsthan in the control groups (MD 31.03, 95%
Cl 7.66-53.92 m; P=.02). Between-study variability was

reflected by 1°=1241.17; 1°=87.8%; and Cochran Q=65.78
(P<.001). The NNF 95% prediction interval was wide and
included the null (—62.11 to 123.18 m), indicating uncertainty
in the effect expected in afuture comparable setting despite the
favorable average effect (Figure 3).
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Figure 3. Random-effects meta-analysis of 6-minute walk distance (6MWD). Study and pooled random-effects mean differences (MDs) for 6 MWD
are shown with 95% Cls. DerSimonian-Laird (DL) estimated variance, pooled Cls used Knapp-Hartung adjustment, and the labeled normal-normal
framework (NNF) 95% prediction interval represents a future comparable study.

6MWD (m)

Experimental Control MD, random, 95% CI
Study or subgroup n n (Knapp-Hartung) MD [95% CI] Weight
Yagi 2025 16 19 32.33 [-18.30, 82.96] 9.2%
Wohifahrt 2024 3L 30 —— 7.70[-11.75, 27.15] 13.1%
Madina 2025 150 150 —n— 86.00 [70.71, 101.29] 13.4%
Lahtio 2023 24 25 —_— 9.80[-15.30, 34.90] 12.4%
Beckie 2023 22 20 38.60 [-11.90, 89.10] 9.2%
Zheng 2024 53 53 — 63.61 [33.92, 93.30] 11.9%
Lindman 2021 25 25 14,00 [-49.99, 77.99] 7.6%
Park 2021 26 25 0.40 [-44.65, 45.45] 9.9%
Dodson 2025 298 102 —— 15.60 [-0.30, 31.50] 13.4%
95% Cl Random-effects model 645 449 <f_:_'f_>— 31.03 [7.66, 53.92] 100%
95% NNF prediction interval T [-62.11, 123.18]
DL random-effects model; Knapp-Hartung 95% CI T T T T T T T T T

=75 =30 =25 0 25 50 75 100 125

Heterogeneity: 1°=87.8%; 1¢=1241.17; Q=65.78, df=8, P<.001

Test for overall effect: t=3.08, P=.015 Favaurs captr|

Daily Steps

A total of 9 studies reported daily steps. Avila et a [42] was
excluded from quantitative synthesis because the report did not
provide sufficient numerical information to calculate adaily-step
effect estimate and its variance. The remaining 8 studies
involving 474 participants were included [23,37-40,43-45]. On

Figure 4. Random-effects meta-analysis of daily steps. Study and pooled

Favours experimental

average, the intervention groups accumulated more daily steps
than the control groups (MD 1062.8, 95% CI 383.5-1825.0
steps/day; P=.01). Between-study variability was reflected by
12=193,015.86; 12=30.0%; and Cochran Q=10.00 (P=.19). The
NNF 95% prediction interval included the null (-503.0 to 2860.0
steps/day), suggesting that a benefit may not be observed
consistently across future comparable settings (Figure 4).

random-effects mean differences (MDs) in daily steps are shown with 95%

Cls. DerSimonian-Laird (DL) estimated variance, pooled Cls used the Knapp-Hartung adjustment, and the labeled normal-normal framework (NNF)

95% prediction interval represents a future comparable study.

Daily steps (steps/day)

Study or subgroup Experill;nental Conr::rol M?K;:;S&%&%En?ICI MD [95% CI] Weight
Mitropoulos 2024 15 15 _ 1,063.0 [69.0, 2,057.0] 19.2%
Lindman 2021 25 25 — — 769.0 [-244.5, 1,782.5] 18.8%
Chokshi 2018 50 55 —R— 1,368.0 [571.5, 2,164.5] 24.2%
Park 2021 26 25 2,223.0[138.0, 4,308.0] 6.5%
Duscha 2018 16 9 2,165.0 [-410.0, 4,740.0] 4.5%
Hakala 2021 26 27 867.1 [-2,099.7, 3,833.9] 3.5%
Nishio 2025 24 25 2,322.0[326.7, 4,317.3] 7.0%
Claes 2020 56 55 _— -328.0[-1,470.7, 814.7] 16.2%
95% Cl Random-effects model 238 236 -{:"} 1,062.8 [383.5, 1,825.0] 100%
95% NNF prediction interval — [-503.0, 2,860.0]

DL random-effects model: Knapp-Hartung 95% CI

—2000 1000 ©

Heterogeneity: ’=30.0%; 1°=193015.86; Q=10.00, df=7, P=188
Favours control

Test for overall effect: t=3.49, P=.010
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Secondary Outcomes

AT

A total of 4 studiesinvolving 256 participants wereincluded in
themeta-analysis of AT [20-22,38]. The pooled estimate favored
the intervention but was imprecise and included the null after

Choi et d

Knapp-Hartung adjustment (MD 1.02, 95% CI -0.22 to 2.21
mL/kg/min; P=.08). Between-study variability was reflected
by 12=0.27; 1°=35.0%; and Cochran Q=4.62 (P=.20). The NNF
95% prediction interval also included the null (-2.05 to 3.65
mL/kg/min), providing no clear evidence of aconsistent benefit
(Figure 5).

