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Abstract

Background: Parkinson disease (PD) impairs gait, balance, and quality of life, and wearable devices have been proposed to
support rehabilitation, but evidence for their clinical efficacy remains uncertain.

Objective: This study aimed to evaluate, within the International Classification of Functioning, Disability, and Health (ICF)
framework, the effects of wearable-device interventions on gait performance, balance, and health-related quality of lifein people
with PD by conducting a systematic review and meta-analysis of randomized controlled trials (RCTs).

Methods. We searched PubMed, Web of Science, Cochrane Library, Embase, and Clinical Trials.gov from inception to November
18, 2025, for RCTsin peoplewith PD comparing wearabl e-deviceinterventionswith control conditions. We used Hartung-K napp
random-effects models to pool mean differences (MDs) or standardized mean differences (SMDs) and reported 95% prediction
intervals when =3 studies were pooled. Risk of bias was assessed using the Cochrane Risk of Bias (RoB) tool, and certainty of
evidence was rated using Grading of Recommendations Assessment, Devel opment, and Evaluation (GRADE).

Results: Nine RCTsinvolving 260 participants were included. Wearabl e devices produced a small improvement in stride length
(MD 0.10 meter, 95% CI 0.03-0.17), but there was no clear benefit for the 10-Meter Walk Test time (MD 0.04 second, 95% Cl
—0.06 t0 0.15). Double support time showed no reduction (MD —1.59% gait cycle, 95% Cl —3.79t0 0.61). Freezing of gait (Freezing
of Gait Questionnaire [FOG-Q] and New Freezing of Gait Questionnaire [NFOG-Q)]) did not significantly improve (SMD —0.24,
95% CI —-0.72t0 0.24). Motor severity (Unified Parkinson Disease Rating Scale Part 111 [UPDRS 11]) showed asmall, nonsignificant
trend favoring wearable devices (MD —2.16 points, 95% Cl —4.39 to 0.07). For balance, pooled results from the Berg Balance
Scale (BBS), Mini Balance Evaluation Systems Test (Mini-BESTest), and Performance-Oriented Mobility Assessment Balance
Subscale (POMA balance) suggested aborderline effect (SMD 0.48, 95% CI —0.02 to 0.98). Wearabl e devices did not meaningfully
improve Parkinson Disease Questionnaire (PDQ) scores (SMD —0.28, 95% Cl —0.74 to 0.17), EQ-5D utility (MD 0.10, 95% ClI
—0.24 to 0.44), or Falls Efficacy Scale-International (FES-1) scores (MD —0.04, 95% CI —1.10 to 1.02). Prediction intervals
frequently crossed the null, suggesting effects may vary by setting and population.
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Conclusions: Wearable device interventions for Parkinson disease produced a small improvement on average in stride length,
with no consistent benefits for other gait outcomes, balance, or patient-centered outcomes. By integrating |CF mapping with
Hartung-Knapp meta-analysis, prediction intervals, and GRADE, and avoiding pooling of conceptualy distinct gait measures
used in prior reviews, thisreview clarifieswhere evidenceis most consistent, supports using wearabl es as adjunctsto rehabilitation,
and underscores the need for larger, longer RCTs with standardized outcomes to determine who benefits and how to implement

them.
Trial Registration:

(J Med Internet Res 2026; 28:€85914) doi: 10.2196/85914
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Introduction

Parkinson disease (PD) is the second most common
neurodegenerative disorder, characterized by the loss of
dopaminergic neurons in the substantia nigra and the presence
of Lewy bodies containing a-synuclein [1]. Globaly, the
estimated number of patients with PD has increased from over
6 million in 1990 to more than 6 million in 2016 [2], and it is
expected to double, reaching over 12 million by 2040 [3]. PD
poses significant health challenges to patients and places
considerable burdens on health care systems and the economy,
primarily due to productivity loss and rising health care costs.
As the disease progresses, motor symptoms such as
bradykinesia, muscle rigidity, resting tremor, and postural
instability become more pronounced [4-7]. These changes lead
to secondary issues, including diminished walking ability (eg,
reduced speed, stridelength, and step frequency), increased fall
risk, and severe limitations in community participation, which
significantly impair patients' quality of life [8-10]. Therefore,
restoring walking and balance functions is a crucia aspect of
PD rehahilitation, contributing to improved quality of life and
independencefor patients. While many studies have shown that
levodopa can increase stride length and walking speed, treatment
options become limited as the disease progresses. Often, after
3-5 years of levodopa use, the duration of its effect decreases,
resulting in a worsening of symptoms before the next dose
[11,12]. Moreover, long-term use of dopaminergic medications
may lead to reduced efficacy and adverse effects such as
dyskinesia [13], underscoring the need for alternative and
promising PD treatments, such as wearable devices [14-16].

Wearabl e cueing and sensor-based devices provide alightweight
and portable means of delivering external cues or monitoring
motor symptoms in everyday environments, without requiring
the continuous presence of health care professionals [17-20].
In PD, these technologies have been used to provide auditory,
visual, or somatosensory cues during gait, to quantify tremor
and bradykinesia, and to track gait abnormalities, balance,
activity levels, and sleep patternsin real time [21-23]. Among
these  technologies, inertial measurement units
(IMUs)—typically combining triaxial accelerometers and
gyroscopes into body-worn sensors—have become the most
widely used platform for quantitative mobility assessment in
both in-clinic and home-based settings[24]. Recent clinical and
experimental studies suggest that such devices can acutely
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improve selected gait parameters and support more
individualized adjustment of pharmacological or stimulation
therapies [25]. The growing number of clinical and research
applications has also prompted international initiatives, such as
Movement Disorder Society task forces and national guidance
(eg, the 2023 National Institute for Health and Care Excellence
recommendations on device-based monitoring in PD), which
highlight both the potential and the current uncertainties
surrounding wearable technologies in routine care [26]. In
addition, qualitative research indicates that long-term use is
often limited by issues, such as physical discomfort, interface
complexity, privacy concerns, and fluctuating motivation, which
may reduce adherence and attenuate real-world effectiveness
[27]. Overall, current evidence points to wearable devices as a
promising but still incompletely understood adjunct in the
management and rehabilitation of people with PD.

Despite this rapid technological development, the specific
benefits of wearable devices in improving gait, balance, and
quality of lifefor peoplewith PD have not been fully confirmed.
Many studies use observational or small pilot designs, involve
heterogeneous device types and training regimens, and focus
primarily on laboratory-based gait measures, with relatively
less attention to balance, fear of falling, and broader
patient-reported outcomes [28,29]. Existing reviews and
meta-anal yses have often combined wearabl e and nonwearable
cueing interventions or have not applied contemporary
random-effects methods, prediction intervals, or Grading of
Recommendations Assessment, Development, and Evaluation
(GRADE) to formally appraise the certainty of evidence [30].
Moreover, sensor-derived mobility metrics can be influenced
by psychological, cognitive, environmental, and technica factors
and may differ substantially between supervised laboratory
assessments and unsupervised home recordings[30,31], further
complicating interpretation of existing data[26,31]. Asaresullt,
the overall impact of wearable-device interventions on gait
performance, balance, and health-related quality of life in PD
remains uncertain.

