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Abstract
Background: Wearable devices are increasingly used for sleep monitoring and as adjunctive treatment. Existing meta-analy-
ses mostly pool composite digital therapies and rarely isolate stand-alone wearables or distinguish between objective and
subjective end points. Whether stand-alone wearable interventions improve sleep outcomes in adults with insomnia, and which
factors moderate treatment heterogeneity, remains unclear.
Objective: This study aims to evaluate the effectiveness of wearable digital interventions on sleep outcomes in adults with
insomnia versus control strategies and explore moderators of effectiveness, including device-wearing position, intervention
duration, and control type, using meta-regression.
Methods: This systematic review and meta-analysis was conducted in accordance with the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta‑Analyses) 2020 statement and the PRISMA-S (Preferred Reporting Items for
Systematic Reviews and Meta‑Analyses Literature Search Extension) guideline. Five electronic databases and clinical trial
registries were searched from inception to May 18, 2026. Eligible studies were randomized controlled trials (RCTs) evaluating
wearable digital interventions in adults with insomnia compared with sham, waitlist, usual care, or active control conditions
and had an intervention duration of at least 1 week. Study screening, data extraction, and risk-of-bias assessment were
carried out independently by 2 reviewers. Pooled estimates were calculated using a restricted maximum likelihood random-
effects model with the Hartung-Knapp-Sidik-Jonkman correction. Heterogeneity was assessed using the I² statistic, and 95%
prediction intervals (PIs) were calculated for the primary analyses. The certainty of evidence was rated using the GRADE
(Grading of Recommendations, Assessment, Development, and Evaluation) approach.
Results: Sixteen RCTs (N=910) were included. Wearable digital interventions were associated with a significant reduction
in objective sleep-onset latency (SOL; mean difference [MD] −4.52, 95% CI −8.38 to −0.67, PI −9.52 to 0.47 min) and a
significant improvement in subjective sleep efficiency (SE; MD 2.00%, 95% CI 1.90%‐2.11%, PI 1.85%‐2.15%). Subjective
total sleep time (TST) also showed a significant increase (MD 19.11, 95% CI 2.98‐35.24, PI −16.20 to 54.43 minutes).
Meta-regression showed that control type, intervention duration, and device location did not explain the heterogeneity of the
insomnia severity index (ISI) (R²=0). Sensitivity analysis confirmed the robustness of pooled ISI estimates, and an Egger test
indicated no small-study effects (P=.07). Certainty of evidence ranged from moderate to high.
Conclusions: Wearable digital interventions provide selective benefits for objective SOL, subjective SE, and subjective
TST in adults with insomnia, with no improvement in overall ISI. Despite statistically significant effects on several sleep
parameters, wide PIs, substantial heterogeneity, and limited study numbers indicate preliminary, nonconclusive findings.
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Wearables should be viewed as affordable adjunctive tools requiring further validation, not substitutes for first-line cognitive
behavioral therapy for insomnia. Large-scale, long-term RCTs with standardized protocols and patient-level external validation
are required to consolidate the evidence base.
Trial Registration: PROSPERO CRD420251038603; https://www.crd.york.ac.uk/PROSPERO/view/CRD420251038603

J Med Internet Res 2026;28:e93496; doi: 10.2196/93496
Keywords: insomnia symptoms; sleep problems; wearable electronic devices; digital health; meta-analysis

Introduction
Insomnia, defined as persistent difficulty in initiating or
maintaining sleep accompanied by clinically significant
daytime impairment [1,2], remains one of the most preva-
lent sleep disorders worldwide. Epidemiological estimates
indicate that approximately 10% to 20% of the general adult
population meet diagnostic criteria for insomnia disorder [1,
3], with prevalence rising markedly with age, and women
being 1.3 to 1.7 times more likely to be affected than men
across all age groups [4,5]. Beyond its immediate impact
on sleep quality, insomnia constitutes a major risk factor
for various mental disorders, such as depression, anxiety,
and alcohol dependence, and is additionally associated with
diminished quality of life and increased all-cause mortality
[4,6-9], thereby imposing a substantial economic and health
care burden on society [10]. In the United States alone, the
direct costs of insomnia-related medical care, combined with
indirect costs from workplace productivity loss, absenteeism,
and accidents, have been estimated to exceed US $100 billion
annually [11,12]. In aging societies across East Asia and
Europe, this burden is further exacerbated by the dispropor-
tionately high prevalence of insomnia among older adults
[13,14] and the corresponding rise in demand for chronic
disease management [15]. Given this profound public health
impact, identifying safe, effective, and scalable interventions
for insomnia remains a critical priority for health care systems
globally.