Figure 5. Random-effects meta-analysis of anaerobic threshold (AT). Study and pooled random-effects mean differences (MDs) in AT are shown with
95% Cls. DerSimonian-Laird (DL) estimated variance, pooled Cls used the Knapp-Hartung adjustment, and the labeled normal-normal framework

(NNF) 95% prediction interval represents a future comparable study.
AT (mL/kg/min)

Experimental Control MD, random, 95% CI
Study or subgroup B n n {I(napp-Hahung} MD [95% ClI] Weight
Zhang 2025 32 30 0.10[-1.44, 1.64] 21.0%
Yagi 2025 19 20 0.70[-1.61, 3.01] 11.2%
Zheng 2024 53 53 1.70[1.00, 2.40] 47.0%
Nishio 2025 24 25 0.60 [-0.95, 2.15] 20.8%
95% Cl Random-effects model 128 128 = 1.02 [-0.22, 2.21] 100%
95% NNF prediction interval [-2.05, 3.65]
DL random-effects model; Knapp-Hartung 95% CI

Y
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v
Heterogeneity: ’=35.0%; 1°=0.27; Q=4.62, df=3, P=.202 w2
Test for overall effect: t=2.68, P=.075

BMI

A total of 5 studiesinvolving 314 participantswereincluded in
the meta-analysis of BMI [35,36,38,39,42]. The pooled estimate
suggested a possible reduction but was imprecise and included
the null after Knapp-Hartung adjustment (MD —0.67, 95% Cl

v
3
Favours experimental

-1.64 to 0.24 kg/m?% P=.12). Between-study variability was
reflected by 12=0.11; 1?=17.1%; and Cochran Q=4.82 (P=.31).
The NNF 95% prediction interval included the null (-3.03 to

1.60 kg/m?), providing no clear evidence of a consistent
reduction (Figure 6).

Figure 6. Random-effects meta-analysis of BMI. Study and pooled random-effects mean differences (MDs) in BMI are shown with 95% Cls.
DerSimonian-Laird (DL) estimated variance, pooled Cls used Knapp-Hartung adjustment, and the labeled normal-normal framework (NNF) 95%

prediction interval represents a future comparable study.
BMI (kg/m?)

Study or subgroup Experill.;nenta! c°“.§"°' MB&J:E;'-"H';&%S:S)C' MD [95% CI] Weight
Lahtio 2023 23 26 —_ -0.30 (-0.88, 0.28] 56.4%
Beckie 2023 22 20 -0.30 [-3.82, 3.22] 3.3%
Avila 2020 28 26 —a— -1.30[-2.77,0.17] 16.4%
Nishio 2025 24 25 0.40 [-2.15, 2.95] 6.2%
Claes 2020 60 60 — — -1.70 [-3.11, -0.29] 17.7%
95% ClI Random-effects model 157 157 -;;:H:/;:- -0.67 [-1.64, 0.24] 100%

95% NNF prediction interval

DL random-effects model; Knapp-Hartung 95% Ci
Heterogeneity: P=17.1%; 17=0.11; Q=4.82, df=4, P= 307
Test for overall effect: t=-1.98, P=.119

' ' v
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Waist Circumference

A total of 3 studiesinvolving 145 participants wereincluded in
the meta-analysis of waist circumference[35,36,42]. The pooled
estimate suggested a possible reduction but was imprecise and
included the null after Knapp-Hartung adjustment (MD —2.48,
95% CI —5.90t0 0.17 cm; P=.07). The estimated between-study

https://mhealth.jmir.org/2026/1/€101306
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variance was zero (1=0; 12=0%; Cochran Q=0.77; P=.68), but
this estimate was based on only 3 studies and should not be
interpreted as evidence of identical effects. The NNF 95%
prediction interval included the null (-9.76 to 3.35 cm),
providing no clear evidence of a consistent reduction (Figure
7.
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Figure 7. Random-effects meta-analysis of waist circumference. Study and pooled random-effects mean differences (MDs) in waist circumference are
shown with 95% Cls. DerSimonian-Laird (DL) estimated variance, pooled Cls used the Knapp-Hartung adjustment, and the labeled normal-normal
framework (NNF) 95% prediction interval represents a future comparable study.