Therefore, the aim of this study was to conduct a PRISMA
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses)-aligned systematic review and meta-analysis
of randomized controlled trials (RCTs) to evaluate the effects
of wearable-device interventions on gait performance, balance,
and health-related quality of lifein peoplewith PD, interpreted
within the International Classification of Functioning, Disability,
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and Health (ICF) framework. We specifically sought to (1)
quantify the effects of wearable devices on key gait and motor
outcomes (eg, stride length, short-distance gait speed, double
support time (DST), freezing of gait, and Unified Parkinson
Disease Rating Scale Part 111 (UPDRS I11)), (2) examine their
impact on balance and patient-reported outcomes such asquality
of life and fear of falling, and (3) appraise the overall certainty
of evidence using the GRADE approach. We hypothesized that
wearable devices would yield modest improvementsin specific
gait parameters, whereas evidence for consistent benefits on
balance and quality of life would be more limited.

Wuetd

Methods

Overview

This study is based on the |CF framework [32], analyzing the
intervention effects of wearable devices on gait, balance, and
quality of lifein patientswith PD. The Population, I ntervention,
Comparison, and Outcome (PICO) structureisdetailed in Table
1. This study has been registered in PROSPERO (International
Prospective Register of Systematic Reviews) [33], with
registration number CRD42024585686. The review protocol is
available in the PROSPERO record.

Table 1. Population, Intervention, Comparison, and Outcome (PICO) framework of wearable device interventions on gait, balance, and quality of life
in patients with Parkinson disease under the International Classification of Functioning, Disability, and Health (ICF) framework.

Population and intervention Comparison

Outcome

Patients with Parkinson disease

« Intervention settings

Hoehn and Yahr stages 1-3
o Hospital e

«  Homeand community —
o  Laboratory —
« Intervention personnel —
o  Physiotherapist —
«  Clinical researchers —

o  Professional instructors —
. Interventions

o Useof wearable devices —
«  Conventional rehabilitation —

« Intervention protocol —

« Type —
«  Frequency —
o Duration —

Comparison between the wearable  «
device group and the control group

Gait performance (LOMWT? Stridelength, DST®, FOG-
Q% UPDRS 119

« 0450 Walking

o d450 Walking

o b730 Muscle power functions

«  Balancefunction (BBSf, Mini-BESTestg)
o D235 Vestibular functions

« d410 Changing basic body position

«  Quality of life (PDQh, EQ-5D-utility, FES-li)

o b130 Energy and drive functions
« 0920 Recreation and leisure
« d570 Looking after one’s health

«  d760 Family relationships

310MWT: 10-Meter Walk Test.

PDST: double support time.

YFOG-Q: Freezing of Gait Questionnaire.

9UPDRS I11: Unified Parkinson’s Disease Rating Scale Part I11.
®Not applicable.

BBS: Berg Balance Scale.

9Mini-BESTest: Mini Balance Evaluation Systems Test.

hPDQ: Parkinson Disease Questionnaire.

IFESH: Falls Efficacy Scale-International.
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I nformation Sources

We conducted a comprehensive literature search in PubMed
(National Library of Medicine), Embase (Elsevier,
Embase.com), the Cochrane Library (Wiley), and Web of
Science Core Collection (Clarivate) from inception to November
18, 2025. We aso searched Clinical Trials.gov on November
18, 2025, to identify ongoing or unpublished RCTs evaluating
wearable-device interventionsin PD.

Databases were searched separately via their native interfaces
(ie, no multidatabase searching on asingle platform). No search
updateswere performed after thefinal search date, and no email
alertswere set. No additional online or print sources (eg, journal
tables of contents, conference proceedings, or websites) were
purposefully searched or browsed.

We screened the reference lists of relevant systematic reviews
and all included trias (backward citation searching) to identify
additional €ligible studies. Reference list screening was
performed during full-text assessment and was completed on
November 18, 2025. We did not perform forward citation
tracking (citing-reference searches) or set up citation aerts.
When necessary, we contacted corresponding authors of
included studies to request clarification or missing outcome
data. No additional information sources or search methods (eg,
gray literature databases, preprint servers, or Google Scholar)
were used beyond those described above.

Search Strategy

The search strategy combined controlled vocabulary terms (eg,
MeSH [Medical Subject Headings| and Emtree) and free-text
keywords related to PD, wearable or sensor-based devices, and
RCTs. We did not use published search filters (eg, validated
RCT filters); trial design was captured using a combination of
controlled vocabulary and free-text terms. Search strategies
were developed de novo and were not adapted or reused from
previous literature reviews.

Searches were limited to English-language publications
involving human adults; no restrictions were placed on
publication status. These restrictions were applied to align with
the eligibility criteria (adult PD populations and RCTs
evaluating intervention efficacy) and for feasibility of screening
and data extraction.

The search strategy and its reporting followed PRISMA-S
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses literature search extension). The full search
strings for each database and information source (including all
search terms, Boolean operators, limits, and the date last
searched) are provided in S1 in Multimedia Appendix 1. The
search strategy was not formally peer-reviewed.

Eligibility Criteria
Inclusion Criteria
Studies were eligible if they met al of the following criteria:

(1) Study design: RCTs evauating wearable-device
interventions in people with PD.

https://www.jmir.org/2026/1/e85914
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(2) Participants: adults (=18 years) with aclinica diagnosis of
PD based on internationally accepted criteria. Participantswere
required to be clinically stable; where pharmacotherapy was
used (eg, levodopa or other anti-Parkinsonian medications),
medication regimens were stable during the trial period (ie, no
major medication changes). No restrictions were applied with
respect to sex.

(3) Interventions and comparators: the experimental group
received a wearable-device intervention (eg, wearable cueing
or feedback or sensor-based device, assisted rehabilitation),
either asa standal one intervention or as an adjunct to usual care
(eg, conventional training and/or pharmacotherapy). Control
conditionsincluded usual carewithout an active wearable-device
component and could include conventional training and/or
pharmacotherapy, with or without sham or placebo wearable
devices.

(4) Outcomes: studieswereeligibleif they reported at least one
prespecified outcomein any of the following domains: gait and
mobility, motor severity, balance, and health-related quality of
life outcomes. Detailed outcome definitions and measurement
instruments are provided in Section 2.6 (Dataitems—outcomes).

Exclusion Criteria
Studies were excluded if they:

(1) Were not RCTs (eg, nonrandomized studies, observational
designs, case series, and qualitative studies);

(2) Enrolled participants younger than 18 yearsor did not clearly
involve a PD population;

(3) Did not evaluate an eligible wearable-device intervention
and/or lacked an appropriate control condition;

(4) Did not report any outcomes of interest and/or did not
provide sufficient data for extraction (eg, missing summary
statistics), and the necessary data could not be obtained from
the report or study authors; or

(5) Had unavailable full texts.

For duplicate publications or multiple reports from the same
trial, the most complete or most recent report was retained, and
companion reports were used to supplement missing details
where applicable.