The management of insomnia encompasses psychological,
behavioral, pharmacological, and complementary approaches
[3,9]. Among these, cognitive behavioral therapy for
insomnia (CBT-I) is recommended as first-line treatment
on the basis of robust empirical evidence [2,5]. However,
its widespread implementation is severely constrained. The
global shortage of trained CBT-I therapists [16], together
with high per-session costs (which average US $260 in
the United States [17]) and marked geographic disparities
in service availability [17], means that the vast major-
ity of patients with insomnia rarely receive guideline-rec-
ommended behavioral treatment [2,3,5]. Pharmacological
treatments, including benzodiazepine receptor agonists and
Z-drugs, provide short-term symptomatic relief but entail
substantial risks with long-term use [18], including physical
dependence, tolerance, rebound insomnia on discontinuation,
cognitive impairment, next-day sedation, and increased fall
risk, especially in older adults [19]. Consequently, clinical
guidelines universally recommend limiting hypnotic use to
the lowest effective dose and the shortest necessary dura-
tion, with pharmacotherapy generally restricted to short‑term

use of no more than 4 to 5 weeks [20]. The persistent
gap between high treatment demand and limited access to
evidence-based nonpharmacological therapies highlights the
need for scalable alternatives that do not require the infra-
structure and workforce associated with traditional CBT-I.

In recent years, digital therapeutics, particularly wearable
devices, have emerged as a rapidly advancing frontier in sleep
medicine [21-23]. Adoption of wearable sleep technology,
including smartwatches, wristbands, head-mounted electroen-
cephalography (EEG) systems, and therapeutic filtered-light
glasses, has grown substantially, driven by increasing public
awareness of sleep health and advances in miniaturized
sensing technology [24,25]. These devices enable continuous,
real-time physiological monitoring (eg, heart rate variabil-
ity, actigraphy [26]) and can provide active therapeutic
functions such as acoustic stimulation, transcranial electri-
cal stimulation, and biofeedback-based sleep retraining [2,
26-28]. Nevertheless, the available synthesized evidence on
the efficacy of stand-alone wearable devices for insomnia
remains limited.

Several earlier systematic reviews have sought to
synthesize evidence in this field. For instance, Jung et al
[8] examined mobile apps for insomnia but did not specifi-
cally focus on wearable devices used as stand-alone interven-
tions. Bai et al [29] and Hwang et al [30] assessed digital
CBT-I programs rather than the wearable hardware itself.
Baron et al [31] and Glazer Baron et al [32] centered their
reviews on measurement rather than on therapeutic efficacy.
Lai et al [33] reviewed wearable-delivered interventions but
pooled heterogeneous populations and did not include any
studies published after December 2021. Critically, however,
few prior reviews have systematically distinguished between
objectively measured sleep parameters and patient-reported
subjective sleep outcomes.

Critically, this review was designed to address several
knowledge gaps that were not fully addressed in previous
meta-analyses. First, rather than aggregating composite digital
therapies (eg, wearables combined with app-guided psy-
chotherapy), we focused exclusively on stand-alone wear-
able interventions to isolate their pure therapeutic effect.
Second, we explicitly stratified outcomes into objective
sleep parameters (measured by actigraphy or polysomnogra-
phy) and subjective patient-reported outcomes, given that
these 2 domains frequently yield discrepant findings in
insomnia research and carry distinct clinical implications.
Third, we performed targeted meta-regression to quanti-
tatively investigate sources of heterogeneity in insomnia
severity scores, an approach not systematically applied in
prior reviews. Fourth, we used the confidence distribution
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approach proposed by Nagashima et al [34] to compute
prediction intervals (PIs), thereby going beyond average
pooled estimates to provide a more reliable estimate of the
true effect distribution across different clinical settings and
populations.

Taken together, the existing literature remains inadequate,
owing to fragmentation across technologies, heterogeneity in
the conceptualization and measurement of sleep outcomes,
and a scarcity of evaluations that isolate the stand-alone
effect of wearable hardware while simultaneously distin-
guishing objective end points from subjective ones and
exploring sources of heterogeneity. This review addresses
these limitations by concentrating exclusively on stand-
alone wearable devices, categorizing outcomes according to
objective and subjective measures, and using more conserva-
tive statistical methods, including the Hartung-Knapp-Sidik-
Jonkman (HKSJ) approach [35] and Nagashima-corrected
PIs [34]. Accordingly, the aim of this systematic review
and meta-analysis was to evaluate the therapeutic efficacy
of stand-alone wearable digital interventions on objective
and subjective sleep outcomes relative to various control
conditions in adults with insomnia.

Methods
Protocol and Guidance
This systematic review and meta-analysis was conducted in
accordance with the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) 2020 statement [36]
and was registered prospectively with PROSPERO (Inter-
national Prospective Register of Systematic Reviews). The
PRISMA 2020 expanded checklist is provided in Checklist
1. No deviations from the registered protocol occurred during
the study.
Eligibility Criteria
We included randomized controlled trials (RCTs) [37]
that used wearable-delivered interventions for adults with
insomnia. Eligible participants were adults with an insomnia
severity index (ISI) score >7 or those meeting the diagnos-
tic criteria for insomnia disorder as defined by established
international classification systems (eg, the Diagnostic and
Statistical Manual of Mental Disorders or the International
Classification of Sleep Disorders). Wearable digital devices
(eg, smartwatches, wristbands, and rings) were defined as
devices equipped with sleep monitoring as well as active
therapeutic functions (eg, acoustic stimulation, filtered light
glasses). The intervention was required to be compared
against a control condition such as usual care, a sham device,
or a waitlist control.

