JOURNAL OF MEDICAL INTERNET RESEARCH Livetd

Review

The Effects of Digital Health Interventions on Motor Symptoms,
Nonmotor Symptoms, and Quality of Life in Patients With
Parkinson Disease: Systematic Review and Meta-Analysis of
Randomized Controlled Trials

Ruwen Liu*?', MS; Sirui Zhang?, MS; Yi Xiao"?, MD; Yangfan Cheng™?, MD; Huifang Shang™?, MD

1Department of Neurology, Laboratory of Neurodegenerative Disorders, National Clinical Research Center for Geriatric, West ChinaHospital of Sichuan
University, Chengdu, China

2Rare Disease Center, West China Hospital of Sichuan University, Chengdu, China

"these authors contributed equally

Corresponding Author:

Huifang Shang, MD

Department of Neurology, Laboratory of Neurodegenerative Disorders, National Clinical Research Center for Geriatric
West China Hospital of Sichuan University

37 Guoxue Alley

Chengdu, 610041

China

Phone: 1 028 85422114

Fax: 1 028 85582944

Email: shanghuifang@scu.edu.cn

Abstract

Background: Parkinson disease (PD) isaprogressive neurodegenerative disorder with increasing global prevalence, necessitating
innovative management. Digital health interventions (DHIs) offer potential advantagesfor PD care; yet, acomprehensive systematic
review and synthesis across all DHI types and core outcomesiis still lacking.

Objective: This review aimed to assess the effectiveness of DHIs for improving motor symptoms, nonmotor symptoms, and
quality of lifein patients with PD and to summarize the reach, uptake, and feasibility.

Methods: We searched PubMed, Ovid Embase, Web of Science, CINAHL, Cochrane Central Register of Controlled Trials,
and APA PsycINFO up to November 2025. Pool ed standardized mean differences (SMDs) were calculated using random-effects
models. We calculated 95% prediction intervals (PIs) to estimate the true effects. The revised Cochrane Risk of Bias 2 tool was
used to assess risk of bias. Heterogeneity was assessed using 12, 12, and 95% PI. Subgroup analyses, meta-regression, and sensitivity
analyses were conducted to address heterogeneity and potential bias. The quality of evidence was assessed using GRADE (Grading
of Recommendations Assessment, Development, and Evaluation).

Results:  The review included 112 randomized controlled trials involving 5594 participants. Significant postintervention
improvements were identified in motor symptoms (SMD=-0.39, 95% CI —0.60 to —0.18, 95% Pl —1.75 to 0.99; 1°=80.3%) and
overall nonmotor symptoms (SMD=-0.26, 95% CI —0.49 to—0.03, 95% P —0.56 to 0.03; 12=13.8%), including cognitive function
(SMD=0.47, 95% Cl 0.22 to 0.72, 95% Pl —0.41 to 1.35; 1°=63.5%) and psychiatric symptoms (SMD=-0.42, 95% Cl —0.74 to
-0.09, 95% Pl —1.82 to —0.99; 1°=85.4%); however, there was no significant enhancement in quality of life (SMD=-0.19, 95%
Cl -0.47t00.09, 95% Pl —1.50to 1.12; 1°=81.2%). The certainty of evidencewasvery low for quality of life, motor, and psychiatric
symptoms and low for cognitive function and overall nonmotor symptoms. Improvements in motor symptoms and cognitive
function remained stable at follow-up. Meta-regression analysis indicated that age, percentage of female participants, and
supervision mode were possible sources of heterogeneity. Overall, 94 studies reported reach (median 37.5%), 38 reported fidelity
(95.7%), and 105 reported dropout rates (9.1%).

Conclusions: In contrast to previous reviews focused on single technologies or outcomes, this review provided the first

comprehensive synthesis across all DHI types on multiple outcomes and indicated their potential as nonpharmacological
interventions for PD management. However, current evidence is of low to very low certainty, and wide 95% Pls, together with
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highrisk of biasand substantial heterogeneity, indicate considerable uncertainty regarding the true effect in future implementations.
Therefore, findings should be interpreted with caution. These findings provide integrated evidence to guide the design and
prioritization of future research. The results have important real-world implications, supporting cautious implementation while
underscoring the need for more robust trials, particularly in resource-limited settings.

Trial Registration:

(J Med Internet Res 2026;28:€79935) doi: 10.2196/79935
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Introduction

Parkinson disease (PD) isthe most common serious movement
disorder, characterized clinically by bradykinesia, rest tremor,
rigidity, and postural and gait abnormalities[1,2]. Astheglobal
population ages, the globa prevalence of PD is projected to
exceed 12 million by 2040 [3,4], representing a significant
public health challenge. In addition to motor symptoms, nearly
al patients experience complex nonmotor manifestations,
including hyposmia, autonomic dysfunction, psychiatric
symptoms, cognitive decline, and sleep disorders[1,5,6], which
also impair the quality of life of patients with PD [7]. PD
management mainly relies on dopamine replacement therapy
and incorporates arange of medical and surgical treatmentsfor
complex symptoms [5].

However, PD management still faces many obstacles that must
be overcome. It remains largely limited to symptomatic
treatment and is challenged by long-term motor complications
as well as many nonmotor symptoms, which increase the
complexity of medication regimens. Crucialy, thereare still no
clinicaly established disease-modifying therapies to slow or
halt neurodegeneration [2,8]. Consequently, long-term,
individualized pharmacol ogical optimization and
multidisciplinary care are essential for people with PD; yet,
delivering sustained, high-quality carein routine outpatient and
community settings remains challenging. This challenge may
underscore the potential value of digital health approaches.

In addition, nonpharmacological interventions such as physical
and cognitive training have shown promise for improving both
motor and nonmotor symptoms of PD [5,9], but accessto these
interventions can be challenging for patients. Patients often
need to visit medical ingtitutions in person to receive
rehabilitation training, which requires sufficient time and
financial resources. Furthermore, the disease may make it
difficult or cause reluctance for patients to go out. Moreover,
in some economically underdeveloped regions, few medical
institutions offer such rehabilitation training. In addition, patient
adherence also poses a significant challenge. The combination
of high prevalence, multifaceted symptomatol ogy, and absence
of disease-modifying treatments makes PD management
particularly challenging; therefore, strategies that improve
symptoms and quality of life are essentia to reduce the burden
on patients and health care systems.

Digital technology is now revolutionizing PD management,
creating new possibilities across the entire spectrum of patient
care, from disease identification and diagnosis [10,11] to
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treatment and prognosis [12,13]. It offers opportunities to
enhance and extend nonpharmacol ogical interventions[14,15].
Emerging evidence highlights the potential of digital health
interventions (DHIs) in the long-term management of PD [16].
DHls, defined asthe“ discrete functionality of digital technology
that is applied to achieve health objectives’ [17-19], may be
especialy valuable for long-term PD management.