Selection Process

Two reviewers (JW and WZ) independently screened all
retrieved records. In the first stage, titles and abstracts were
assessed for relevance and study design. In the second stage,
full texts were evaluated against the predefined inclusion and
exclusion criteria. Any discrepancies were resolved by
discussion; if consensus could not be reached, athird reviewer
adjudicated. The study selection process was documented using
a PRISMA 2020 flow diagram. The completed PRISMA
checklistisprovided in Multimedia Appendix 2. No automation
tools were used for study selection. As only English-language
reportswere eligible, no tranglation was required for screening.
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Data Collection Process

Datawere extracted independently by 2 reviewers (MF and NX)
using a piloted, standardized extraction form. Discrepanciesin
data extraction were resolved by discussion, with adjudication
by a third reviewer when necessary. For each prespecified
outcome, we extracted data at baseline and at the end of the
intervention (postintervention values and/or change scores, as
reported), prioritizing the end-of-intervention assessment for
the primary synthesis. Risk-of-bias information for each
included study was extracted in parallel to support risk-of-bias
assessments and GRADE judgments. When required datawere
missing or unclear, attempts were made to contact study authors;
otherwise, available data were analyzed as reported. No
automation tools were used for data extraction. As only
English-language reports were eligible, no trandation was
required for data collection.

Data Items (Outcomes)

Outcome data were extracted for the prespecified outcome
domains and measurement instruments, with scale directions
checked to ensure consistent interpretation. Outcomes of interest
included:

1. Gait and mobility: 10-Meter Walk Test (10MWT) time,
stride length, DST, and freezing of gait assessed by the
Freezing of Gait Questionnaire (FOG-Q) or New Freezing
of Gait Questionnaire (NFOG-Q).

2. Motor severity: UPDRSIII.

3. Baance: Berg Baance Scale (BBS), Mini Balance
Evaluation Systems Test (Mini-BESTest), and
Performance-Oriented Mobility Assessment—Balance
subscale (POMA balance).

4. Health-related quality of life outcomes: Parkinson Disease
Questionnaire (PDQ-39 or PDQ-8), EQ-5D utility index,
and Falls Efficacy Scale-Internationa (FES-I).

For each outcome, we extracted the assessment time points and
baseline and end-of-intervention data (postintervention values
and/or change scores as reported), including the mean and SD
or SE and sample size per group.

Data Items (Other Variables)
The following additional data items were extracted:

1. Study characteristics: first author, publication year, country,
study design (restricted to RCTSs), recruitment source,
sample size per arm, follow-up duration, trial registration,
ethics approval, funding sources, and declared conflicts of
interest.

2. Participant basdline characteristics. age, sex distribution,
disease duration, PD severity or stage, medication status
(ON or OFF or stable medication), and baseine
comparability between groups.

3. Intervention and comparator details: type and modality of
wearable device (eg, auditory, visual or vibrotactile cueing,
feedback features, stimulation system, and sensor
placement), training context (clinic, home, or laboratory),
intervention dose (frequency, session duration, or total
intervention  period), cointerventions, adherence,
compliance, dropouts, and adverse events.

https://www.jmir.org/2026/1/e85914
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Study Risk of Bias Assessment

Risk of bias was assessed at the study level for included RCTs
using the Cochrane Risk of Bias tool (RoB 1), following the
Cochrane Handbook (version 5.1.0). The following domains
were evaluated, including random sequence generation,
allocation concealment, blinding of participants and personnel,
blinding of outcome assessment, incomplete outcome data,
selective reporting, and other sources of bias. Each domain was
judged as low, high, or unclear risk of bias. An overal
risk-of-biasjudgment was derived asfollows: studieswererated
low overall if all domains were low risk, high overall if one or
more domains were high risk, and unclear overall otherwise.
Two reviewers (JW and WZ) independently performed the
assessments, and disagreements were resolved through
discussion, with adjudication by a third reviewer (QZ) when
necessary. Where required, study authors were contacted to
clarify information relevant to risk-of-bias judgments. No
automation tools were used for risk-of-bias assessment.

Effect M easures

All prespecified outcomes were continuous measures. For
outcomes assessed using the same instrument and reported on
the same scale across studies, we synthesized effects as mean
differences (MDs) with 95% Cls (eg, 10MWT time [seconds],
stride length [meters], double support time [% gait cycle],
UPDRS 11 [points], EQ-5D utility, FES-I [points]). When the
same construct was assessed using different instruments, we
used standardized mean differences (SMDs; Hedges g) with
95% Cls (eg, pooling balance outcomes across BBS,
Mini-BESTest, and POMA balance; pooling quality-of-life
outcomes across PDQ-39 and PDQ-8). Effect directions were
checked before synthesis to ensure consistent interpretation
across scales (eg, lower scoresindicating improvement for PDQ,
FOG-Q and NFOG-Q, UPDRS 1, and 10MWT time; higher
scores indicating improvement for balance scales).

For each outcome, we prioritized end-of-intervention
assessments. We preferentialy extracted post-intervention
values; when only change-from-baseline data were reported,
these were used as reported. Where change scores were not
reported but could be derived from available pre- and
postintervention summary statistics, they were calculated using
standard formulas; otherwise, postintervention val ueswere used.
For all meta-analyses, effect estimates were presented with 95%
Clsand, when 3 or more studieswere available, 95% prediction
intervals. We did not prespecify universal thresholdsfor “small,
moderate, or large” effects; interpretation emphasized clinical
relevance on the original scale (for MDs) and certainty of
evidence (GRADE).

Synthesis M ethods

Eligibility for Each Synthesis

For each prespecified outcome, studies were €ligible for
guantitative synthesisif they were randomized controlled trials
and reported the relevant outcome with extractable data at
baseline and at the end of the intervention for at least one
wearable-device versus control comparison. When fewer than
2 studies were available for a given outcome, results were
summarized narratively without pooling.
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Preparing for Synthesis

Prior to synthesis, outcome definitions, units, and scale
directions were checked to ensure consistent interpretation of
effect estimates (eg, higher scores consistently indicated better
or worse status as appropriate). Where required summary
statistics were not directly reported, we attempted to derive
them from available information (eg, SEs or 95% CIs) using
standard formulas; when this was not possible, study authors
were contacted. If key statistics remained unavailabl e after these
attempts, the outcome was not pooled.

Methods Used to Tabulate and Visually Display Results

Study characteristics and extracted outcome data were
summarized in tables. Meta-analysis results were presented
using forest plots. Risk-of-bias judgments were summarized
both graphically (eg, traffic-light plots) and in tabular form.

Methods Used to Synthesize Results

Studies were grouped for synthesis by outcome domain and
measurement instrument. We conducted separate meta-anal yses
for (1) gait performance (LOMWT, stride length, double support
time, FOG-Q, and NFOG-Q), (2) motor severity (UPDRSIII),
(3) balance (BBS, Mini-BESTest, and POMA balance), and (4)
health-related quality of life outcomes (PDQ-39, PDQ-8, EQ-5D
utility, and FES-1). When multiple time points were reported,
we prioritized the end-of -intervention assessment for the primary
synthesis.