Exclusion criteria were as follows: (1) acute or critical
illnesses in participants, (2) intervention duration of less than
1 week, (3) unavailability of full text of the article, and (4)
duplicate publications or studies with overlapping data.

Information Sources
We searched the following electronic databases from
inception to April 30, 2025, without language restrictions:
PubMed, Embase, Web of Science, PsycINFO, and the
Cochrane Central Register of Controlled Trials. The search
was updated on May 18, 2026, to capture newly published
studies. The full search strategies for each database are
provided in Multimedia Appendix 1.
Search Strategy
The search was reported according to the PRISMA-S
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses literature search extension) guideline [38].
We searched PubMed, Embase, Web of Science, PsycINFO,
and the Cochrane Library from inception to April 30, 2025
(updated May 18, 2026). The search combined controlled
vocabulary (MeSH in PubMed/Cochrane, Emtree in Embase)
and free-text terms for 3 domains: wearable devices (eg,
“wearable electronic devices,” “actigraphy,” “smartwatch”),
insomnia (eg, “insomnia,” “sleep initiation and maintenance
disorders”), and RCTs (eg, “randomized controlled trial,”
“RCT”). No language or date restrictions were applied.
The detailed search strategies for each database are provi-
ded in Multimedia Appendix 1. The PRISMA-S checklist
is provided in Checklist 2. Backward and forward citation
searches of included studies were also performed.

No multidatabase searching, independent registry searches,
online browsing, contacting authors, use of published search
filters, adaptations from prior reviews, or formal peer review
were performed. Each database was searched separately.
Selection Process
Two independent reviewers (WZ and MC) screened the
titles, abstracts, and full texts of all retrieved articles. Studies
assessed as potentially relevant or unclear at the title and
abstract stage were obtained in full text and reevaluated. Any
disagreements between the reviewers were resolved through
discussion or by consultation with a third investigator (YG).
Data Collection Process
Data were extracted independently by 2 reviewers (WZ
and MC) using a standardized data extraction form. Any
disagreements were resolved through discussion or consulta-
tion with a third reviewer (YG). When data were missing
or unclear, we contacted the corresponding authors of the
original studies via email. No automation tools were used in
the data collection process.
Data Items
For each included study, we extracted the primary outcome
(ISI), secondary outcomes (objective sleep parameters: total
sleep time [TST], sleep-onset latency [SOL], wake after sleep
onset [WASO], sleep efficiency [SE]; and subjective sleep
parameters: Pittsburgh Sleep Quality Index [PSQI], subjective
TST, SOL, WASO, SE, Epworth Sleepiness Scale [ESS], and
single-item sleep quality), and other variables (first author,
year, country, design, participant characteristics, intervention
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details, comparator, attrition, intention-to-treat or missing
data methods, trial registration, and funding).
Study Risk-of-Bias Assessment
The Cochrane Risk-of-Bias 2.0 (RoB 2.0) tool for randomized
trials was used to evaluate the methodological quality of the
included studies across 5 bias domains. Assessments were
carried out independently by 2 reviewers (WZ and MC).
Effect Measures
For continuous outcomes (ISI, TST, SOL, WASO, SE,
ESS, PSQI, and sleep quality), the effect measure was
the mean difference (MD) with a 95% CI. When differ-
ent scales were used for the same construct (eg, different
sleep quality measures), we planned to use the standardized
mean difference (SMD; Hedges g). However, all included
studies reported outcomes on the same or directly converti-
ble metrics, so MD was used throughout. All included trials
used identical measurement units for each sleep parameter
(eg, minutes for SOL, TST, and WASO and percentages
for SE), enabling direct pooling with MD rather than SMD.
Between-study differences in absolute values reflect clinical
and demographic heterogeneity in study populations rather
than any inconsistency in outcome scaling.
Synthesis Methods
Studies were grouped by outcome domain (ISI, objective
sleep parameters, and subjective sleep parameters). Postinter-
vention means and SDs were extracted; when only change
scores were reported, the postintervention SD was calculated
using a correlation coefficient of 0.5 [39]. Meta-analyses
were performed using a random-effects model with the HKSJ
correction (metafor package in R [R Foundation for Statistical
Computing]) to reduce the risk of inflated type I errors [36,
40], with heterogeneity assessed using I² statistics and Q tests.
Nagashima-corrected 95% PIs [34] were calculated for all
pooled outcomes and displayed in forest plots. To explore
heterogeneity, meta-regression was conducted only for ISI

with 3 prespecified moderators (control type, intervention
duration, and device-wearing position). Sensitivity analyses
included leave-one-out analysis for ISI and rerunning all
meta-analyses after the updated literature search.
Reporting Bias Assessment
Funnel plots and Egger regression test were used to exam-
ine small-study effects (not publication bias directly). For
outcomes with fewer than 10 studies, these tests were not
performed due to limited statistical power. No trim-and-fill
or other adjustment methods were applied. No other reporting
bias assessments were conducted.
Certainty Assessment
The certainty of evidence for each outcome was evalu-
ated using the GRADE (Grading of Recommendations,
Assessment, Development, and Evaluation) approach. Two
reviewers (WZ and MC) independently rated the evidence
across 5 domains: risk of bias, inconsistency, indirect-
ness, imprecision, and publication bias. Disagreements were
resolved by consensus. The overall certainty was graded as
high, moderate, low, or very low. Outcomes with fewer than 3
studies were not graded.