A growing number of randomized controlled trials (RCTs) have
demonstrated that various types of DHIs, including
computer-based cognitive training [20] and telerehabilitation
[21], may benefit patients with PD. These digital interventions
use diverse digital tools, spanning from wearable sensors [22]
to smartphone apps[23], to improve both motor and nonmotor
outcomes. DHIs offer several potential advantages (1) they may
reducethe frequency of in-person visitsand thusrelieve pressure
on medical servicesand regional resourceimbalancesin medical
resources through information and communication technology
[24], (2) they may augment and enhance conventional
rehabilitation and pharmacotherapy to improve engagement and
outcomes[25], and (3) they may address patients' individualized
demands in real time by leveraging adaptive systems that
analyze real-time health data[26].

Current DHIs for PD management include robot-assisted
physical therapy [27], exergaming [ 28], videoconferencing [29],
smartphone apps [30], wearable sensors [31], and others.
Although these studies demonstrate the considerable potential
of DHIsin PD care, no study has summarized current evidence
systematically and comprehensively in this field, as previous
reviews primarily focused on single digital intervention types
(eg, virtual reality) [32] or specific outcomes (eg, motor
symptoms) [33]. A comprehensive synthesis across DHI
modalities and health-related outcomesin PD is till lacking.

Tofill thisgap, we performed alarge-scal e, updated systematic
review and meta-analysisto eval uate the effectiveness of diverse
DHIs across multiple health outcomes in patients with PD. We
additionally summarized the reported reach, fidelity, and
feasibility of these interventions. Our findings aim to inform
clinicians in selecting management strategies for PD and to
guide priorities for future research.

Methods

Protocol and Registration

This systematic review and meta-analysis were preregistered
on PROSPERO (CRD42023492123) and were conducted
according to the PRISMA (Preferred Reporting Items for
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Systematic Reviews and Meta-Analyses) guidelines for
transparent and comprehensive reporting of methodology and
results [34]. The PRISMA 2020 checklist and the PRISMA-S
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses Literature Search Extension) checklist are
provided in Multimedia Appendices 1 and 2, respectively. Any
deviations from the preregistered protocol are outlined and
explained in Multimedia Appendix 3.

Search Strategy and Study Selection

Searches were first performed in PubMed (via NCBI), Ovid
Embase (via Ovid), Web of Science (via Clarivate), CINAHL
(via EBSCOhost), Cochrane Central Register of Controlled
Trials (viaWiley), and APA PsycINFO (via EBSCOhost) from
inception to November 21, 2023. Updated database searches
were performed in the above databases via the same platforms
from November 21, 2023, to January 5, 2025. Final database
searches were conducted on November 22, 2025, for articles
published in 2025, and email alerts were maintained to capture
newly published studies until final data analysis. No study
registries, websites, or other non—peer-reviewed online resources
were systematically searched to ensure the reliability of the
included data. The reference lists of included articles and other
relevant systematic reviews were examined. Authors of
potentially eligible studies were contacted via email to inquire
about additional data or unpublished results.

Three groups of search terms were used: terms related to PD,
terms related to DHIs (eg, digital, technology, telemedicine,
internet, robotics, virtual reality, and computers), and terms
related to RCTs. Complete search strategies and search limits
are detailed in Multimedia Appendix 4. Search results were
imported into EndNote 20 (Clarivate), and duplicates were
removed using the software’s automatic deduplication feature,
followed by manual review. The titles and abstracts of the
involved studies were first screened, and then the full texts of
potentially eligible studies were reviewed according to the
inclusion criteria

The inclusion criteria were developed based on the PICOS
(Population, Intervention, Comparison, Outcomes, and Study
Type) framework. First, for population, we included studies
involving patients with a confirmed diagnosis of PD. Second,
for intervention, interventions provided through the computer,
smartphone, tablet, virtual reality, wearable sensor, robot, or
any other digital technology for physical rehabilitation, care
aid, or cognitive training were defined as DHIs in this review.
DHIs were eligible regardless of setting (eg, used in medical
institution vs at home), mode of interaction and supervision,
intervention content, or intervention duration. Although digital
technology also contributes to the application of deep brain
stimulation, transcranial direct current stimulation, and repetitive
transcranial magnetic stimulation, these interventions with
specific therapeutic aims were not in the scope of this review.
DHIs solely used for monitoring parameters related to the
disease symptoms were not included. Third, for comparison,
comparators were categorized into passive control and active
control. Passive control refers to waitlist control or no
intervention.  Active  control  included  traditional,
nontechnological caregiving methods, such as conventional
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physical rehabilitation, standard care aid, or drug treatments.
Studies comparing the effectiveness of different modes of DHIs
were excluded. Fourth, for outcome, we considered any
outcomesrelated to motor symptoms, nonmotor symptoms, and
quality of life in patients with PD as eligible to provide a
comprehensive summary. Studies that only reported the reach,
fidelity, or feasibility of the DHIs in PD were also included.
Fifth, for study type, only RCT studies were included in this
review. Studies with fewer than 5 participants in each group
were excluded from the quantitative meta-analysis to ensure
the robustness of the results.

The entire process of study selection was performed by 2
researchers independently, and disagreements were resolved
with the involvement of athird researcher. Interrater reliability
was assessed using Cohen k [35], which was 0.831 for full-text
review, indicating a high agreement between the 2 researchers.

Data Extraction

One reviewer extracted data using a comprehensive data
extraction form: publication and author details (title, year, first
author’s name, and country), study details (study design, study
setting, sample size, dropout, and follow-up duration),
participants' characteristics (age, sex, and disease severity),
intervention information (type of intervention, purpose of the
intervention, intervention duration, and supervision mode),
comparison information (type of comparator), and outcomes
(scales used for assessing outcomes, reach, fidelity, and
feasibility of interventions). The extracted data were checked
by asecond reviewer. Discrepanciesin data extraction between
the 2 researchers were resolved through discussion with athird
reviewer.

Typesof DHIs

DHIswere classified into three categories: (1) digital databases,
(2) online classes, and (3) technology-based rehahilitation
devices, based on the interaction modalities influenced by the
technical implementation and the level of supervision inherent
to the intervention, following the classification framework
recommended by a previous review [36].

Digital databases are platforms that store hedth- or
disease-related information in the form of videos or textual
materials and offer self-paced access to predesigned resources,
characterized by asynchronous interaction and aminimal level
of supervision. Online classes involve health management and
telerehabilitation sessions delivered in real time through
telephone or video conferencing, offering synchronous
interaction and direct supervision by professionals remotely
and alowing for immediate feedback and guidance.
Technology-based rehabilitation devices encompass a broad
range of technologies, including exergaming, virtual reality,
robotics, and mobile apps, which support physical rehabilitation
or cognitive training. These devices involve close interactions
with users, who respond to guidance and instructions provided
by the DHIs, which in turn provide cues and feedback based on
theusers’ actions. Thelevel of supervision in theseinterventions
varies depending on the technical features of the devices (eg,
sensor integration) and the study design (eg, use under
professional supervision).
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Additionally, DHIswere categorized into physical rehabilitation,
cognitive training, and care aid according to the intervention
purpose.