Meta-analyses were conducted in R (meta package; R Core
Team). For continuous outcomes, pooled effectswere expressed
as MD when studies used the same measurement scale or SMD
(Hedges g) when different instruments were used to assess the
same construct, both with 95% Cls. Given expected clinical
and methodological variability across interventions, all
meta-analyses used arandom-effects mode [34]. Between-study
variance (12) was estimated using restricted maximum likelihood
(REML) [35], and the Hartung-K napp- Sidik-Jonkman method
was applied to obtain more robust Cls [36]. Statistical
heterogeneity was quantified using 12 and t/12 statistics. Where
at least three studies were available, 95% prediction intervals
were calculated using the bootstrap approach proposed by
Nagashima et a [37], (method.predict="NNF" in the meta
package; requires the pimeta package) to improve performance
in meta-analyses with few studies [38].

Methods Used to Explore Possible Causes of
Heterogeneity

Formal investigations of heterogeneity (eg, subgroup analyses,

meta-regression, or statistical tests for interaction) were not
undertaken because most syntheses included few studies and

https://www.jmir.org/2026/1/e85914
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statistical  heterogeneity was generally
effect-modifier analyses unreliable.

Sensitivity Analyses

To examine robustness to measurement heterogeneity,
prespecified sensitivity analyses were conducted when feasible
(typically when 3 or more studieswere available) by restricting
analyses to studies using the same instrument for a given
construct (eg, pooling FOG-Q only when most studies used
FOG-Q rather than NFOG-Q; pooling BBS only when multiple
balance instruments were used). Sensitivity analysis results
were reported alongside the primary analyses.

low, making

Reporting Bias Assessment

Because the number of included studies contributing to each
synthesis was small, formal assessment of reporting bias due
to missing results (eg, funnel plot asymmetry and Egger
regression test for small-study effects) was planned only when
10 or more studies were available for a given outcome. When
fewer than 10 studies were available, formal statistical and
graphical assessments were not undertaken because of limited
power and interpretability. In such cases, the potential impact
of missing results was considered qualitatively when judging
certainty of evidence within the GRADE framework (publication
bias domain).

Certainty Assessment

The certainty (confidence) in the body of evidence for each
prespecified outcome was assessed using the GRADE approach,
considering five domains: risk of bias, inconsistency,
imprecision, indirectness, and publication bias [39]. Evidence
certainty was categorized as high, moderate, low, or very low.
Two reviewers (JW and WZ) independently performed the
GRADE assessments, and disagreements were resolved by
discussion, with adjudication by a third reviewer (QZ) when
necessary.

Results

Study Selection

A total of 2300 relevant articleswereidentified. After theinitial
screening, 866 duplicate articles were excluded. Based on the
tittes and abstracts, a further 1394 articles were excluded.
Following a full-text review according to the inclusion and
exclusion criteria, 31 additional articles were excluded.
Ultimately, 9 studies were included in the analysis [25,40-47].
The literature screening processis shown in Figure 1. Full-text
reports that appeared potentially eligible but were excluded,
together with reasons for exclusion, are listed in S2 in
Multimedia Appendix 1.
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Figurel. PRISMA (Preferred Reporting Itemsfor Systematic Reviews and Meta-Analyses) 2020 flow diagram of study selection.
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Risk of Biasin Studies

Figures 2A and 2B summarize the risk-of-bias assessment
[25,40-47]. Overall, methodological quality was mixed. Most
trials reported adequate random sequence generation, whereas
details of allocation concealment were frequently insufficient
or not reported, leading to many domains being judged ashaving
an unclear risk of bias. Because blinding of participants and

https://www.jmir.org/2026/1/e85914
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personnel was largely not feasible given the nature of
wearable-device interventions, several studies were rated at
high risk of performance bias. In contrast, blinding of outcome
assessors was implemented in approximately half of the trials.
Incompl ete outcome data and selective reporting were generally
judged to be at low risk of bias, with most studies reporting
attrition and prespecified outcomes adequately. Other potential
sources of bias were usually rated as unclear.
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Figure 2. Quality assessment of included studies. (A) Risk of bias summary. (B) Risk of bias graph: percentage summary across al included studies

for each type of bias [25,40-46,48].
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Study Char acteristics

A total of 9 studieswereincluded [25,40-47], all of which were
published in English, involving a total of 260 PD patients. In
most studies, the average age of patientswas over 60 years, and
the average disease duration exceeded 3 years. Two studies
[42,45] conducted 10MWT analysis, 4 studies [40,41,43,46]
analyzed stride length, 3 studies [41,43,46] analyzed DST, 4
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studies[41,42,44,45] analyzed FOG-Q, 5 studies[41,42,45-47)
analyzed UPDRS 11, 5 studies [41,42,45-47] analyzed balance
function, 3 studies [42,45,47] analyzed PDQ-39, 2 studies
[25,45] analyzed EQ-5D utility, and 2 studies [41,44] analyzed
FES-1. In most of these studies, patients maintained stable
medication regimens before and during the treatment period.
Detailed information on the patients and wearable device
variables used in these studies is shown in Table 2.
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Table 2. Characteristics of included studies

Included Ta/CD Agein Hoehnand Diseasedu- Wearable Feedback  Stimula- Interven-  Train-  Interven-  Outcome
studies years Yahr stage  ration prompt de- characteriss tionsys-  tion ingenvi- tiondura  measures
(") (T/C), (T/IC) (T/C)years vice tics tem method, ronment  tion
mean (T/C)
(SD)
El- 15/15 614 28 4.0 Vibration  Propriocep- Open- Propriocep- Labora- 8weeks, 3 Stride
Tamawy et (728)/632 (0.5)/2.6 (0.9)/3.8 device tion loop sys- tiveneuro- tory timesiweek, length
a (2012) (5.6) (0.4) (0.9) placed in tem muscular 45 min-
[40] the shoes facilitation utes/ses-
technique sion
and vibra-
tion stimu-
lation +
physical
therapy
program/
convention-
al physical
therapy
Volpeetal 20/20 66.5/69. 3.0/3.0 6.0/6.5 Equistasi Propriocep-  Open- Propriocep- Labora- 8weeks,5 UPDRS
(2014) [47] nanotech  tion loop sys- tivestimu- tory set- timesweek, 1l (Uni-
device (Eg- tem lation (Eg- ting 60 min- fied
uistasi Srl) uistas) +  (hospi-  utes/ses- Parkinson
placed on balance tal) sion Disease
C7and training / Rating
both soleus balance Scale Part
tendons training on- I11); DST
ly (double
support
time);
BBS
(Berg
Balance
Scale);
PDQ
(Parkin-
son Dis-
ease
Question-
naire)
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Included
studies

TA/CD Agein Hoehnand Diseasedu- Wearable  Feedback  Stimula-  Interven-
years Yahr stage ration prompt de- characteriss tionsys-  tion

O™ 70, (10 (TIC) years vice tics tem method,
mean (T/IC)
(SD)

Train- Interven-
ingervi- tion dura-
ronment tion

Outcome
measures

Ginisetal 20/18 67.3 23 10.65 CuPiDsyss Auditory  Open- Real-time
(2016) [41] (8.13)/ (0.44)/2.2 (539)/11.67 tem feedback  loopsys- gait feed-
(8.07) ing provid-
ed by the
CuPiD sys-
tem/ per-
sonalized
gait advice