Waist circumference (cm)

MD

random, 95% CI

Experimental Control
Study or subgroup n n (I{napp-Hartung} MD [95% ClI] Weight
Lahtio 2023 24 L] —— -2.20 [-4.11, -0.29] 83.9%
Beckie 2023 22 20 -5.80 [-14.12, 2.52] 4.4%
Avila 2020 28 26 -3.20[-8.31, 1.91] 11.7%
95% Cl Random-effects model 74 71 «-_:"’q_;“‘, -2.48 [-5.90, 0.17] 100%
95% NNF prediction interval [-9.76, 3.35]
DL random-effects model; Knapp-Hartung 95% C! T T T T T T T T

=15.0 =125 =100 =75 =50 =25 0.0 25 50

Heterogeneity: °’=0.0%,; t?=0.00; Q=0.77, df=2, P=.680
Test for overall effect: t=-3.51, P=.072

Grip Strength

A total of 4 studiesinvolving 236 participants wereincluded in
the meta-analysis of grip strength [22,37,39,42]. The pooled
analysis showed no evidence of an average between-group
difference (MD -0.06, 95% Cl —1.24 to 1.08 kg; P=.87). The

Favours experimental

Favours control

estimated between-study variance was zero (12=0; 1°=0%;
Cochran Q=0.29; P=.96), although only 4 studies contributed.
The NNF 95% prediction interval also included the null (-1.45
to 1.28 kg), providing no evidence of aconsistent benefit (Figure
8).

Figure 8. Random-effects meta-analysis of grip strength. Study and pooled random-effects mean differences (MDs) in grip strength are shown with
95% Cls. DerSimonian-Laird (DL) estimated variance. Pooled Cls used Knapp-Hartung adjustment. The labeled normal-normal framework (NNF)

95% prediction interval represents a future comparable study.

Grip strength (kg)

Experimental Control MD, random, 95% CI
Study or subgroup B n n {I(napp-Hahung} MD [95% ClI] Weight
Yagi 2025 13 19 -0.97 [-8.08, 6.14] 9.9%
Lindman 2021 25 25 —— -0.04 [-3.14, 3.086] 52.3%
Avila 2020 16 18 -1.50[-9.29, 6.29] 8.3%
Claes 2020 59 59 _ 0.60[-3.52, 4.72] 29.6%
95% Cl Random-effects model 115 121 <;: :*» -0.06 [-1.24, 1.08] 100%
95% NNF prediction interval . [-1.45, 1.28]
DL random-effects model; Knapp-Hartung 95% CI T v L} v l T T v

=100 =75 =50 =25 0.0 2.5 5.0 1.5

Heterogeneity: P=0.0%; °=0.00; 0=0.29, df=3, P=.961

Test for overall effect: t=-0.17, P=.874 Favodrs.conkol

QoL

Although 13 studies reported QoL outcomes, only 5 studies
involving 580 participantsreported avalid overall or composite
QoL score with sufficient numerical data for quantitative
synthesis [34,37,39,41,47]. Zhang et a [20] was excluded
because the reported SF-36 total score was not a validated
summary score and was inconsistent with the stated 0-100

https://mhealth.jmir.org/2026/1/€101306
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scoring range. The exploratory synthesis showed no clear
average between-group difference (SMD 0.42, 95% Cl —0.49
to 1.34; P=.27). Marked between-study variability remained
(1°=0.85; 12=95.0%; Cochran Q=80.09; P<.001), and areliable
NNF 95% prediction interval was not reported. Given the
clinical and gtatistical variability acrossinstruments and outcome
domains, the pooled estimate was interpreted cautiously, and
findings were considered primarily descriptive (Figure 9).
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Figure 9. Random-effects meta-analysis of QoL. Study and pooled random-effects Hedges g standardized mean differences (SMDs) are shown with
95% Cls, and pooled Cls used Knapp-Hartung adjustment. Zhang et al [20] was excluded because its 36-1tem Short Form Health Survey total was not
validated. No reliable normal-normal framework (NNF) prediction interval was reported because variability remained marked. DL: DerSimonian-Laird.