Outcome M easures

The primary outcomes of the review were changesin symptom
severity, including motor symptoms, cognitive function,
psychiatric symptoms, overall nonmotor symptoms, and quality
of lifefrom baselineto postintervention and last follow-up. The
scales used for assessing the severity of each symptom and
quality of life depended on the original study. When one study
utilized multiple assessment scales for one type of syndrome
(eg, Parkinson's Disease Questionnaire-8 and Parkinson’s
Disease Questionnaire-39 for qudlity of life), the most frequently
used one among al included studies was selected for analysis
to reduce potential heterogeneity between studies. The
assessment scales for each outcome used in each study are
summarized in Multimedia Appendix 5.

The secondary outcomes included percentage reach, fidelity,
dropout rate, and feasibility. According to the Medical Research
Council process evauation framework and Proctor
implementation outcomes, we used the more common term
reach to replace penetration, which is defined asthe integration
of apracticewithin aservice setting and its subsystems[37,38];
therefore, we calculated the proportion of people who come
into contact with the intervention. Fidelity was defined as the
degreeto which an intervention wasimplemented as prescribed
intheoriginal protocol or asintended by the program developers
[38], and we extracted the fulfillment of the intervention.
Feasihility was defined as the extent to which a new treatment
or innovation can be successfully used or carried out within a
given agency or setting [38] and can be measured by retention,
acceptability, adherence, satisfaction, preference, safety, and
cost-effectiveness [39]. Feasibility was summarized according
to the definition of each study, and the aforementioned items
were extracted even if the study did not discuss feasibility.

Quality Assessment

Therevised Cochrane Risk of Bias 2 tool [40] was used to assess
study quality across the following domains: randomization
process, deviations from intended interventions, missing
outcome data, measurement of the outcome, and selection of
the reported result. Studies were categorized as low risk, some
concerns, or high risk. We used the GRADE (Grading of
Recommendations Assessment, Development, and Eval uation)
criteria[41] to assessthe certainty of the overall evidence, which
incorporates 5 key considerations: study limitations,
inconsistency of effects, indirectness, imprecision, and
publication bias. Any deviation acrossthese 5 domains resulted
in downgrading of the quality of evidence. The overall certainty
of evidence was classified as high, moderate, low, or very low.
All quality assessments were independently conducted by 2
reviewers, and any discrepancies were resolved through
discussion.

Meta-Analysis Methods

Pairwise meta-analyses were performed to evaluate the effect
of DHIs on the primary outcomes when more than 5 effect
estimates were available in the analysis. The means and SDs of
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within-group differences from baseline to postintervention and
follow-up assessments were used. If means and SDs were not
reported in a study, the corresponding author was contacted via
email to obtain the data. Otherwise, means and SDs were
cal cul ated based on avail able data using recommended formulas
[42,43].

Standardized mean differences (SMDs, Hedges @) at
postintervention and the last follow-up assessment were used
as the effect measure, alowing comparison of data from
different assessment scales. In studies with more than 2
intervention groups, the intervention group demonstrating the
most favorable effect was selected for the main analysis as it
represented the most well-designed DHIs. In studies featuring
multiple control groups, the most active control group was
chosen to adopt a more conservative analytical approach.

Considering that different assessment scales may reflect
symptom severity in opposite directions, datafrom the original
studies for the same outcome were standardized based on the
most commonly used scale. For instance, while higher scores
on the Unified Parkinson’s Disease Rating Scale Part 3 indicate
more severe motor symptoms, higher scores on the 6-Minute
Walk Test suggest milder symptoms. Therefore, the results of
the 6-Minute Walk Test were inverted (multiplied by —1) to
align with the Unified Parkinson’'s Disease Rating Scale Part 3
for the analysis.

Due to the presence of potential heterogeneity, the
random-effects model and the DerSimonian-Laird estimator
were applied to calculate pooled estimates across studies. The
Hartung-K napp-Sidik-Jonkman method was applied to increase
the robustness of the results [44]. Forest plots were generated
to visually display the effect size and 95% Cls for individual
studiesand the overall pooled estimate. To present the expected
range of true effects in similar studies, the 95% prediction
intervals (Pls) were also calculated and displayed in the forest
plot [45]. When the number of studies was fewer than 10, the
method proposed by Nagashimaet al [46] was applied to adjust
the 95% PI. The 95% ClI reflects the precision of the estimated
overal average effect, whereas the 95% Pl| estimates the
distribution of effects within which the true effect size is
expected to fall in future similar studies. These 2 intervals
complement each other to provide comprehensive information
for result interpretation.

Subgroup analyses were conducted based on the intervention
type (technology-based rehabilitation devices, online classes,
and digital databases), considering the different inherent
characteristics of various DHIs. Pairwise comparisons between
subgroups were performed using random-effects meta-analysis
with Hartung-K napp adjustment and were limited to subgroups
with 3 or more studies. Funnel plots and Egger regression
intercept were used to assess small-study effects, which may
indicate the potential publication bias. A sensitivity analysis
was conducted to evaluate whether the overall results were
statistically and significantly affected by 1 individual study
using the leave-one-out analysis method. In addition, another
sensitivity analysis restricting the synthesis to studies with a
low risk of biaswas performed for outcomes for which at least
10 such studies were available. All meta-analyses were
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conducted using R (version 4.2.3; R Foundation for Statistical
Computing).

Heterogeneity and M eta-Regression
The presence of heterogeneity among studieswas assessed using

Cochran Q test and the 12 statistic, whereas 95% PI, T, and 1
were cal cul ated to eval uate the magnitude of heterogeneity [45].
By estimating the expected range of true effects for future
studies, the 95% Pl directly evaluates the variability of the
intervention effect across diverse settings [47]. T representsthe
estimated SD of the between-study effects, and 12 denotes the
variance, which quantifies the spread of the true study effects
around the mean [48].

Because substantial heterogeneity was anticipated to result from
varioustypesof DHIsintheanalysis, univariate meta-regression
analyses were performed using the mixed-effects model with
the DerSimonian-Laird estimator for between-study variance
and the Hartung-Knapp-Sidik-Jonkman method for SE
adjustment to identify potential moderators that could account
for heterogeneity. These potential moderators included
individual-level variables (mean age, sex, and disease severity)
and study-level variables (publication years, country income
level, intervention type, intervention purpose, intervention
setting, type of control, intervention duration, and supervision
mode). In addition, bubble plots were provided as visual
representation of the meta-regressions.

Results

Study Search and Selection

The search initially yielded 30,918 related study records from
6 databases in November 2023, among which 12,909 duplicate

Liuetd

records were first removed during screening. The titles and
abstracts of the remaining 18,009 records were screened, and
thefull texts of 284 studies were further assessed. A total of 90
studiesfrom 91 articles evaluating the effect of DHI in patients
with PD were included.