Carpinella 17/20 73(7.1)/ 2.7 75(3.2)) Gamepad Visualand Open- Gait and

eta (2017) 75.6(8.2) (0.7)/2.9 10.3(5.7) system auditory loop sys- balance

[42] (0.5) feedback  tem training us-
ing the
Gamepad
system/
personal-
ized physi-
cal therapy

Home 6 weeks, 3
times/wesk,
30 min-
utes/ses-
sion

Hospitd 20 ses-
sions, 3
times'wesk,
45 min-
utes/ses-
sion

Stride
length;
UPDRS
I (Uni-
fied
Parkinson
Disease
Rating
ScaePart
1y;
FOG-Q
(Freezing
of Gait
Question-
naire);
DST
(double
support
time);
FES-|
(Falls Ef-
ficacy
Scale- In-
ternation-
a); Mini-
BESTest
(Mini
Balance
Evalua-
tion Sys-
tems
Test)

10MWT
(10-Me-
ter Walk
Test); UP-
DRSIII
(Unified
Parkinson
Disease
Rating
ScalePart
1n);
FOG-Q
(Freezing
of Gait
Question-
naire);
BBS
(Berg
Balance
Scale);
PDQ
(Parkin-
son Dis-
ease
Question-
naire)
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Included TA/CD Agein Hoehnand Diseasedu- Wearable Feedback  Stimula- Interven-  Train-  Interven-  Outcome
studies years Yahr stage  ration prompt de- characteriss tionsys-  tion ingenvi- tiondura  measures
(") (T/C), (T/IC) (T/C)years vice tics tem method, ronment tion
mean (T/C)
(SD)
Lirani-Sil- 10/9 704 2 (0.5)/ N/AC Textured Propriocep-  Open- Usingtex- Home  1week Stride
vaetal (6.87)/72 1.9(0.4) insoles tivefeed- loopsys- turedin- length;
(2017) [43] (6.2) back tem soles/ us- DST
ing conven- (double
tional in- support
soles time)
Chomiak et 5/6 70.8 25 15.4 (5.4)/ Ambu- Auditory  Closed- Feedback Home  4weeks, 3 FOG-Q
a (2017) (5.6)/ (050127 112 (5) losonoplat- feedback  loop sys-  through timesiweek, (Freezing
[44] 69 (5.7) (0.41) form tem music play- 10-20 min- of Gait
back / utes/ses- Question-
Feedback sion naire);
through FES-|
CBC pod- (Falls Ef-
casts ficacy
Scale- In-
ternation-
a)
Kawashima 5/7 76.6 24 11.2(5.8)/ StepMan- Propriocep- Open- Gaittrain- Home- 3 months, 10MWT
eta (2022) (5.3)/ (0.55)/2.4 12.4 (4.6) agement tivefeed- loop + ingusing  based 10 ses (10-Me-
[45] 75.4(5.7) (0.79) Assistex-  back closed-  the SMA/ sions, 30 ter Walk
oskeleton loop sys-  convention- minutes Test);
tem a gait per session  stride
training length;
UPDRS
I (Uni-
fied
Parkinson
Disease
Rating
ScalePart
I1);
FOG-Q
(Freezing
of Gait
Question-
naire);
BBS
(Berg
Baance
Scale);
PDQ
(Parkin-
son Dis-
ease
Question-
naire);
EQ-5D-
utility
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Included TA/CD Agein Hoehnand Diseasedu- Wearable Feedback  Stimula- Interven-  Train-  Interven-  Outcome
studies years Yahr stage ration prompt de- characteriss tionsys-  tion ingervi- tiondura  measures
(") (T/C), (TIC) (T/C) years vice tics tem method, ronment tion
mean (T/IC)
(SD)
Bartoloet 26/26 73.0 2(06)/21 9431/ Q-Wak Visual Closed-  Gaittrain- Clinical 2weeks,5 10MWT
a (2024) (7.3)/ (0.7) 9.8(3.9) system feedback  loopsyss ingusing  rehabili- sessions (10-Me-
[46] 703 (12) tem the Q- tation per week,  ter Walk
Walk sys- 90 minutes  Test); UP-
tem/ con- per session DRSIII
ventional (Unified
gait train- Parkinson
ing Disease
Rating
ScalePart
I11); DST
(double
support
time);
POMA
Balance
(Perfor-
mance-
Oriented
Mobility
Assess-
ment Bal-
ance Sub-
scale)
Mayoeta 14/7  70.2 2~3 N/A Heel2Toe  Auditory  Closed-  Training Home- 3 months, PDQ
(2024) [25] (8.5)/ sensor feedback  loopsyss with based twicedaily, (Parkin-
70.7(8.8) tem Heel2Toe 5minutes  son Dis-
sensor / per session  ease
training ac- Question-
cording to naire);
the manua EQ-5D-
utility

8T trials (experimental group).
bC: controls (control group).
°N/A: not applicable.
Results of Syntheses
Gait Performance

IOMWT

Two studies [42,45] evaluated the 10MWT outcome.
Between-study heterogeneity was negligible (12 0, 1=0; 12=0%;
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RenderX

Q test P=.92). The pooled analysis showed no clear evidence
of adifference between the wearable-device and control groups
in 10MWT (MD 0.04, 95% CI —0.06 to 0.15; P=.12; Figure
3A). Prediction intervals were not calculated because fewer
than 3 studies were available.
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Figure 3. Meta-analyses of gait performance and motor severity outcomes for wearable-device interventions versus control in Parkinson disease. (A)
10-Meter Walk Test (10MWT) time (seconds). (B) Stride length (meters). (C) Double support time (DST, % gait cycle). (D) Freezing of gait, pooled
acrossthe Freezing of Gait Questionnaire (FOG-Q) and the New Freezing of Gait Questionnaire (NFOG-Q), expressed as standardized mean differences
(SMDs). (E) Sensitivity analysis for freezing of gait restricted to studies using the FOG-Q only, expressed as mean differences (points). (F) Unified
Parkinson Disease Rating Scale Part |11 (UPDRS I11) score (points) [40-46,48].
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Stride Length random-effectsmodel (REML with Hartung—K napp adjustment),

_ _ wearable-device interventions were associated with a small but
Four studies [40,41,4346] evaluated stride length  garigtically significant improvement on averagein stridelength
(wearsble-device group n=71; control group n=68).  comparedwith controls(MD 0.10 m, 95% Cl 0.03-0.17; P=.02).

Between-study heterogeneity was low (t?=0.0005; 1=0.02;  The 95% prediction interval was—0.07 to 0.25 m (Figure 3B).
12=14.0%; Q test P=.32). Based on our prespecified
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Three studies[41,43,46] evaluated DST (wearable-device group
n=56; control group n=53). Between-study heterogeneity was
negligible (12=0; t=0; 12=0.0%; Q test P=.49). Based on our
prespecified random-effectsmodel (REML with Hartung—K napp
adjustment), the pooled analysis showed no clear evidence of
adifferencein DST between wearable-deviceinterventionsand
controls (MD —1.59% gait cycle, 95% Cl —3.79t0 0.61; P=.09).
The 95% prediction interval ranged from —5.96 to 3.92% gait
cycle (Figure 3C).