Quality of life

Study or subgroup Experirr.\'lental Conl}rol sﬂahgﬁﬁqﬁ?&zgz"} &l ) SMD [95% CI] Weight )
Wohlfahrt 2024 31 30 0.33[-0.17, 0.84] 19.8%
Madina 2025 150 150 —— 1.68 [1.42, 1.94] 20.9%
Lindman 2021 24 24 -0.08 [-0.65, 0.48) 19.4%
Batalik 2020 25 26 0.07 [-0.48, 0.62] 19.5%
Claes 2020 60 60 0.05 [-0.31, 0.41] 20.5%
95% Cl Random-effects model 290 290 -=;J‘ a——— 0.42 [-0.49, 1.34] 100%

95% NNF prediction interval: not reported

DL random-effects model; Knapp-Hartung 95% CI
Heterogeneity: °’=95.0%; 1°=0.85; Q=80.09, df=4, P<.001

Test for overall effect: t=1.29, P=.267 FaValES Coring|

Subgroup Analyses

Peak VO2

Subgroup analyses for peak VO, were conducted according to
the CR phase at intervention initiation, provision of real-time
feedback, wearable-device type, exercise type, and comparator
characteristics. With restricted maximum likelihood estimation
and Knapp-Hartung-adjusted subgroup Cls, the average effect
was numerically larger in studies in which CR was initiated
during phase Il (MD 2.51, 95% CI —0.46 to 5.47 mL/kg/min; 4
studies) than in those initiated during phase 11 (MD 0.58, 95%
Cl -0.44 to 1.61 mL/kg/min; 6 studies). However, the formal
Knapp-Hartung interaction test did not demonstrate astatistically
significant difference between the subgroups (interaction:
P=.08).

Favours experimental

The average effect was also numerically larger in studies using
aerobic exerciseaone (MD 2.06, 95% Cl 0.67-3.44 mL/kg/min;
8 studies) than in studies using combined aerobic and resistance
exercise (MD -0.02, 95% CI —1.73 to 1.70 mL/kg/min; 2
studies); however, the Knapp-Hartung subgroup difference was
not statistically significant (interaction: P=.16).

No statistically significant subgroup differences wereidentified
according to provision of real-time feedback (interaction:
P=.75), wearable-devicetype (interaction: P=.99), or comparator
characteristics (interaction: P=.73). Overal, none of the formal
interaction testsreached statistical significance (Figure 10). The
numerically larger effects observed with phase |1 initiation and
aerobic-only exercise should therefore be considered
hypothesis-generating, particularly given the small number of
studies within some subgroups.

Figure 10. Subgroup analyses of peak oxygen consumption (VO2). Random-effects subgroup estimates used restricted maximum likelihood and
Knapp-Hartung 95% Cls. No interaction was statistically significant (cardiac rehabilitation [CR] phase: P=.08; exercise type: P=.16). MD: mean

difference.

Peak VO: subgroup analyses (k=10)

Moderator Subgroup Poolet N gy ! MD [95% CI] e P arace ¥

CR start phase Phase ll/recovery (k=4) e —— 2.51[-0.46, 5.47] -1.93 081
Phase lll/maintenance (k=6) 0.58 [-0.44, 1,61]

Feedback Without real-time feedback (k=7) | p—— 1.57 [0.05, 3.09] +0.32 153
With real-time feedback (k=3) e ——— 1.89[-3.33, 7.11]

Device type Smartband (k=5) o ———S—— 1.63 [-0.74, 4.00] +0.08 992
Smartwatch (k=5) 1.71[-0.33, 3.75]

Exercise type  Aerobic exercise only (k=8) R 2.06[0.67, 3.44) -2.07 .158
Combined exercise (k=2) —_— -0.02 [-1.73, 1.70]

Comparator Minimal/usual care (k=4) —— 1.86 [-1.46, 5.18] -0.29 730

Activefstructured CR (k=6) f=======

= 1.57 [-0.06, 3.20]
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6MWD

Subgroup analysesfor 6MWD were conducted according to the
CR phase at intervention initiation, wearable-device type,
exercise type, and comparator characteristics. With restricted
maximum likelihood estimation and Knapp-Hartung-adjusted
subgroup Cls, the pooled MD was 39.26 (95% Cl —5.54 to 84.07
m; 5 studies) for interventions initiated during phase Il and
15.20 (95% CI —8.68 to 39.08 m; 4 studies) for interventions
initiated during phase Il (interaction: P=.35). The pooled MD
was 34.50 (95% CI —3.00 to 72.01 m; 6 studies) for smartbands

Choi et d

and 16.23 (95% Cl —23.10 to 55.56 m; 3 studies) for
smartwatches (interaction: P=.63). For aerobic exercise alone
and combined exercise, the pooled MDs were 36.05 (95% CI
—11.12t083.22m; 5 studies) and 17.88 (95% Cl —3.60t0 39.35
m; 4 studies), respectively (interaction: P=.55). For minimal or
usual-care and active or structured CR comparators, the pooled
MDswere 24.08 (95% Cl —0.80t0 48.97 m; 6 studies) and 43.20
(95% ClI —60.40 to 146.81 m; 3 studies), respectively
(interaction: P=.38). None of the interaction tests were
statistically significant (Figure 11).

Figure11. Subgroup analysesof 6-minutewalk distance (6BMWD). Random-effects subgroup estimatesfor 6M WD used restricted maximum likelihood
and Knapp-Hartung 95% Cls. No interaction was statistically significant. CR: cardiac rehabilitation; MD: mean difference.