Results
Study Selection
Of the 3815 records identified through database searching,
3799 were excluded after the removal of duplicates and the
exclusion of irrelevant studies. All studies included inde-
pendent participants, and no double-counting occurred. We
updated the literature search on May 18, 2026, adding 2
new RCTs, and conducted a reanalysis of the statistics.
The remaining 16 RCTs [41-56] met the eligibility criteria
and were included in the final analysis. The study selection
process is summarized in the PRISMA flow diagram (Figure
1).
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Figure 1. Flowchart for study selection. RCT: randomized controlled trial.

Study Characteristics
Most studies reported low-to-moderate attrition rates.
However, Aji et al [42] reported a high dropout rate
(40/91, 44.0% among app initiators), with significantly more
dropouts in the control group than in the intervention group,
which the authors attributed to the fully digital, unsupervised
design, and lack of face-to-face contact. Zabrecky et al [56]
reported a dropout rate of 23.1% (9/39), mainly due to
scheduling conflicts (n=4), inability to tolerate MRI scan-
ning (n=2), and unspecified reasons (n=3), with no sepa-
rate reporting by randomization group. For the remaining 8
studies, attrition rates ranged from 0% to 16%, and reasons
for dropout were mostly unrelated to the intervention.

Among the 16 included RCTs, a total of 910 partici-
pants were enrolled across all studies, with sample sizes
ranging from 14 to 152 per trial. A summary of the char-
acteristics of the included studies is presented in Table 1.
The publication years of the included studies spanned from
2017 to 2026; 11 [41-43,47-52,54,56] reported the ISI, 9
[45,47-52,54-56] reported TST, and 12 [41,43,45-52,54,55]
contained objective sleep data, while 10 [41-43,46-49,51,52,
55] included subjective sleep outcomes. The comparators
consisted of sham interventions [41,43-49,52,53,55], waitlist
[50,56], usual care [42,51], and active control [54]. Inter-
ventions were delivered via wearable devices: head-moun-
ted devices [41,44-46,48,50,52,54], therapeutic filtered light
glasses [47,49], neck-worn devices [43,53], ear-worn devices

[55], and wristbands [42,51,56]. The intervention duration
ranged from 2 weeks to 3 months. For all outcomes,
posttreatment values were extracted to calculate effect sizes,
as detailed in the “Methods” section.
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Results of Syntheses

ISI
ISI scores were reported in 10 studies. The pooled random-
effects estimate, using the HKSJ correction, showed no

significant reduction in ISI scores (MD −1.82, 95% CI −4.33
to 0.69, PI −8.95 to 5.31), with substantial between-study
heterogeneity (I²=73.2%; Figure 2).

Figure 2. Forest plot of insomnia severity index for wearable treatment vs control across 10 randomized controlled trials (adults with insomnia,
published between 2017 and 2025). Pooled estimates were calculated using the Hartung‑Knapp‑Sidik‑Jonkman random-effects model, with the
Nagashima correction for prediction intervals [41-43,47-51,54,56]. MD: mean difference.

Objective Sleep Outcomes
A series of meta-analyses was conducted for objective TST
(n=9), SOL (n=5), WASO (n=5), SE (n=7), and the ESS
(n=2), as shown in Figure 3. For TST, the random-effects
meta-analysis using the HKSJ correction showed a nonsigni-
ficant pooled MD of 17.91 (95% CI −4.39 to 40.22; PI
−26.78 to 62.60) minutes. For SOL, a significant reduction
was observed, with a pooled MD of −4.52 (95% CI −8.38

to −0.67; PI −9.52 to 0.47) minutes, indicating that wearable
interventions shortened the time to fall asleep compared with
controls. The meta-analyses found that wearable interventions
did not have a statistically significant effect on WASO (MD
2.68, 95% CI −4.00 to 9.37, PI −6.30 to 11.39 minutes),
SE (MD 2.10%, 95% CI −3.74% to 7.95%; PI −12.47% to
16.67%), and ESS (MD 2.60, 95% CI −8.60 to 13.80; PI
−13.34 to 18.54 points).
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Figure 3. Forest plots of objective sleep outcomes for the wearable intervention vs control. Pooled estimates were calculated using the Har-
tung‑Knapp‑Sidik‑Jonkman random-effects model, with the Nagashima correction applied to the prediction intervals. (A) Total sleep time (k=9):
nonsignificant (mean difference [MD] 17.91, 95% CI −4.39 to 40.22 min; I²=61.3%). (B) Sleep-onset latency (k=5): significant reduction (MD −4.52,
95% CI −8.38 to −0.67 min; I²=18.8%). (C) Wake after sleep onset (k=5): nonsignificant (MD 2.68, 95% CI −4.00 to 9.37 min; I²=0%). (D) Sleep
efficiency (k=7): nonsignificant (MD 2.10%, 95% CI −3.74% to 7.95%; I²=79.0%). (E) Epworth Sleepiness Scale (k=2): nonsignificant (MD 2.60,
95% CI −8.60 to 13.80 points; I²=0%) [43,45,47-52,54,56].