A supplementary search was conducted on January 5, 2025, and
4179 new publicationswereidentified using the same keywords
and databases as the initial search. After removing duplicates,
atotal of 3019 unique records were screened based on title and
abstract, and the full texts of 66 potentially eligible studieswere
then reviewed. A total of 11 studies meeting the inclusion
criteriawere included.

The final search was performed on November 22, 2025, to
ensure the inclusion of the most recent evidence and identified
3980 new publications. Following deduplication, atotal of 2481
unique recordswere screened by title and abstract. Subsequently,
atotal of 44 studies underwent full-text review, resulting in the
inclusion of 11 studies that met the eligibility criteria. During
the full-text screening process, no studies were identified that
appeared to meet the inclusion criteria but were ultimately
excluded; all exclusions were straightforward decisions based
on eligibility criteria.

Ultimately, a total of 112 unique studies from 115 articles
[27,30,31,49-158] were eligible for the systematic review, and
97 unique studies from 98 articles were included in the
guantitative meta-analysis. Of these 112 studies, 73 evaluated
motor symptoms, 8 evaluated overall nonmotor symptoms, 26
evaluated cognitive function, 30 evaluated psychiatric
symptoms, and 41 evaluated quality of life. The PRISMA flow
diagram of the study search and selectionis presented in Figure
1

Figurel. The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram for study selection.
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Study Char acteristics

A total of 112 included studies comprising 5594 participants
were identified, among which 84 studies (4658 participants)
were performed in high-income countries, whereas only 28
studies (936 participants) were performed in low- and
middle-income countries (LMICs). According to the
predetermined classification criteria, the DHIsused in 91 studies
were categorized as technology-based rehabilitation devices,
17 asonlineclasses, and 8 asdigital databases. Theintervention
purposes of 74 studies were physical rehabilitation, 28 were
cognitive training, and 17 were care aid.

Active comparators (eg, traditiona and nontechnological
caregiving methods) wereused in 91 trials, whereas others used
passive comparators (eg, waitlist control or no intervention).
The study setting of 51 studies was at home, and that of 55
studies wasin medical institutions. Participantsin the study by
Halpern et a [88] first received intervention in the clinic for 9
sessions and then at home.

Regarding delivery mode, most interventions were delivered
through computers and virtual reality devices; other modes
included wearable sensors, robots, tablets, smartphones, and
others. Most interventions lasted for at least 4 weeks, whereas
4 did not [51,54,92,115]. Among the 39 (34.8%) studies that
reported follow-up assessments, the follow-up duration ranged
from 4 to 24 weeks in 38 studies, except for the study by Yang
et a [143], which implemented a shorter 2-week follow-up
period.

A total of 97 of 112 studieswereincluded in the meta-analysis,
with theremaining 15 retained in the systematic review because
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of unavailable outcome data. A comprehensive summary of the
characteristics of theincluded studiesis presented in Multimedia
Appendix 6.

Quiality of Studies

The methodol ogical limitations assessed by the Cochrane Risk
of Bias 2 tool reveded that >20% of the included studies
exhibited some concerns or high risk in the following domains
(Figure 2): randomization process (postintervention: 53/180,
29% and follow-up: 11/55, 20%), deviations from intended
interventions (postintervention: 95/180, 53% and follow-up:
19/55, 34%), missing outcome data (postintervention: 46/180,
26% and follow-up: 13/55, 24%), and selection of reported
results (postintervention: 96/180, 53% and follow-up: 33/55,
60%). The main sources of bias were inadequate reporting of
randomization methods (eg, lack of explicit allocation
concealment) and failure to blind participants or caregiversin
trials. Regarding motor symptoms, 12 studies were assessed as
having alow risk of bias, 43 studies as having some concerns,
and 18 studies as having ahigh risk of bias. Regarding cognitive
function, 6 studies were assessed as having alow risk of bias,
16 studies as having some concerns, and 4 studies as having a
high risk of bias. Regarding psychiatric symptoms, 4 studies
were assessed as having alow risk of bias, 15 studies as having
some concerns, and 10 studies as having a high risk of bias.
Regarding overall nonmotor symptoms, 5 studieswere assessed
as having some concerns and 3 as having a high risk of bias.
Regarding quality of life, 5 studies were assessed as having a
low risk of bias, 22 studies as having some concerns, and 14
studies as having a high risk of bias (Multimedia Appendix 7).
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Figure 2. Risk of bias across effect estimates at postintervention and follow-up assessments based on the Cochrane Risk of Bias 2 tool for randomized

trials.
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B High risk of bias |

Effect of DHIson PD Across Different Symptoms

Motor Symptoms

DHls significantly improve motor symptoms (SMD=-0.39,
95% Cl —0.60 to —0.18), while the 95% PI (-1.75 to 0.99)
indicates that the true effect is uncertain and could range from
a substantial benefit to being inferior to the control condition
in future implementations (Figure 3
[27,31,49-53,56-59,61,62,65,68,69,71,72,74-79,82,84-87,
89-97,99,100,103,106,110-113,115-117,119,120,
122-124,126-132,135,136,141-146,151-153,156]). Although
the intervention group had fewer symptoms on average
(SMD=-0.39), the Pl suggestsconsiderablevariability in future
outcomes. DHIs may improve symptoms (SMD=-1.75) in some
populations, while in other populations DHIs may be less
effectivethan control groups (SM D=0.99). Also, DHIsmay not

https://www.jmir.org/2026/1/€79935
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affect other populations since the Pl contains the 0 value.
However, only 1 of 73 included studies suggested that DHIs
were inferior to standard training, while both led to
improvements in motor symptoms [89]. Subgroup analyses
revedled no statistically significant differences in pairwise
comparisons among the 3 intervention types (Multimedia
Appendix 8). Only technology-based rehabilitation devices
significantly improve motor symptoms (SMD=-0.36, 95% CI
—0.59 to -0.13, 95% PI —1.80 to 1.07). Neither online classes
nor digital databases exhibited favorable effects, with
SMD=-0.19 (95% CI —0.87 to 0.48) for online classes, and
SMD=-0.76 (95% CI —1.85 to 0.33) for digital databases.
However, the subgroup analysis reveadled no statistically
significant difference in effects across intervention types
(P=.39). Significant heterogeneity was found (1°=80.3%,
P<.001), and the heterogeneity was substantial (1=0.680 and
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1°=0.4623). The intervention types did not completely explain
the significant heterogeneity, with 12=81.3% for
technol ogy-based rehabilitation devices (P<.001) and 12=83%
for digital databases (P<.001). In the follow-up analysis, DHIs
also exhibited significant improvement in the motor symptoms
of patientswith PD (MultimediaAppendix 9). The leave-one-out
analysis obtained a consistent result. The sensitivity analysis of
12 low-risk-of-bias studies showed a significant but modest

Liuetd

benefit of DHIs on motor symptoms (SMD=-0.22, 95% ClI
-0.40 to —0.04), with negligible heterogeneity (1>=0.6%;
1=0.025; 12=0.0006; 95% Pl —0.43 to —0.01). The 95% P
indicated ahigh certainty that the intervention will yield at | east
asmall beneficid effect in future similar study settings. GRADE
ratingsindicated that the certainty of the evidence for the effect
of DHIs on motor symptoms of patients with PD was very low
owing to the high risk of bias of included studies, high

heterogeneity, and potential publication bias (Figure 4).