6MWD subgroup analyses (k=9)

Pooled MD, random, 95% CI
(Knapp-Hartung)

Moderator Subgroup

CR start phase Phase ll/recovery (k=5) L—
Phase lli/maintenance (k=4) —_
Device type Smartband (k=6) e
Smartwatch (k=3) — —
Exercise type
Combined exercise (k=4) —_

Comparator Minimal/usual care (k=6) S ——

Activefstructured CR (k=3) — —_—

Aerobic exercise only (k=5) ——

MD [95% €1 oilrarce  Pignaagnvr
— 39.26 [-5.54, 84.07] 24,07 351
15.20 [-8.68, 39.08]
34.50 [-3.00, 72.01] -18.28 625
16.23 [-23.10, 55.55]
- 36.05 [-11.12, 83.22] 18.17 547
17.88 [-3.60, 39.35]
24.08 [-0.80, 48.97] +19.12 383

— — 4320 [-60.40, 146.81]

=30 0 30
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Given the limited number of studies within several subgroups,
all subgroup findings were interpreted cautiousy. The
comparator-based subgroup analyses were conducted post hoc
in response to peer review. Prediction intervals were not
calculated for subgroup analyses because subgroup-specific
estimates were based on alimited number of studies. Study-level
results for the peak VO, and 6MWD subgroup analyses are
provided in Figures S1-S9 in Multimedia Appendix 4.

M eta-Regression Analyses

Peak VO2
Univariable random-effects meta-regression analyses were
conducted across the 10 studies contributing to the peak VO,

meta-analysis to examine associations with the proportion of
femal e participants, intervention duration, and mean participant
age.
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A higher proportion of female participants was associated with
a larger intervention effect on peak VO, ($=.088, 95% ClI
0.016-0.160 mL/kg/min per 1-percentage-point increase in the
proportion of female participants; P=.02). Thus, at the study
level, a10-percentage-point increase in the proportion of female
participants corresponded to an estimated 0.88-mL/kg/minlarger
MD in peak VO,. Thisfinding should beinterpreted cautiously
because the analysis was based on aggregate study-level data
and does not establish anindividual-level sex-specific treatment
effect.

Intervention duration showed a negative association with the
intervention effect, but the association did not reach the
prespecified 2-sided significance threshold (3=—.156, 95% ClI
—0.346 t0 0.034 mL/kg/min per additional week; P=.10). Mean
participant age was not associated with the intervention effect
(B=.021, 95% CI —0.211 to 0.252 mL/kg/min per additional
year; P=.84). The peak VO, metaregression results are
presented in Figure 12.
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Figure 12. Univariable meta-regression analyses of peak oxygen consumption (VO2). Bubble plots show random-effects meta-regression of peak VO2
mean difference against female proportion, intervention duration, and mean age across 10 studies; area reflects inverse-variance weight; and dotted

lines show 95% confidence bands.
Meta-regression of Peak VO: (k=10)

A Female participants (%)

B Intervention duration (weeks)

C Mean age (years)
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6MWD

Univariable random-effects meta-regression analyses were
conducted across the 9 studies contributing to the 6MWD
meta-analysis. No statistically significant associations were
identified for any of the examined study-level moderators. The
proportion of female participants was not significantly associated

Intervention duration (weeks)

nverse-variance weight; dotted lines indicate the 95%

Mean age (years)

confidence band

with theintervention effect on 6MWD ([3=.453, 95% CI -0.576
to 1.482 m per 1-percentage-point increase; P=.33). Intervention
duration was also not associated with the effect estimate
(B=—139, 95% CI —2.156 to 1.878 m per additional week;
P=.88), nor was mean participant age (3=—676, 95% Cl —4.005
to 2653 m per additional year; P=.65). The 6MWD
meta-regression results are presented in Figure 13.

Figure 13. Univariable meta-regression analyses of 6-minute walk distance (6MWD). Bubble plots show random-effects meta-regression of 6MWD
mean difference against female proportion, intervention duration, and mean age across 9 studies; areareflects inverse-variance weight; and dotted lines

show 95% confidence bands.
Meta-regression of 6MWD (k=9)

A Female participants (%)
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Given the small number of contributing studies, limited
statistical power, and use of aggregate study-level covariates,
all meta-regression findings were considered exploratory and
hypothesis-generating. In particular, the association between
the proportion of female participants and the peak VO, effect
should not be interpreted as evidence that individual female
participants experienced greater benefits.