Subjective Sleep Outcomes
Meta-analyses were conducted for subjective sleep outcomes,
including TST (n=4), SOL (n=4), WASO (n=3), SE (n=4),
ESS (n=3), sleep quality (n=3), and PSQI (n=5), as shown
in Figure 4. Subjective SE showed a small beneficial effect
(MD 2.00%, 95% CI 1.90%‐2.11%; PI 1.85%‐2.15%) in the
wearable group compared with controls. Subjective TST was
significantly improved (MD 19.11, 95% CI 2.98‐35.24; PI
−16.20 to 54.43 min), suggesting inconsistent efficacy across
individual trials despite the statistically significant pooled

overall effect. For the remaining subjective sleep end points,
all 95% CIs crossed the null value and demonstrated no
statistically meaningful intervention benefits: subjective SOL
(MD −4.0, 95% CI −13.15 to 5.14; PI −16.46 to 8.46 min),
subjective WASO (MD −1.86, 95% CI −27.88 to 24.15; PI
−8.95 to 5.31 min), subjective ESS (MD −0.22, 95% CI −3.37
to 2.93, PI −5.70 to 5.26 points), subjective sleep quality (MD
0.01, 95% CI −0.38 to 0.40, PI −0.45 to 0.47 points), and
PSQI (MD −1.61, 95% CI −3.71 to 0.49; PI −6.03 to 2.81
points).
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Figure 4. Forest plots of subjective sleep outcomes for wearable interventions vs control in adults with insomnia (randomized controlled trials,
published between 2017 and 2025). Pooled estimates were calculated using the Hartung‑Knapp‑Sidik‑Jonkman random-effects model, with the
Nagashima correction applied to prediction intervals (PIs). (A) Total sleep time (k=4): significant increase (MD 19.11, 95% CI 2.98 to 35.24 min),
but the PI crossed zero (PI −16.20 to 54.43), indicating variable effects across trials. (B) Sleep-onset latency (k=4): nonsignificant (MD −4.0, 95%
CI −13.15 to 5.14 min). (C) Wake after sleep onset (k=3): nonsignificant (MD −1.86, 95% CI −27.88 to 24.15 min). (D) Sleep efficiency (k=4):
significant improvement (MD 2.00%, 95% CI 1.90% to 2.11%). (E) Epworth Sleepiness Scale (k=3): nonsignificant (MD −0.22, 95% CI −3.37
to 2.93 points). (F) Sleep quality (k=3): nonsignificant (MD 0.01 points, 95% CI −0.38 to 0.40 points). (G) Pittsburgh Sleep Quality Index (k=5):
nonsignificant reduction (MD −1.61, 95% CI −3.71 to 0.49 points) [41-43,46,48,50-53].

Investigation of Heterogeneity: Meta-
Regression
Subgroup analyses were predefined for multiple sleep
outcomes; however, most end points had fewer than 5
trials, precluding reliable subgroup pooling. Accordingly,
mixed-effects meta-regression with Hartung-Knapp adjust-
ment was selected as an alternative method to investigate
between-study heterogeneity. To identify potential sources
of substantial between-study heterogeneity for the ISI, we
performed mixed-effects meta-regression with 3 predefined
study-level moderators: control type, intervention duration,
and device-wearing position. A multivariate model incorpo-
rating all 3 covariates was constructed first, followed by 3
separate univariate meta-regression analyses for individual
moderator assessment.

In the multivariate regression model, the omnibus F test
for combined moderators was nonsignificant (F3,6=0.26;

P=.85), and these covariates collectively explained 0.00%
of interstudy heterogeneity (R²=0.00%). Marked unexplained
residual heterogeneity remained after adjustment (residual
I²=83.48%; residual heterogeneity Q‑statistic, QE=29.08; df=6
for QE; P<.001). None of the 3 moderators yielded statisti-
cally significant regression coefficients (control type: P=.83;
intervention duration: P=.58; device‑wearing position: P=.60;
Table 2). Consistent findings were observed in subse-
quent univariate analyses: control type (F1,8=0.29; P=.61),
intervention duration (F1,8=0.60; P=.46), and device-wear-
ing position (F1,8=0.10; P=.76) failed to alter pooled effect
estimates. All univariate models returned R² of 0.00%, with
residual I² ranging from 78.60% to 80.96%. Overall, the 3
prespecified clinical factors could not account for the high
heterogeneity of pooled ISI results.
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Table 2. Meta-regression analysis of potential moderators for the insomnia severity index (ISI).
Moderator Coefficient Standard error t test (df) P value 95% CI R² (%)a Residual I² (%)b

Multivariate model
  Control type 0.749 3.28 0.228 (6) .83 −7.276 to 8.773 0 83.48
  Intervention duration 1.883 3.235 0.582 (6) .58 −6.033 to 9.800 0 83.48
  Device-wearing position 1.723 3.124 0.552 (6) .60 −5.922 to 9.368 0 83.48
Univariate model
  Control type 1.281 2.396 0.535 (8) .61 −4.244 to 6.806 0 79.81
  Intervention duration 1.807 2.329 0.776 (8) .46 −3.564 to 7.177 0 78.6
  Device-wearing position 0.85 2.674 0.318 (8) .76 −5.316 to 7.016 0 80.96

aR²: percentage of between-study heterogeneity explained by moderators.
bI²: residual unexplained heterogeneity.