Figure 3. Forest plot of the metaanadysis of digital health interventions efficacy on postintervention motor symptoms
[27,31,49-53,56-59,61,62,65,68,69,71,72,74-79,82,84-87,89-97,99,100,103,106,110-113,115-117,119,120,122-124,126-132,135,136,141-146,151-153,156] .
Standardized mean differences (SMDs) with 95% Cls were calculated using a random-effects model. Negative SMD values favor the experimental
intervention. Subgroup analyses were performed by intervention type (technology-based rehabilitation devices, online classes, digital databases). The
square represents the individual study estimate. The rhombus shape represents the pooled estimates of the lowest accuracy in all studies. P values are

shown as p.
Experimental Control Standardised Mean

Study Total Mean SD Total Mean SD Difference SMD 95%~C1 Weight
Technology-based rehabilitation devices
Albert, 2023 25 - 1256 22 080 1234 - -014 [-0.72; 0.43] 16%
Allen, 2017 18 020 699 19 0.50 7.40 - -0.04 [-0.69; 0.60] 1.5%
Bartolo, 2024 26 =770 460 26 -4.70 410 il -0.68 [-1.24; -0.12] 1.6%
Bernini, 2019 17 -B77 1248 18 -B20 1230 = -0.04 [-0.71; 062 1.5%
Calabrd, 2019 25 =500 755 25 -400 8.54 E 3 =012 [-068: 0.43] 16%
Capecci, 2019 48 -280 420 48 -360 580 = 016 [-024: 056] 1.7%
Carda, 2012 14 -D04 281 14 -009 266 - 002 [-072; 0.76] 14%
Carpinella, 2016 17 -300 680 20 -320 720 = 003 [-062; 067] 15%
Getin, 2024 10 -2.00 289 10 -1.00 1.63 =041 [-1.30; 0.48] 1.3%
Da Silva, 2022 18  -2867 094 20 -1.00 112 - -1.57 [-2.31;-0.84] 1.4%
Das, 2024 20 -600 1711 20 -3.00 1185 = -0.20 [-0.82; 0.42] 1.5%
De, 2025 16 -941.40 1219.50 18 -290.10 1236.40 -I"I =052 [-1.20; 0.17] 1.5%
Dhamija, 2025 3% =674 1107 28 ~-754 1052 kg 0.07 [-042; 0.57] 1.6%
Eldemir, 2023 15 =514 541 15 =240 7.38 —.'l- =041 [-1.14; 0.31 1.4%
Eliis, 2019 23 -3060 8408 21 -B70 103.18 - -0.23 [-0.82; 0.26] 1.5%
Feng, 2019 14 -364 125 14 -336 1.93 - =017 [-0.91; 0.58] 1.4%
Ferraz, 2018 20 =-3680 7955 22 -3500 103.47 . 3 =002 [-0.62; 0.59] 1.5%
Furnari, 2017 19 =960 227 18 =540 2.27 - =181 [-2.56:=1.04] 1.4%
Gall, 2016 25 =430 798 25 780 B.75 041 [-0.15: 0.87] 1.6%
Gandolfi, 2017 3 -3T4 547 34 421 ™ - 007 [-0.40; 0.54] 16%
Ginig, 2016 20 -020 1519 18 -277 1449 - 017 [-047; 0.81] 1.5%
Goffredo, 2023 49  -250 080 48 035 080 - | =353 [-4.18,-2.80] 1.5%
Gryfe, 2022 13 220 410 14 1.50 520 - 0.14 [-0.81; 0.90] 14%
Gulcan, 2023 15 =330 330 15 -5.00 3.30 +I— 050 [-0.23 1.23] 14%
Hajebrahimi, 2022 1 =673 647 13 =-577 7.28 - =013 [-0.84; 0.67] 1.4%
Han, 2023 24 -292 136 24 -7.62 1.67 | = 304 [219; 3.89 1.3%
Harpham, 2025 To-1z20 4.80 6 -0.50 3.90 —— =015 [-1.24; 0.94] 1.1%
Hashemi, 2022 15 =233 632 15 -3.88 B.40 - 0.22 [-0.50; 0.93] 14%
Heldman, 2017 8 052 726 9 671 1251 -058 ([-152; 037] 12%
Jaggi, 2023 19 -249 810 21 -001 563 -035 [-0.98; 027] 15%
Johnson, 2024 6 -32633 47676 B -207.62 517.88 —— -022 [-128; 084] 1.1%
Jong-Hoom, 2020 8 -250 093 7 -129 0.95 —— =121 [-234;-008] 1.1%
Kashif, 2022 2 -1.00 052 22 -023 0.54 - =143 [-2.09; -0.76] 1.5%
Kashif, 2024 20 -16.75 828 20 -860 4.59 - =1.19 [-1.87: -0.52] 1.5%
Kawashima, 2022 5 =320 2.50 7 040 0.80 = =196 [-3.44:-047] 08%
Kim, 2022 20 -540 900 21 -240 1320 - -0.26 [-0.87: 0.36] 1.5%
Lai, 2020 10 -3550 3000 10 -135 50,00 -079 [-171: 042]  13%
Liao, 2015 12 -541 137 12 -433 115 -0.82 (-166 002] 1.3%
Maranesi, 2022 16 -1.30 082 14 -110 1.44 - =017 [-0.89; 0.55] 14%
McGibbon, 2024 10 -3480 1760 11 140 2040 —— | -1.82 [-287.-077] 1.1%
Meng-Che, 2016 10 -2.30 461 10 -260 418 —— 007 [-0.81; 0.84] 1.3%
Niguwboer, 2007 7 -1.30 302 77 =082 285 » =0.16 [-0.48; (.15 1.7%
Nuvolini, 2025 19 =040 467 19 =220 411 {.— 040 [-0.24; 1.04] 1.5%
Cphey, 2020 37 =054 818 38 =134 8.80 g 008 [-0.36: 0.55] 1.6%
Ozden, 2021 25 =360 587 26 -080 5.46 -I{ =049 [-1.04; 0.07] 1.6%
Patel, 2017 14 =010 749 14 -020 7.59 E = 001 [-0.73; 0.75] 14%
Picelli, 2012 16 -6.3 659 15 0.13 772 — =088 [-1.62,-0.13] 14%
Picelli, 2013 20 -028 008 20 017 016 —&— =349 [-4.50,-247] 12%
Picelli, 2015 33 -448 292 33 -435 586 - =003 [-0.51; 0.45] 1.6%
Pompeu, 2012 16 -070 280 16 -100 1.70 - 013 [-0.57; 0.82] 14%
Qayyum, 2022 8 -as0 097 8 -151 079 —%— | -320 [-4.79;-160] 0.8%
Raciti, 2022 15 -7.00 9.88 9 =500 1114 —_— =019 [-1.01; 0.64] 1.3%
Raglio, 2023 10 -38.00 81.18 9 200 7465 hd =049 [-1.41; 043] 1.3%
Ribas, 2017 10 -1.80 257 10 0.20 277 -0.75 [-1.67; 0.16] 1.3%
Sale, 2013 10 -1308 1278 10 -1582 1207 - 022 [-0B6: 110] 13%
Santos, 2019 13 -530 491 14 -510 550 . -004 [-079: 0.72] 14%
Song, 2018 28 -080 480 25 080 550 L1 -033 [-087; 022] 16%
Spina, 2021 1M -545 197 11 -327 220 —— -1.00 [-1.90;-0.11]  1.3%
van den Heuvel, 2018 17 1.09 890 13 4.96 4.56 - -0.51 [-1.25 0.22] 14%
Yang, 2016 1 255 596 12 =347 8.73 i 073 [-0.12; 1.58] 1.3%
Yen, 2011 14 -0.40 351 14 -010 3.49 - -0.08 [-0.82; 066] 14%
Yuan, 2020 12 -1.00 380 12 -140 6.70 L 007 [-0.73: 0.87] 1.3%
Zoatewei, 2024 25 030 1145 26 =110 1127 4 012 [-0.43; 0.67] 1.5%
Random effects model 1202 1194 + =0.36 [-0.59; -0.13] 86.8%
Heterogeneity; i° = &1,3%, 1= 0.710, ©* = 0.5038, p < 0.001
tg = -3.12 (p = 0.003)
Online classes
Beck, 2017 97 =570 1005 98 -4.90 9.60 = -0.08 [-0.36; 0.20] 1.7%
Dorsey, 2010 6 =030 3.10 3 6.50 4.40 — =172 [-3.44; 0.01] 0T%
Dorsey, 2013 9 -380 B50 11 -120 B.60 —. -038 [-129; 050 1.3%
Pastana Ramos, 2023 8 -150 554 11 -170 680 —-— 003 [-088:; 094] 13%
Random effects model 120 123 - -019 [-0.87; 0.48] 4.9%
Heterogeneity: 1% = 21.1%, + = 0.207, % = 0.0427, p = 0.28
ty=-0.91(p = 0.43)
Digital databases
Flynn, 2021 19 =013 019 20 -0417 0.19 s 021 [-0.42: 0.84] 1.5%
Isaacson, 2019 19 =530 200 20 -100 210 —=— 205 [-284:-126] 1.3%
Khalil, 2017 15 =120 1743 10 410 1827 i =083 [-167: 0.01] 1.3%
Manor, 2013 21 -182 688 21 -084 710 - =0.15 (-0.76: 0.45] 1.5%
Wilkinson, 2018 18 -1190 1131 18 010 10,10 — -1.08 [-1.80;-0.38] 14%
Random effects model 92 89 - -0.76 [-1.85; 0.33] T.0%
Heterogeneity: 1” = 83%, ¢ = 0,762, 1" = 0.6273, p <0.001
ty=-194 {p =0.13)
Technelogy=based rehabilitation devices and digital batabases
Del Pino, 2023 10 080 1097 10 -130 1122 - 0.8 [-0.70; 1.06] 1.3%
Random effects model 1424 1418 + =0.39 [-0.60; -0.18] 100.0%
Prediction interval —— [-1.75; 0.99]
Heterogeneity: I¥ = 80 3%, < = 0,680, * = 0.4623, p < 0.001