Sensitivity Analyses

Exclusion of the Cluster-Randomized Trial

Sensitivity analyses excluding the cluster-randomized trial were
conducted for 6MWD, daily steps, BMI, and waist
circumference, which were the outcomes to which the trial
contributed.

https://mhealth.jmir.org/2026/1/€101306
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For BMWD, exclusion of the cluster-randomized trial did not
materially change the pooled average effect (MD 33.95, 95%
Cl 7.60-60.30 m; P=.02). Between-study variability remained

(1°=88.4%; 1°=1343.55), and the NNF 95% prediction interval
included the null (—67.52 to 135.99 m).

For daily steps, the pooled average effect remained statistically
significant after exclusion of the cluster-randomized trial (MD
1084.5, 95% Cl 294.6-1961.1 steps/day; P=.02). Between-study
variability was reflected by 1=39.9% and 1°=265,305.58, and

the NNF 95% prediction interval included the null (=704.8 to
3077.3 steps/day).

For BMI, exclusion of the cluster-randomized trial resulted in
alarger estimated reduction, but the Knapp-Hartung-adjusted
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Cl included the null (MD —1.18, 95% CI —2.48 to 0.35 kg/mz;
P=.08; 1>=0%; 12=0). The NNF 95% prediction interval also
included the null (3.68 to 1.71 kg/m?).

For waist circumference, exclusion of the cluster-randomized
trial moved the point estimate farther from the null (from—2.48
to —3.91 cm), but precision decreased because only 2 studies
remained (MD —3.91, 95% Cl —8.27 t0 0.44 cm; P=.08; 1°=0%).
An NNF prediction interval was not reported because only 2
studies remained, below the number for which the method has
demonstrated adequate performance. Thus, the estimated effect
became larger in magnitude, but the evidence became less
precise and remained sensitive to a single-study exclusion.

Leave-One-Out Analysis for 6MWD

A leave-one-out sensitivity analysis was conducted for 6MWD
by sequentialy excluding each of the 9 contributing studies.
The pooled MDs ranged from 20.95 to 34.44 m, remained
positive, and retained 95% Cl s that excluded the null in every
analysis. The corresponding NNF prediction intervals
nevertheless included the null throughout.

Exclusion of Madinaet al [47] was accompanied by adecrease
in 12 from 87.8% to 42.5%, while the pooled MD remained
statistically significant (MD 20.95, 95% CI 3.57-38.36 m). This
finding indicates that the relative inconsistency among study
results was lower after exclusion of this study; however, the
change in I? was not interpreted as an absolute reduction in
between-study heterogeneity. Exclusion of the other individual
studies did not materially reduce 1%, which ranged from 87.2%
to 89.4%; however, these rel ative inconsistency estimates were

Choi et d

interpreted alongside t2and the prediction intervals rather than
as absolute measures of heterogeneity. The complete
leave-one-out analysisis presented in Figure S14in Multimedia
Appendix 4.

Overdll, the sensitivity analyses preserved the direction of the
pooled effects for 6MWD, daly steps, and BMI.
Knapp-Hartung-adjusted pooled effects remained statistically
significant for BMWD and daily steps after exclusion of the
cluster-randomized trial, whereas the BMI estimate included
the null. The waist-circumference estimate increased in
magnitude but lost precision after exclusion of the
cluster-randomized trial. Prediction intervals continued to
include the null where estimable.

Reporting Biases

Potential small-study effects were assessed for peak VO,, for
which 10 studieswere available. Visual inspection of the funnel
plot suggested some asymmetry. Egger regression test yielded
an intercept of —2.24 (P=.10), which did not reach the
prespecified 2-sided significance threshold of P<.05. Together
with the visual asymmetry, this suggested possible small-study
effects, although the evidence was inconclusive. This finding
should be interpreted cautiously because only 10 studies were
available and funnel plot asymmetry may result from
between-study heterogeneity, methodological differences, or
other factors rather than publication bias alone (Figure 14).

Formal testsfor funnel plot asymmetry were not performed for
the remaining outcomes because fewer than 10 studies were
included in each meta-analysis, resulting in limited statistical
power and potentially unreliable assessments.

Figure 14. Funnel plot for the meta-analysis of peak oxygen consumption (VO2). The funnel plot shows peak VO2 mean differences against SEs for
10 randomized controlled trials. The vertical line marksthe pooled mean difference, and diagonal s mark the expected 95% limits. Mild visual asymmetry
was not supported by Egger regression (intercept —2.24, SE 1.19; P=.10) and is not direct evidence of publication bias.
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Certainty of Evidence

GRADE certainty ranged from very low to moderate. Peak VO,
was moderate, downgraded for inconsistency because effects
varied and the NNF 95% prediction interval included the null.
6MWD was moderate, downgraded for inconsistency because
effects varied materially and the wide NNF interval included
the null. Daily steps were low, downgraded 2 levels for very
serious risk of bias, mainly from deviations from intended
interventions.