RoB in Studies
The RoB in the included RCTs was independently assessed
by 2 reviewers using the Cochrane RoB 2.0 tool. Any
disagreements were resolved by consensus or consultation

with a third investigator. Overall, 4 studies were classified
as having a low RoB, 9 as having an unclear RoB, and 3 as
having a high RoB (Figure 5).

Figure 5. Risk-of-bias (RoB) summary: assessment of the included randomized controlled trials using the Cochrane RoB 2.0 tool [41-56].

Reporting Biases
For the ISI outcome, which included 10 RCTs, we gen-
erated funnel plots and applied the random-effects regres-
sion test (the regtest function in the metafor package) to

assess small-study effects rather than publication bias. We
found borderline nonsignificant funnel asymmetry (z=−1.85;
P=.06). No quantitative tests for small-study effects were
undertaken for the remaining outcomes, as fewer than 10
studies were available, leading to low statistical power.
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Sensitivity Analysis
Leave-one-out sensitivity analysis was performed under the
HKSJ random-effects model to verify the robustness of the
pooled ISI estimate. Sequential exclusion of each individual
study did not substantially alter the direction and magni-
tude of the pooled effect. Excluding the small-sample trial
conducted by Jeon and Choi [50] eliminated between-study
heterogeneity, yet the overall effect remained consistent,
which further confirmed the stability of our primary findings.
Certainty of Evidence
The GRADE rating results (Table 3) showed that 2 outcomes
were rated as moderate certainty due to imprecision, and 3
outcomes were rated as high certainty. Outcomes with fewer
than 3 studies were not graded.
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Discussion
This systematic review and meta-analysis of 16 RCTs
encompassing 910 participants indicates that stand-alone
wearable digital interventions are associated with small
yet statistically significant improvements in objective SOL,
subjective SE, and subjective TST among adults with
insomnia. Nevertheless, these interventions demonstrate no
significant benefit for global insomnia severity as measured
by the ISI. Through the application of the HKSJ framework
with Nagashima-corrected PIs, this study provides more
robust effect estimates than prior reviews. Although pooled
estimates favor wearable interventions for these specific
parameters, the wide 95% PIs suggest that the effect in
any given future clinical setting could range from mean-
ingful benefit to negligible or no effect. This implies that
while wearable interventions are validated at the population
level for certain sleep outcomes, their real-world effective-
ness is highly dependent on context [57-59]. This find-
ing underscores the importance of exploring sources of
heterogeneity, a prespecified objective of this review. The
certainty of the evidence was rated as moderate to low
using GRADE [39], reflecting consistent effect direction
for specific outcomes while also acknowledging recognized
methodological limitations, particularly the inability to blind
participants and outcome assessors in wearable device trials.

The selective efficacy pattern observed in this review
suggests that wearable devices target specific physiological
and perceptual sleep domains rather than the multifaceted
cognitive and behavioral pathology that underlies insomnia
disorder [60,61]. This interpretation aligns with the theo-
retical understanding that insomnia is not merely a dis-
order of sleep physiology but also involves maladaptive
cognitions, conditioned arousal [62], and behavioral factors
[63] that require targeted psychotherapeutic intervention [2].
Hardware-based biofeedback and neuromodulation delivered
via wearable devices may facilitate physiological de-arousal
and shorten sleep onset [54,64,65]; however, they do not
directly address the perpetuating mechanisms of insomnia,
such as sleep-related worry, conditioned bed arousal, and
irregular sleep schedules, that CBT-I is designed to modify
[2,60,66]. The certainty of these findings, however, must
be tempered by the underlying evidence quality: objective
SOL and subjective SE were rated as high certainty by
GRADE, providing confidence that wearable devices produce
measurable improvements in these specific parameters. By
contrast, subjective TST, though statistically significant, was
based on only 4 trials and exhibited a wide PI. Its GRADE
rating was high primarily due to consistency across the
limited number of studies, a finding that should be inter-
preted with caution given the small evidence base. Further-
more, the overall RoB assessment (Figure 5) showed that
most included trials had unclear or high RoB across multiple
domains. Insufficient blinding of participants and personnel,
an inherent challenge in wearable device trials, was the
most common concern [67] and may have inflated effect
estimates for subjective outcomes that rely on self-report.
Empirical evidence from meta-epidemiological studies shows

that nonblinded assessors exaggerate effect estimates for
subjective outcomes by 29% (95% CI, 8‑45) on average
[67], and a systematic review reported a 68% exaggeration
[68]. These findings suggest that the true effects of wearable
interventions on subjective sleep outcomes may be smaller
than observed. Additionally, several studies had high or
unclear RoB due to incomplete outcome data, such as attrition
rates exceeding 20% in some trials, a lack of intention-to-
treat analysis, or inadequate reporting of randomization and
allocation concealment. These methodological limitations,
especially when combined with small sample sizes and
variable adherence, suggest that the observed effects may be
overestimated. Consequently, our more modest and selec-
tive findings, compared with larger effect sizes reported
for comprehensive digital CBT-I, likely reflect the genuine
stand-alone contribution of wearable hardware rather than the
confounded psychotherapeutic effects present in prior pooled
analyses.