Test for overall effect: &7, = =3.64 (p < 0.001) -4 -2 0 2 4
Test for subgroup differences: 73 = 2.99, df = 3 (p = 0.39) Favours Intervention Favours Control
Knapp=Hartung adjustment applied
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Figure4. GRADE (Grading of Recommendations Assessment, Devel opment, and Evaluation) ratings at postintervention assessments.

Digital health intervention compared to convetional intervention/usual care/waitlist group for people with Parkinson’s disease

Summary of findings
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I. 95% Confidence Interval crosses null effect

Overall Nonmotor Symptoms

DHIs significantly improved overall nonmotor symptoms [134], suggesting theinstability of thisfinding. GRADE ratings
(SMD=-0.26, 95% CI -0.49 to —0.03, 95% PI -0.56 to 0.03;  indicated that the certainty of the evidencefor the effect of DHIs
12=0; Figure 5 [30,52,65,91,100,120,134,152]). No significant  on overall nonmotor symptoms of patients with PD was low

heterogeneity was observed for the analysis (12=13.8%; P=.32). Owing to the high risk of bias of included studies and serious
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with some limitations for multiple criteria.
-1.82, 0.99]
-0.41, 1.35]
.002)

study being rated at overall low ris k

s for multiple criteria.

The leave-one-out analysis did not obtain a consistent result
after omitting the studies by Dhamija et a [152], and So et al

imprecision (Figure 4).
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Forest plot of the meta-analysis of digital hedth interventions efficacy on postintervention overall nonmotor symptoms

[30,52,65,91,100,120,134,152]. Standardized mean differences (SMDs) with 95% Cls were calculated using a random-effects model. Negative SMD
values favor the experimental intervention. Subgroup analyses were performed by intervention type (technology-based rehabilitation devices, online
classes, digital databases). The square representstheindividua study estimate. The rhombus shape represents the pool ed estimates of the lowest accuracy

in al studies. P values are shown as p.

Experimental Control Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%—-Cl Weight
Technology-based rehabilitation devices :
Dhamija, 2025 35 336541 28 987 1348 —=—— -0.65 [-1.16; -0.14] 11.9%
Heldman, 2017 9 11927 9 1.48 2.89 : -0.10 [-1.02; 0.83] 4.0%
Kim, 2022 20 -1.20 490 21 040 6.70 —_— -0.27 [-0.88; 0.35] 8.5%
Patel, 2017 14 -1.70 759 14 -1.00 7.59 — -0.09 [-0.83; 0.65] 6.1%
Random effects model 78 72 ———— -0.37 [-0.90; 0.16] 30.4%
Heterogeneity: 2=0%,1t=0, =0, p =054 :
ty=-2.22 (p = 0.11) 5_
Online classes
Beck, 2017 97 010377 98 040 202 —— -0.10 [-0.38; 0.18] 30.1%
Digital databases :
Lakshminarayana, 2017 68 -0.34 556 89 042 5.07 —— -0.14 [-0.46; 0.17] 25.6%
Technology-based rehabilitation devices and digital batabases
Del Pino, 2023 10 050132 10 0.70 1.80 — -0.12 [-1.00; 0.76] 4.4%
Technology-based rehabilitation devices, online classes, and digital daiabases
So, 2023 25 -664 916 25 052 783 —=—— -0.83 [-1.41;-0.25] 9.5%
Random effects model 278 294 ’ -0.26 [-0.49; -0.03] 100.0%
Prediction interval — [-0.56; 0.03]
Heterogeneity: 12 = 13.8%, t= 0.102, ©2 = 0.0103, p = 0.32 ' ‘ ' |
Test for overall effect: t; = -2.70 (p = 0.03) -1 =05 0 05 1