FOG-Q

Four studies[41,42,44,45] eval uated freezing of gait using either
the FOG-Q or NFOG-Q (wearable-device group n=47; control
group n=51). Between-study heterogeneity was negligible (12=0;
1=0; 12=0.0%; Q test P=.66). Using our prespecified
random-effectsmodel (REML with Hartung—K napp adjustment),
the pooled analysis showed no clear evidence of a difference
in freezing of gait between wearable-device interventions and
controls (SMD —0.24, 95% Cl —0.72 to 0.24; P=.21). The 95%
prediction interval was—1.20to 0.65 (Figure 3D). In sensitivity
analysesrestricted to studies using the sameinstrument (FOG-Q
only; 3 studies[42,44,45], wearable-device group n=27; control
group n=33), heterogeneity remained low (12=0.0813; 1=0.29;
12=0.0%; Q test P=.41). The pooled effect again showed no
statistically significant between-group difference (MD —1.03
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points, 95% Cl -5.11 to 3.06; P=.39). The 95% prediction
interval ranged from —8.85 to 7.73 points (Figure 3E).

UPDRSI1I

Five studies [41,42,45-47] evauated UPDRS ||
(wearable-device group n=88; control group n=91).
Between-study heterogeneity was negligible (12=0; t=0;
12=0.0%; Q test P=.60). Using the prespecified random-effects
model (REML with Hartung—Knapp adjustment), the pooled
analysis found no statistically significant differencein UPDRS
Il between wearable-device interventions and controls (MD
—2.16 points, 95% Cl —4.39t0 0.07; P=.06). The 95% prediction
interval was —6.85 to 3.53 points (Figure 3F).

Balance Function

Three studies [42,45,47] reported results using the BBS, one
study [41] reported using the Mini-BESTest, and one study [46]
reported using the POM A balance (wearable-device group n=88;
control group n=91). Because different scales were used to
measure the same construct, results were pooled using SMD.
Between-study heterogeneity was low (12=0.0510; 12=25.5%;
Q test P=.25). Using a random-effects model (REML with
Hartung—Knapp adjustment), the pooled analysis showed no
statistically significant  difference in balance between
wearable-device interventions and controls (SMD 0.48, 95%
Cl —0.02 to 0.98; P=.06). The 95% prediction interval ranged
from —0.57 to 1.57 (Figure 4A).
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Figure 4. Meta-analyses of balance, health-related quality of life, and fear-of-falling outcomes for wearable-device interventions versus control in
Parkinson disease. (A) Balance performance expressed as standardized mean differences (SMDs), pooling the Berg Balance Scale (BBS), Mini Balance
Evaluation Systems Test (Mini-BESTest), and the balance subscal e of the Performance-Oriented Mobility Assessment (POMA balance). (B) Sensitivity
analysis for balance restricted to studies using the BBS only, expressed as mean differences (MDs, points). (C) Health-related quality of life assessed
with Parkinson Disease Questionnaire (PDQ) instruments, pooling PDQ-39 and PDQ-8 as SMDs. (D) Sensitivity analysisfor PDQ restricted to PDQ-39
only, expressed as MDs (points). (E) EQ-5D utility index scores. (F) Fear of falling assessed with the Falls Efficacy Scale-International (FES-I, points)

[25,41,42,44-46,48].
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Test for averall effect: t, = 3.82 (P = 0.1631) -1 0.5 1

Experimental Control Mean Difference Mean Difference

Study Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI

Ginis et al 2016 0.45 8.55 20 0.54 1119 18 74.1% -0.09[-6.47; 6.29]

Chomiak et al 2017  1.40 886 5 130 9.24 6 259% 0.10[-10.69; 10.89]

Total (95% CI) 25 24 100.0% -0.04[-1.10; 1.02]

Heterogeneity: Tau® = 0; Chi® = 0.00, df = 1 (P = 0.9763); F = 0.0% ! ! ! ! ! !

Test for overall effect: ty = -0.49 (P = 0.7106) -12 -8 4 o] 4 8 12

To examine the robustness of this SMD result to measurement
heterogeneity, we performed a sensitivity analysis restricted to
the three studies using the same balance instrument (BBS;
wearable-device group n=42; control group n=47).

Heterogeneity remained negligible (12=0.6417; 12=0%; Q test
P=.40). The pooled effect was not statistically significant (MD
3.18 BBS points, 95% Cl —-0.54 to 6.89; P=.07). The 95%
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prediction interval ranged from —4.76 to 11.97 BBS points
(Figure 4B).

Quality of Life

PDQ

Four studies [25,42,45,47] assessed quality of life using PDQ
instruments. Three studies used the PDQ-39 [42,45,47], whereas
1 study [25] used the PDQ-8 (wearable-device group n=54;
control group n=53). Therefore, the primary meta-analysis
pooled these outcomes using SMD (Hedges g). Between-study
heterogeneity was negligible (12=0; 1=0; 12=0%; Q test P=.67).
Based on our prespecified random-effects model (REML with
Hartung—Knapp adjustment), the pooled analysis showed no
statistically significant difference in PDQ scores between
wearable-device interventions and controls (SMD —-0.28, 95%
Cl -0.74 t0 0.17; P=.14). The 95% prediction interval ranged
from —1.12 to 0.55 (Figure 4C). To examine the robustness of
the pooled effect to measurement heterogeneity, we repeated
the analysis after excluding the PDQ-8 study and pooling only
PDQ-39 outcomes using MD (wearable-device group n=42;
control group n=47). Heterogeneity remained low (12<0.0001;
12=2.5%; Q test P=.36). The pooled result showed no statistically
significant difference between groups (MD —4.57, 95% CI
—23.531014.39; P=.41). The 95% prediction interval was—34.94
to 24.85 (Figure 4D).

EQ-5D Utility

Two studies [25,45] evaluated EQ-5D utility (wearable-device
group n=18; control group n=14). Between-study heterogeneity
was negligible (12=0; 1=0; 12=0.0%; Q test P=.56). Using the
prespecified random-effectsmodel (REML with Hartung—K napp
adjustment), the pooled analysis showed no statistically
significant differencein EQ-5D utility between wearable-device
interventions and controls (MD 0.10, 95% CI —0.24 to 0.44,

https://www.jmir.org/2026/1/e85914
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P=.16; Figure 4E). Prediction intervals were not calculated
because fewer than three studies were available.

FES

Two studies [41,44] evaluated fear of faling using the FES-I
(wearable-device group n=25; control group n=24).
Between-study heterogeneity was negligible (12=0; t=0;
12=0.0%; Q test P=.98). Using the prespecified random-effects
model (REML with Hartung—Knapp adjustment), the pooled
analysis showed no statistically significant differencein FES-|
scores between wearabl e-deviceinterventionsand controls (MD
—0.04 points, 95% ClI —1.10 to 1.02; P=.71; Figure 4F).
Prediction intervals were not calculated because fewer than
three studies were available.