The subjective-objective discrepancy identified in our
analysis is consistent with the well-documented phenom-
enon of sleep misperception in insomnia. Patients with
insomnia often underestimate their sleep duration and
overestimate their wakefulness relative to objective record-
ings, a pattern known as paradoxical insomnia or sleep-
state misperception [69,70]. Our finding that objective
SOL shortened, whereas subjective TST exhibited considera-
ble between-study variability implies that wearable devi-
ces may induce genuine physiological changes in sleep
onset without necessarily correcting the perceptual distor-
tions that characterize insomnia [61]. This observation has
direct implications for patient counseling: individuals using
wearable devices may experience faster objective sleep onset
but may not perceive a corresponding improvement in overall
sleep quality or duration, which could lead to continued
dissatisfaction. Ahn et al [71] further showed that greater
sleep-wake state discrepancy was associated with poorer
treatment response, indicating that unresolved perceptual
distortions may undermine perceived treatment benefit even
when objective sleep metrics improve.

In comparison with existing syntheses, the modest
therapeutic impact of stand-alone wearables becomes
apparent. Unlike digital CBT-I programs evaluated in
previous reviews [29,30], which address both sleep physi-
ology and the cognitive behavioral perpetuating factors of
insomnia, our exclusive focus on wearable hardware reveals
improvements limited to specific sleep parameters rather
than global insomnia resolution. Reviews of consumer sleep
technology [31,32] have largely focused on measurement
rather than therapeutic efficacy and did not quantitatively
compare different device types or intervention durations.
Lai et al [33] previously conducted a review that specifi-
cally examined wearable-delivered interventions but pooled
heterogeneous populations and did not target insomnia
disorder exclusively. Our findings advance this prior work
by demonstrating that, in a homogeneous insomnia popula-
tion, wearables produce selective benefits that are significant
for sleep onset and perceived efficiency but not for global
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insomnia severity, thereby clarifying their appropriate role as
adjunctive rather than primary interventions.

From a methodological perspective, the application
of Nagashima-corrected PIs [34] offers a more nuanced
interpretation than conventional confidence intervals alone.
For example, although objective SOL demonstrated a
statistically significant average effect, the PI suggested that
the true effect in future individual settings could range from
meaningful benefit to negligible change or even no effect.
Similarly, the significant average improvement in subjective
TST was accompanied by a PI that crossed zero, implying
that the perceived benefit is inconsistent across settings and
may depend on unmeasured moderators, such as baseline
sleep misperception severity, device engagement, or placebo
expectations. This distinction between average effects and
effect distributions is of paramount importance for clinical
decision-making: a statistically significant confidence interval
confirms that an intervention works on average across trials,
whereas the PI reveals whether it is likely to work in a
particular clinical setting or for a given individual patient
[58].

The high unexplained heterogeneity for ISI (residual
I²=83.48% after meta-regression) is noteworthy. The inability
of control type, intervention duration, and device-wearing
position to explain this heterogeneity implies that the true
variability in treatment effects may be attributable to factors
that were not captured in published aggregate data. One such
factor may be baseline objective sleep duration. Bathgate et
al [72] showed that patients with insomnia with objectively
measured short sleep duration (<6 h) exhibited a signifi-
cantly blunted response to CBT-I compared with those with
normal sleep duration (≥6 h), suggesting that patients with
a more biologically severe insomnia phenotype may be less
responsive to behavioral interventions in general. If base-
line objective sleep duration similarly moderates response to
wearable devices, its absence from the included trials may
account for at least part of the unexplained heterogeneity we
observed. Other potential sources include baseline insomnia
severity, comorbid mental health conditions, concomitant
sleep medication use, and individual differences in sleep
physiology and perception. Head-worn devices typically use
EEG, which provides a direct and physiologically precise
measure of sleep and may enable more targeted neuromo-
dulation [73,74]. In contrast, wrist-worn actigraphy, while
convenient, is prone to overestimating sleep by misclassifying
quiet wakefulness as sleep [75]. Furthermore, inconsistent
operational standards for wearable device calibration across
different manufacturers could also contribute to measurement
variation [27,76]. Of note, although device-wearing position
differed across included trials, our prespecified meta-regres-
sion confirmed that such hardware divergence was not a
statistically significant source of heterogeneity for ISI.