AT and BMI were moderate, each downgraded for imprecision.
Waist circumference was low, downgraded for risk of bias and
imprecision; only 145 participants contributed, the
Knapp-Hartung Cl and NNF interval included the null, and
cluster-RCT exclusion left 2 studies with less precision. Grip
strength was low because of risk of bias and imprecision. QoL
was very low because of very seriousrisk of bias, very serious
inconsistency, and imprecision. Table S1 in Multimedia
Appendix 4 provides detailed judgments.

Discussion

Principal Findings

This systematic review and meta-analysis found favorable
average effects of wrist-worn wearable—guided CR delivered
through fully remote or hybrid programs on peak VO,, 6MWD,
and daily stepsin patientswith CV D, with interventionsinitiated
during phase I or phase 111 CR. No clear pooled effects were
found for AT, BMI, waist circumference, grip strength, or QoL
after applying a consistent Knapp-Hartung framework. The
prediction intervals for all 3 primary outcomes included the
null, indicating uncertainty about whether the favorable average
effects would be reproduced in a future comparable setting.
Certainty varied across outcomes, and findings for daily steps
and QoL werefurther limited by risk-of-bias concerns. Subgroup
and meta-regression findings remain exploratory.

The observed average improvements in peak VO, and 6MWD
may beclinically relevant because both outcomes are associated
with cardiovascular prognosis and functional independence.
Peak VO, is a strong predictor of cardiovascular and all-cause
mortality, and modest improvementsin cardiorespiratory fitness
have been associated with reduced mortality risk [50,51]. The
pooled MWD estimate was also comparable to commonly
reported thresholds for clinically meaningful change in CR
populations [52]. These findings are consistent with CR
guidelinesthat identify cardiorespiratory fitness and functional
capacity as central treatment targets [3,8]. Nevertheless, the
prediction intervals for both outcomes included the null. The
pooled estimates should therefore be interpreted as favorable
average effects, not effects expected to occur uniformly across
future fully remote or hybrid programs.

Subgroup analyses showed numericaly larger peak VO,
improvements when wrist-worn wearable—guided CR was
initiated during phase Il rather than phase |1l and when
interventions emphasi zed aerobi ¢ exercise rather than combined
aerobic and resistance exercise. However, neither formal
interaction test reached statistical significance. These findings

https://mhealth.jmir.org/2026/1/€101306
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should therefore be considered hypothesis-generating rather
than evidence that CR phase or exercise type modifies
intervention effectiveness. The larger numerical effect during
phase |l may reflect greater potential for physiological recovery
during early outpatient rehabilitation, whereas phase 111 focuses
primarily on the maintenance of previously achieved gains
[8,53]. Similarly, aerobic training directly targets the central
and peripheral determinants of maximal oxygen uptake [54],
although resistance exercise remains important for muscular
strength and overall function [55,56]. The small number of
studies in some subgroups precludes recommending one CR
phase or exercise modality over another.

No statistically significant subgroup differences wereidentified
according to wearable-device type, real-time feedback, or
comparator characteristics. Most devices shared core functions
such as step counting and HR monitoring, which may have
limited the ability to detect device-specific differences [57].
Moreover, the effectiveness of feedback may depend on its
frequency, personalization, and integration into exercise
prescription rather than simply on whether feedback isavailable
[58]. Control interventions al so ranged from usual or minimally
supported care to structured center-based, community-based,
or wearable-supported programs. Consequently, the absence of
statistically significant subgroup interactions should not be
interpreted as demonstrating equivalence among devices,
feedback approaches, or comparator conditions.

M eta-regression associated higher study-level female proportion
with greater peak VO, improvement, while age and intervention
duration were not significant moderators. With few studiesand
aggregate covariates, these exploratory results are susceptible
to ecological bias and do not establish greater individual benefit
inwomen or absence of age- or duration-rel ated effects. Remote
or hybrid CR may nevertheless improve access for women
facing logistical, caregiving, social, or referral barriers [59], a
consideration distinct from the observed treatment-effect
association.

The pooled analysis indicated a favorable average effect on
daily steps with wrist-worn wearable-guided CR; however,
confidence is limited because most contributing studies had
high overall risk of bias and evidence certainty was low. The
prediction interval included the null, indicating that benefit may
not be observed consistently across comparablefully remote or
hybrid settings. Wearable- and eHealth-supported rehabilitation
may facilitate self-monitoring, goa setting, and feedback
[58,60]. However, greater step counts do not necessarily indicate
reduced sedentary time, higher activity intensity, or sustained
long-term behavioral change because these dimensions were
not assessed consistently.