Test for subgroup differences: xﬁ =594, df=4 (p =0.20)

Favours Intervention Favours Control

Knapp-Hartung adjustment applied

Psychiatric Symptoms

DHIs significantly improved psychiatric  symptoms
(SMD=-0.42, 95% CI —0.74 t0-0.09), while the 95% Pl (-1.82
t0 0.99) indicatesthat thetrue effect isuncertain and could range
from a substantial benefit to being inferior to the control
condition in  future implementations (Figure 6
[30,52,53,55,57,63,66-68,73,75,77,82,85,87,102,107,
109,111,117,118,120,125,137,139,141,142,145,157,158]).
Although the intervention group had fewer symptoms on average
(SMD=-0.42), the Pl suggestsconsiderablevariability in future
outcomes. DHIsmay improve symptoms (SMD=-1.82) in some
populations, while in other populations DHIs may be less
effective than control groups (SMD=0.99). Also, DHIsmay not
affect other populations since the Pl contains the 0 value.
However, only 1 of 30 included studies suggested that DHIs
were significantly harmful to psychiatric symptoms. Subgroup
analyses revedled no satistically significant differences in
pairwise comparisonsamong theintervention types (Multimedia

https://www.jmir.org/2026/1/€79935
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Appendix 8). No types of DHIsexhibited significantly favorable
effects in the subgroup analysis, with SMD=-0.49 (95% ClI
—0.98 to 0.01) for technology-based rehabilitation devices,
SMD=-0.05 (95% CI —1.89 to 1.79) for digital databases, and
SMD=-0.42 (95% CI -0.98 to 0.13) for online classes.

Significant heterogeneity was found (12=85.4%; P<.001), and

the heterogeneity was substantial (1=0.671; 12=0.4506; 95% P!
—1.82 to 0.99). The intervention types could not completely
explain the significant heterogeneity, with 1°=88.1% for
technology-based rehabilitation devices (P<.001) and 1°=80%
for online classes (P<.001). Inthefollow-up analysis, DHIsdid
not exhibit significant improvement in the psychiatric symptoms
of patientswith PD (Multimedia Appendix 9). The leave-one-out
analysis obtained a consistent result. GRADE ratingsindicated
that the certainty of the evidence for the effect of DHIs on
psychiatric symptoms of patients with PD was very low owing
to the high risk of bias of included studies and high
heterogeneity (Figure 4).
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Figure 6. Forest plot of the metaandysis of digita hedth interventions efficacy on postintervention psychiatric symptoms
[30,52,53,55,57,63,66-68,73,75,77,82,85,87,102,107,109,111,117,118,120,125,137,139,141,142,145,157,158]. Standardized mean differences (SMDs)
with 95% Cls were calculated using a random-effects model. Negative SMD values favor the experimental intervention. Subgroup analyses were
performed by intervention type (technol ogy-based rehabilitation devices, online classes, digital databases). The square represents the individual study
estimate. The rhombus shape represents the pooled estimates of the lowest accuracy in all studies. P values are shown as p.
Experimental Control Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight

Technology-based rehabilitation devices

Bernini, 2019 17 0.00 1.61 18 -0.10 1.45 0.06 [-0.60; 0.73] 3.4%
Carda, 2012 14 -055 816 14 1.35 5.99 -0.26 [-1.00; 0.49] 3.2%
De Luca, 2019 30 -3.10 8.46 30 -1.90 7.47 -0.15 [-066; 0.36] 3.7%
Fellman, 2020 26 -123 247 25 042 296 -0.60 [-1.16; -0.04] 3.6%
Ferraz, 2018 20 -0.31 414 22 -0.83 3.64 013 [-047; 0.74] 3.5%
Furnari, 2017 19 -090 065 19 -0.80 0.65 -0.15 [-0.79; 0.49] 3.4%
Ginis, 2016 20 -3.80 18.21 18 -3.13 20.04 -0.03 [-0.67; 0.60] 3.4%
Gryfe, 2022 13 -050 260 14 -1.10 2.90 0.21 [-0.55; 0.97] 3.2%
Hajebrahimi, 2022 11 -218 586 13 -1.46 7.02 -0.11 [-0.91; 0.70] 3.1%
Kraepelien, 2020 38 -098 054 39 054 0.53 -2.81 [-3.45;-217] 3.4%
Maggio, 2024 12 -3.00 478 10 -0.70 5.82 -042 [-1.27; 043] 3.0%
Maranesi, 2022 16 -1.30 046 14 0.00 040 -2.92 [-3.99; -1.85] 2.5%
&zden, 2021 25 -5.80 1390 26 260 7.80 -0.74 [-1.31;-0.17] 3.6%
Paris, 2011 16 -0.13 233 12 -0.25 1.15 0.06 [-0.69; 0.81] 3.2%
Patel, 2017 14 -450 485 14 -3.20 5.10 -0.25 [-1.00; 0.49] 3.2%
Tayyebi, 2025 45 -12.80 4.75 45 -1.60 5.37 -2.19 [-2.72;-1.66] 3.6%
van Balkom, 2022 68 020 4.16 68 1.30 4.37 -0.26 [-0.59; 0.08] 4.0%
van den Heuvel, 2018 16 1.18 122 12 -0.37 0.84 140 [055; 2.24] 3.0%
Yuan, 2020 12 -11.40 21.50 12 -5.30 14.30 -0.32 [-1.13; 048] 31%
Random effects model 432 425 -0.49 [-0.98; 0.01] 62.8%
Heterogeneity: 1* = 88.1%, t = 0.877, 1% = 0.7693, p < 0.001

t1g = —2.05 (p = 0.06)

Online classes

Beck, 2017 97 020 276 98 0.00 2.52 3 0.08 [-0.21; 0.36] 4.0%
Bogosian, 2022 30 -1.70 3.61 30 -0.40 3.10 . -0.38 [-0.89; 0.13] 3.7%
Dobkin, 2020 37 -6.53 540 35 027 7.34 - -1.05 [-1.54;-0.55] 3.7%
Dobkin, 2021 45 -6.03 467 45 -0.23 4.65 B -1.23 [-1.69;-0.78] 3.8%
Dorsey, 2010 6 -0.30 1.50 4 -0.50 0.60 —— 0.15 [-1.12; 1.41] 2.2%
Piers, 2023 6 -9.90 4.41 6 -4.00 7.80 —I—|~ -0.86 [-2.06; 0.35] 2.3%
Pinto, 2025 25 -3.48 3.67 19 -2.80 4.35 —. -0.17 [-0.77; 0.43] 3.5%
Svaerke, 2022 8 -0.25 6.05 8 -2.76 5.47 B 0.41 [-058; 1.40] 2.7%
Random effects model 254 245 - -0.42 [-0.98; 0.13] 25.8%
Heterogeneity: /* = 80%, t = 0.877, t° = 0.3136, p < 0.001 :

t7=-1.80(p =0.11)