The RoB and GRADE assessments provide important
context for our findings. Of the 16 included trials, 9 had an
unclear overall RoB and 3 had a high risk, largely attribut-
able to the inherent difficulty of blinding participants and
personnel in wearable device trials [39]; consequently, the
pooled estimates may be subject to performance and detection

bias. The direction of such bias likely favors the intervention
group, meaning that the true effects may be smaller than
observed. According to the GRADE assessment, 3 outcomes
were rated as high certainty, 2 as moderate certainty, and
4 as low certainty (Table 3). The high-certainty outcomes
provide confidence that wearable devices produce measura-
ble improvements in these specific parameters. By contrast,
the moderate- and low-certainty ratings for the remaining
outcomes, resulting from imprecision, inconsistency, or both,
indicate that the true effects may differ materially from the
pooled estimates, and clinical recommendations derived from
these outcomes should be viewed as conditional rather than
definitive.

Several limitations should be considered when interpret-
ing the findings of this review. First, the modest number
of studies contributing to several pooled outcomes (fewer
than 5 trials for roughly half of the analyses) constitutes
an important limitation that restricts the statistical reliabil-
ity of the corresponding estimates and precludes meaning-
ful meta-regression for these end points. The inability to
obtain individual patient data further prevented the explora-
tion of patient-level predictors of treatment response, which
likely represent key sources of the unexplained heterogeneity
we observed for ISI [57]. Future studies with larger num-
bers of trials and standardized reporting of individual-level
characteristics are needed to confirm the robustness of these
findings. Second, the predominance of unclear or high RoB
across most included trials, primarily due to insufficient
blinding as an inherent challenge in wearable device trials,
may have inflated effect estimates for subjective outcomes
that rely on self-report. Moreover, most trials had interven-
tion durations of 3 months or less, so the long-term effi-
cacy and sustainability of wearable interventions beyond
this timeframe remain unknown [77]. Future trials should
incorporate longer follow-up periods and more rigorous
blinding procedures where feasible. Third, most participants
were of East Asian or North American origin, with limited
representation from other regions; females predominated,
and mean ages varied substantially. Therefore, the findings
may not be generalizable to male-only populations, younger
adults, or non-Asian and non-Western populations. Future
research should prioritize diverse and representative samples
to enhance generalizability.

These findings have several practical clinical implications.
Consistent with the objective-subjective outcome discrepancy
we identified, wearable devices should be considered an
adjunct rather than a substitute for first-line CBT-I. This view
is supported by Spina et al [61], who found that providing
feedback on wearable-measured sleep data reduced insomnia
severity (d=0.51), although this effect was modest compared
with established CBT-I effect sizes (d=0.85). These devices
provide objective sleep biofeedback and facilitate continuous
monitoring. Head-mounted EEG equipment enables precise
physiological measurement, whereas wrist-worn trackers may
overestimate sleep duration [27,76]; therefore, head-worn
devices may be better suited for improving objective sleep
parameters, although cost and tolerability must be care-
fully considered in clinical practice. The selective efficacy

JOURNAL OF MEDICAL INTERNET RESEARCH Zhu et al

https://www.jmir.org/2026/1/e93496 J Med Internet Res 2026 | vol. 28 | e93496 | p. 16
(page number not for citation purposes)

https://www.jmir.org/2026/1/e93496


pattern suggests that wearables may be most appropriate for
patients with predominant sleep-onset difficulties or those
who perceive their sleep as inefficient. Clinicians should
consider baseline patient characteristics, including insom-
nia subtype, comorbidity, and treatment expectations, when
recommending wearables, and they should manage expecta-
tions concerning the likely magnitude and consistency of
benefit. For future research, large and long-term RCTs are
needed to establish long-term efficacy. Novel trials should
collect detailed participant baseline data to address unex-
plained heterogeneity and should include daytime function
and quality-of-life outcomes. The integration of wearable
real-time feedback with digital CBT-I represents a promising
avenue for individualized insomnia management.

This meta-analysis has several strengths. It strictly
followed Cochrane systematic review guidance, and the
literature search was updated as of May 2026 with 2
newly added RCTs. Stratified analyses that separated
objective and subjective sleep indicators helped clarify
the distinct discrepancy in efficacy between physiological
recordings and patient-reported outcomes. Meta-regression
was used instead of fragmented subgroup analyses to
systematically explore prespecified confounding moderators
contributing to ISI heterogeneity, consistent with current
methodological standards. Comprehensive methodological

assessments, including RoB evaluation, small-study effect
detection via Egger test, leave-one-out sensitivity analy-
sis, and GRADE certainty ratings, further strengthened the
reliability and transparency of the results.

In conclusion, the evidence from this review positions
stand-alone wearable devices as a potentially valuable but
limited tool in the insomnia therapeutic landscape. Their
greatest promise likely lies not in replacing first-line therapies
but in serving as an objective feedback mechanism and
monitoring adjunct that could enhance patient engagement
and enable treatment personalization. To move beyond the
current paradigm of population-level efficacy but context-
dependent effectiveness, the field must pivot from simple
efficacy trials toward implementation science. Future research
should prioritize the development and evaluation of hybrid
models that combine wearable biofeedback with digital
CBT-I, invest in large-scale, long-term pragmatic trials across
diverse populations, and leverage individual patient data to
clarify the heterogeneity of response. By doing so, it becomes
possible to unlock the full potential of wearable therapeutics,
shifting from a one-size-fits-all approach toward a strati-
fied insomnia management pathway that aligns technologi-
cal capabilities with patients’ specific pathophysiological and
psychological profiles.
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