Certainty of Evidence

According to GRADE, the overall certainty of evidence ranged
from low to very low for all outcomes. For stride length, the
certainty was rated as low, reflecting consistent direction of
effect across four randomized trials and reasonably precise
estimates, but downgrading for very seriousrisk of biasrelated
to unclear allocation concealment, lack of blinding of outcome
assessors, and incomplete outcome data. For al other
prespecified outcomes—including 10MWT, DST, freezing of
gait, UPDRS Il1l, balance scales, PDQ, EQ-5D utility, and
FES-I—the certainty of evidence was judged very low. These
ratings were primarily driven by very serious risk of bias and
very seriousimprecision, with small sample sizes per outcome
and wide confidence and prediction interval sthat encompassed
both no effect and potentially important benefit or harm.
Inconsistency and indirectness were generally not considered
serious (Table 3). Because the number of included studies was
small, we could not formally evaluate funnel plot asymmetry;
therefore, the possibility of small-study effects could not be
ruled out [48].
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Table 3. Certainty of evidence assessment of included studies.

Certainty assessment Number of patients ~ Effect
Number Study de- Risk of Inconssgen- Indirect- Impreci- Other con- Interven- Compari- Rela Abso-  Cer- Impor-
of stud- sign bias cy ness sion siderations  tion son tive lute tainty tance
ies (95%  (95%
Cl) Cl)
10-Meter Walk Test
2 Random- Very seri-  Notserious Notseri- Veryseri- None 24 28 _c MDY Very  Impor-
izedtrids g, ous oud 0.04s lowdb tant
(95%Cl
—-0.06to
0.15)
Stride length
4 Random- Very seri- Notserious Notseri- Notseri- None 71 68 — MD Low? Impor-
izedtrids o, ous ous 0.10m, tant
(95%Cl
0.03-
0.17)

Double support time

3 Random- very seri-  Notserious Notseri- Very seri- None 56 53 — MD Very  Impor-
izedtridls o2 ous ou 159% |gpab tant
gait cy-
cle,
(95%Cl
-3.79t0
0.61)

Freezing of Gait Questionnaire

4 Randqm- Very seri-  Notserious Not seri-  Very seri- None 47 51 — svpe Very  Impor-
izedtrids g, ous ou 024, low?P tant
(95%Cl
-0.72to
0.24)
Unified Parkinson Disease Rating Scale, Part 111
5 Random- Very seri-  Notserious Notseri-  ggigud None 88 91 — MD Very  Impor-
izedtrids g2 ous 216  |guRb tant
points,
(95%Cl
-4.39t0
0.07)
Balance function
5 Random- Very seri-  Notserious Notsefi-  ggigud® None 88 91 — SMD  Very  Impor-
izedtrids o, ous 0.48, [owdb tant
(95%Cl
-0.02to
0.98)
Parkinson Disease Questionnaire
4 Random- Very seri-  Notserious Notsefi-  ggigud® None 55 53 — SMD  Very  Impor-
izedtrids o, ous -0.28, |gy@P tant
(95%Cl
-0.74 10
0.17)
EQ-5D questionnaire
2 Random- Very seri-  Notserious Notseri- Veryseri- None 18 14 — MD Very  Impor-
izedtrids o, ous ou 0.10, [owdb tant
(95%Cl
-0.2410
0.44)
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Certainty assessment Number of patients ~ Effect
Number Study de- Risk of Inconsisgen- Indirect- Impreci- Other con- Interven- Compari- Rela Abso-  Cer- Impor-
of stud- sign bias cy ness sion siderations  tion son tive lute tainty tance
ies (95%  (95%
Cl) Cl)
Falls Efficacy Scale-International
2 Random- Very seri-  Notserious Not seri- Very seri- None 25 24 — MD Very  Impor-
izedtrids g2 ous ou —-0.04, owdP tant

(95%Cl

-1.10to

1.02)

8Risk of hias: downgraded 1 level when most contributing trials had unclear or high risk of biasin one or more key domains (eg, allocation conceal ment,
blinding of outcome assessment, incompl ete outcome data); downgraded 2 levels when the pooled evidence was dominated by trials at high risk of bias

across multiple key domains.

by mprecision: downgraded 1 level when the total information size was small and the 95% CI included the null effect; downgraded 2 levels when the
total information size was very small and the 95% CI was wide, spanning both clinically important benefit and no effect (or harm).

Cnot applicable.
4MD: mean difference.
€SMD: standardized mean difference.

Discussion

Interpretation

This systematic review and meta-analysis synthesized RCTs
evaluating the effects of wearable-device interventions on gait,
balance, and quality of life in people with PD, interpreting the
findings within the | CF framework [49]. We found a small but
statistically significant improvement on averagein stride length;
however, most other outcomes—including short-distance gait
speed, double support time, freezing of gait, balance scales,
health-related quality of life, and fear of falling—did not show
clear between-group differences. These results suggest that
current wearable technologies may have only modest effects
on specific gait parameters at the level of body functions and
activities, with insufficient evidence for consistent improvement
in balance or overal quality of life. Importantly, prediction
intervals for several outcomes crossed the null, indicating that
effects may vary across populationsand i mplementation contexts
and may be minimal or absent in some settings.

Regarding gait and motor outcomes, wearable devices produced
a small improvement on average in stride length with low
statistical heterogeneity, athough the prediction interval
suggeststhat effects may be minimal in some settings, consistent
with the idea that cueing and feedback can help increase step
amplitude in PD. In contrast, we did not observe clear
between-group differences in 10-meter wak performance,
double support time, freezing-of-gait scores, or UPDRSII1, and
the corresponding prediction intervals generally spanned both
small benefits and no effect. Overall, these results point to at
most modest and uncertain benefits of wearable-device
interventions on gait and motor severity. Our findings on
short-distance gait performance differ from those of a previous
meta-analysisby Zhang et al [30], which reported astatistically
significant improvement in gait speed with wearable cueing
devices. One likely explanation is that Zhang et al [30] pooled
several conceptually different outcomes (IOMWT, 6-minute
walk test, and treadmill-based speed measures) under asingle

https://www.jmir.org/2026/1/e85914

“gait velocity” construct, whereas we analyzed the 10-Meter
Walk Test separately and did not combine it with endurance or
treadmill outcomes [30]. In addition, we used a more
conservative  random-effects approach (REML  with
Hartung—K napp adjustment and prediction intervals[36]), which
yields wider uncertainty intervals and may partly explain why
the apparent speed benefit did not remain statistically significant
or robust across settings in our analyses. The small but
statistically significant improvement in stride length, in the
absence of clear effects on 10MWT or freezing measures, may
reflect that step amplitudeis moredirectly modulated by external
cueing and feedback than more complex phenomena such as
gait initiation, freezing episodes, or sustained walking speed;
moreover, many participants were in Hoehn and Yahr stages
1-3 with relatively preserved gait, which may limit the
observableincremental benefit of wearable devices on standard
clinical tests[50].