The pooled estimates for AT, BMI, and waist circumference
were imprecise and included the null after Knapp-Hartung
adjustment. AT may respond differently from peak VO,
depending on baseline fitness, exercise intensity, and
measurement methods [61-63]. The anthropometric point
estimates may reflect increased physical activity, as aerobic
exercise and sustained activity have been associated with
reduced central adiposity [64,65], but most included programs
did not provide intensive dietary or weight-management
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components. For waist circumference, excluding the
cluster-randomized trial moved the point estimate farther from
the null but reduced precision because only 2 studies remained.
These secondary findings should therefore be considered
uncertain and should not be attributed specifically to wearable
use.

No clear improvement was observed in grip strength, which
may reflect the limited emphasis on progressive resistance
training in many wrist-worn wearable—guided CR programs.
Step-based activity monitoring alone does not provide the
training stimulus required to increase muscular strength [55,56] .
The available evidence did not establish a clear effect on QoL.
The exploratory pooled estimate was highly uncertain because
most contributing studies had high overall risk of bias,
between-study heterogeneity was extreme, and the certainty of
evidence was rated as very low. Therefore, the nonsignificant
pooled estimate should not be interpreted as evidence of no
effect. Differences in generic and disease-specific instruments
and the broader psychosocial and clinical determinants of QoL
may also have contributed to the observed variability [66].

Previous reviews of wearablee and eHealth-supported
cardiovascular rehabilitation generally found gains in physical
activity or exercise capacity [9,10,16-19]. Alam et al [9] reported
that quantitative syntheses tended to favor consumer wearables
for steps and moderate to vigorous activity, and Heimer et a
[10] found that eHealth-supported phase Il CR improved
activity and capacity with a small QoL benefit. Our QoL
estimate was more uncertain, likely reflecting differences in
populations, phases, program components, comparators,
follow-up, and instruments. Telerehabilitation can extend CR
beyond centers [67], but multicomponent benefits cannot be
attributed to the wearable alone.

From a clinical perspective, wrist-worn wearable—guided CR
may help extend activity monitoring and behavioral support
beyond center-based sessions. Thismay be particularly relevant
because conventional CR participation remainslimited by travel
distance, transportation, program availability, work and
caregiving responsibilities, and physical limitations [8,68,69].
Wrist-worn devices have relatively low user burden and can be
incorporated into daily life[70,71]. Their most appropriaterole
may therefore be to complement structured multidisciplinary
CR by supporting individualized goals, activity monitoring, and
communication between patients and rehabilitation teams rather
than to replace supervised exercise prescription or
comprehensive secondary prevention.
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This review focused on a clinically relevant and scalable
category of wearable technology and included only RCTs.
Absolute effect measures enhanced clinical interpretability, and
prediction intervals distinguished uncertainty surrounding
average effects from the expected variation across comparable
settings. Subgroup, meta-regression, and sensitivity analyses
were used to explore potential sources of heterogeneity, and
companion publicationswere linked to prevent double counting.

Limitations include material variation in effects, especialy for
6MWD and QoL arising from popul ations, CR phase, duration,

prescriptions, wearable functions, comparators, and timing. 12

was therefore interpreted with 12, prediction intervals, and
clinical diversity. Few studies supported several outcomes and
subgroups; aggregate meta-regression had limited power and
could not establish patient-level modification. Risk-of-bias
concerns included deviations, missing data, and outcome
measurement. Heterogeneous multicomponent interventions
prevented isolating wearable effects, and limited
postintervention follow-up precluded conclusions about
durability or cardiovascular events. The review lacked
prospective registration and a published protocol; some
exploratory-anaysis eligibility wasrefined after extraction, and
the comparator subgroup was post hoc. Restriction to
peer-reviewed English- or Korean-language full texts and
exclusion of gray literature may have increased dissemination
bias; funnel plots and Egger regression could assess, but not
establish, publication bias.

Conclusions

Wrist-worn wearable—guided CR delivered through fully remote
or hybrid programs may improve average exercise capacity and
physical activity in patients with CVD during phase Il or 1l
CR. Favorable pooled effects were observed for peak VO,,
6MWD, and daily steps, however, the prediction intervals
included the null, indicating that these benefits may not be
consistently reproduced across future settings. No clear effects
were observed for AT, BMI, waist circumference, grip strength,
or QoL. When integrated into structured multidisciplinary CR,
wrist-worn wearables may provide a scalable means of
extending activity monitoring, individualized feedback, and
behavioral support beyond supervised clinical encounters.
Nevertheless, the limited evidence base, risk-of-bias concerns,
intervention heterogeneity, and multicomponent nature of the
programswarrant cautiousinterpretation. Larger, rigoroustrials
should determine which patients and intervention components
derive the greatest benefit and how wearable-derived data can
support adaptive, personalized CR.
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