For balance-related outcomes, this meta-anaysis is, to our
knowledge, the first to synthesize randomized evidence on the
effects of wearable-device interventions on balance functionin
people with PD. We pooled BBS, Mini-BESTest, and POMA
balance subscores using SMDs, as they reflect a common
construct of postural control within the ICF domain of body
functions and activities. The combined analysis suggested a
borderline improvement in balance favoring wearable devices,
but the confidence and prediction intervals were wide and
included no effect, indicating substantial uncertainty. A key
contextual factor is that, among the included trials, only one
study explicitly designed the wearable intervention as a
balance-focused training program, whereasthe others primarily
targeted gait initiation or step regulation; thus, the cueing content
and training priorities may not have been optimal for producing
measurable changes on balance scales. In contrast, a
meta-analysis in a nonspecific older-adult population by Mao
et a [51] reported clearer balance gains from sensor-based
interventions, suggesting that differences in underlying
pathol ogy, intervention content, and training dose between PD
cohorts and general older adults may be important.
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Quality-of-life and fear-of-falling outcomes map more closely
to the ICF domains of participation and contextual or personal
factors [49]. Across trials, wearable-device interventions did
not result in statistically significant improvements in PDQ
scores, EQ-5D utility, or FES-I scores, and, where calculated,
prediction intervalswerewide or included no effect. Thispattern
suggests that short-term, device-focused interventions may not
be sufficient to translate modest improvementsin gait or motor
scores into perceived gainsin overall quality of life or reduced
fear of falling. Nonmotor symptoms, psychosocial and
environmental factors, and real-world participation constraints
wererarely targeted explicitly in theincluded trials, which may
further limit the impact of wearable devices on these broader
patient-centered outcomes. From a clinical perspective, these
findings underscore that wearable devices are unlikely to replace
comprehensive multidisciplinary rehabilitation; rather, they
may serve as adjunct tools within a broader program that also
addresses cognition, mood, balance confidence, and
environmental adaptation [52].

When the findings were interpreted in light of heterogeneity,
risk of bias, and GRADE assessments, the overall certainty of
evidence for most outcomes was low to very low. Although we
restricted inclusionto RCTS, several studies had unclear or high
risk of biasin domains such as allocation concealment, blinding
of outcome assessment, and incomplete outcome data. Many
meta-analyses included only 2-5 trials, leading to wide
confidence and, where applicable, prediction intervals that
encompassed both no effect and potentially clinically relevant
benefit or harm. This imprecision, together with some
inconsistency in results and indirectness arising from
heterogeneous devices and protocols, resulted in downgrading
of GRADE ratings for multiple outcomes [39]. Consequently,
our conclusions should be interpreted with caution and
considered hypothesis-generating rather than definitive.

Limitations of Evidence

This study has several limitations that should be considered
when interpreting the results. First, the number of digibletrias
and thetotal samplesizefor each outcomewere modest, limiting
statistical power and precision, especially for balance,
quality-of-life, and fear-of-falling measures. Second, there was
substantial diversity in the technical characteristics and
application methods of the wearable devices (eg, cueing
modality, feedback algorithms, and sensor placement) and in
training protocol s (setting, frequency, and duration), which may
have diluted or masked device-specific effects. Third, most
participants were in Hoehn and Yahr stages 1-3, with relatively
preserved motor function and independence, restricting the
generalizability of our findings to individuals with more
advanced disease. Fourth, intervention periods and follow-up
durations were relatively short, so the long-term sustainability
of any observed benefitsremains unknown. Finally, the number
of studies per outcome wastoo small to formally evaluate funnel
plot asymmetry; therefore, small-study effects cannot be ruled
out.

Limitations of Review Processes

Several limitations of our review processes should be
acknowledged.  First, we restricted €ligibility to
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English-language reports, which may have introduced language
bias and could have led to missed trials published in other
languages. Second, our search did not include gray literature
sources (eg, preprint servers, theses, conference proceedings,
or genera search engines), and we did not perform forward
citation tracking; consequently, relevant unpublished or
difficult-to-index studies may not have been identified. Third,
because all outcomes were informed by fewer than 10 studies,
formal assessments of small-study effects (eg, funnel plotsand
Egger test) were not feasible; therefore, reporting bias due to
missing results cannot be excluded. Finally, although we
contacted study authors when key information was unclear or
missing, incomplete responses may have limited data availability
for some syntheses, potentially contributing to imprecision.

Implications

Thisreview provides an updated and methodol ogically rigorous
synthesisof RCT evidence on wearable devicesfor gait, balance,
and quality of life in Parkinson disease. Innovatively, we
integrated the | CF framework with contemporary random-effects
meta-analysis (Hartung—Knapp adjustment and prediction
interval s) and GRADE to contextualize both the pooled average
effects and the expected range of effects across real-world
settings. Compared with prior reviews, we avoided pooling
conceptually different gait outcomes into a single construct,
enabling a more implementation-relevant interpretation of
heterogeneity and generalizability. Thiswork contributesto the
field by clarifying where evidenceis most consistent (eg, stride
length) and where effects remain uncertain across settings,
particularly for balance and patient-centered outcomes. In
real-world practice, wearable technologies are best viewed as
adjuncts rather than stand-alone rehabilitation strategies and
may need to be integrated with task-specific gait and balance
training, behaviora strategies, and environmental modifications
to trandate modest gait gains into meaningful improvementsin
confidence and quality of life. Futuretrials should enroll larger
and more diverse popul ations, extend intervention and follow-up
periods, standardize |CF-aligned outcomes, and transparently
report device characteristics and implementation strategies to
clarify for whom, under what conditions, and how wearables
can be optimally integrated into routine care.

Conclusion

This systematic review and meta-analysis of randomized
controlled trials suggests that wearable-device interventions
may provide modest benefits on average for specific gait
parameters in PD, particularly stride length, but do not
consistently improve short-distance gait speed, double support
time, freezing of gait, balance performance, health-related
quality of life, or fear of falling. Within the ICF framework,
current evidence indicates that wearable devices may support
selected body functions and activities, yet there is insufficient
and uncertain evidence that they reliably enhance broader
participation or overall quality of life.

When interpreted al ongside heterogeneity estimates, prediction
intervals, risk-of-bias assessments, and GRADE ratings, the
certainty of evidence for most outcomes is low to very low.
Many meta-analyses were based on a small number of
heterogeneous trials with modest sample sizes and relatively
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short intervention and follow-up durations, leading to wide
ranges of plausible effects across settings, including minimal
or no benefit. Accordingly, our findings should be viewed as
cautious and hypothesis-generating rather than definitive and
do not currently justify the use of wearable devices as a
stand-alone rehabilitation strategy in PD.

From a clinical perspective, wearable technologies are best
considered as adjuncts to comprehensive multidisciplinary
rehabilitation. Combining wearable cueing and feedback with
task-specific gait and balance training, education, and
psychosocial and environmental interventions may be required
to trandlate small gains in gait parameters into meaningful
improvementsin balance confidence, participation, and quality
of life. Future trials should recruit larger and more diverse

Wuetd

intervention and follow-up periods; and transparently report
device characteristics and implementation strategies to clarify
which patients benefit most and how wearable devices can be
optimally integrated into routine care.
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