Digital databases :

Lakshminarayana, 2017 68 0.11 3.70 89 0.39 3.82 I -0.07 [-0.39; 0.24] 4.0%
Wilkinson, 2018 18 -0.50 4.16 18 -0.70 3.90 e 0.05 [-0.60; 0.70] 3.4%
Random effects model 86 107 --#—- -0.05 [-1.89; 1.79] 7.4%
Heterogeneity: 1= 0%, 1t=0, = 0, p=074 :

t1 =-0.35(p = 0.79)

Technology-based rehabilitation devices and online classes ;

Maas, 2024 98 -1.00 7.07 94 -0.50 6.98 = -0.07 [-0.35; 0.21] 4.0%
Random effects model 870 871 L -0.42 [-0.74; -0.09] 100.0%
Prediction interval —— [-1.82; 0.99]
Heterogeneity: 12 = 85.4%, 1 = 0.671, 1% = 0.4506, p < 0.001 ' |

Test for overall effect: t,g = -2.63 (p = 0.01) -2 0 2

Test for subgroup differences: xg =4.08,df =3 (p = 0.25) Favours Intervention Favours Control

Knapp—-Hartung adjustment applied

Coanitive Euncti [50,52-54,59,62,65,68,73,80,82,85,87,92,108,

ognitive Function 100,112,116,118,126,135,137,139,140,155,156]). Although the
DHls significantly improve cognitive function (SMD=0.47, intervention group had fewer symptoms on average
95% Cl 0.22t00.72), v_vhi lethe 9_5% Pl (-0.41to1.35)indicates (SMD=0.47), the Pl suggests considerable variability in future
that the true effect is uncertain and could range from a outcomes. DHIs may improve symptoms (SMD=1.35) in some
substantial benefit to being inferior to the control conditionin  populations, while in other populations DHIs may be less
future implementations (Figure 7 effective than control groups (SMD=-0.41). Also, DHIs may
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not affect other populations since the PI contains the O value.  gubstantial (1=0.415 and 12=0.1723). The intervention types

*_'0““_’9_’9“ no_included StUd.ie.ﬁ wggeﬁed that DHIs were could not explain the significant heterogeneity, with 1°=68.2%
significantly harmful to cognitive function. Technology-based for technology-based rehabilitation devices (P<.001). In the
rehabilitation devices demonstrated significantly greater follow-up assessment, DHIs also exhibited significant
ngl\[;lrgv_ e(;ngﬂgg;gngllv eglérlctlon %ogw7par§v(\)/2rgw.or:\ll:nlepla;$ improvement in the cognitive function of patients with PD
,(A :j ’ 5 ' T ho | t.)aseéoehéb'l" L d ;MU t'hn:) 5 (Multimedia Appendix 9). The leave-one-out analysis obtained
5 gﬁﬁc?c;t i)r.np?gvre]?ngng{i-n cognritive ;L:;?:i(:)r;si? ;‘; gté vlvtith aconsistent result. GRADE ratings indicated that the certainty

. of the evidence for the effect of DHIs on the cognitive function
PD (SMD=0.53, 95% CI 0.24 to 0.82), but not online classes of patients with PD was low owing to high heterogeneity and
(SMD=0.14, 95% CI —0.44 to 0.72). Significant heterogeneity potential publication bias (Figure 4)

was found (1°=63.5%; P<.001), and the heterogeneity was

Figure 7. Forest plot of the metaanalysis of digita health interventions efficacy on postintervention cognitive function
[50,52-54,59,62,65,68,73,80,82,85,87,92,108,109,112,116,118,126,135,137,139,140,155,156]. Standardized mean differences (SMDs) with 95% Cls
were caculated using a random-effects model. Negative SMD values favor the experimental intervention. Subgroup analyses were performed by
intervention type (technology-based rehabilitation devices, online classes, digital databases). The sguare represents the individual study estimate. The
rhombus shape represents the pooled estimates of the lowest accuracy in al studies. P values are shown as p.

Experimental Control Standardised Mean
Study Total Mean SD Total Mean sSD Difference SMD 95%-Cl Weight
Technology-based rehabilitation devices
Allen, 2017 19 100 260 19 140 250 —— -0.15 [-0.79;0.48] 4.2%
Bernini, 2019 17 270 310 18 -0.06 3.41 —— 0.83 [0.13;1.52] 3.9%
Bernini, 2021 18 236 273 12 057 340 T 0.58 [-0.17;1.33] 3.7%
Das, 2024 20 560 89 20 180 874 - 0.42 [-0.21;1.05] 4.2%
Fellman, 2020 26 296 688 25 531 1196 = -0.24 [-0.79;0.31] 4.6%
Giehl, 2020 36 190 425 36 010 470 L 0.40 [-0.07;0.86] 5.1%
Ginis, 2016 20 1495 31.33 18 -10.16 41.01 e 0.68 [0.02;1.34] 4.1%
Gryfe, 2022 13 340 330 14 060 3.50 — 0.80 [0.01;1.59] 3.5%
Hajebrahimi, 2022 11 227 194 13 023 435 - 0.57 [-0.25;1.39] 3.4%
Jaggi, 2023 19 137.69 21112 21 -35.24 292.39 e 0.66 [0.02;1.30] 4.2%
Maggio, 2018 10 170 329 10 -030 287 - 0.62 [-0.28;1.52] 3.0%
Maggio, 2024 12 170 170 10 -040 200 —— 110 [0.19;2.01] 3.0%
McGibbon, 2024 13 290 240 14 040 3.10 —=— 0.87 [0.07;1.67] 3.5%
Ophey, 2020 37 017 055 38 013 0.60 = 0.07 [-0.38;0.52] 5.2%
Paris, 2011 16 043 120 12 -0.16 1.67 ~|—E— 0.40 [-0.35;1.16] 3.6%
Pompeu, 2012 16 160 270 16 140 190 — 0.08 [-0.61,0.78] 3.9%
Song, 2018 28 060 200 25 050 1.80 — 0.05 [-0.49;0.59] 4.7%
van Balkom, 2022 68 -020 213 68 000 225 = -0.09 [-0.43;0.25] 5.8%
van de Weijer, 2020 21 111 037 20 -0.03 0.55 : —u— 240 [1.58;3.22] 3.4%
Cetin, 2024 10 200 074 10 000 074 . —=—— 259 [1.34,3.84] 20%
Nuvolini, 2025 19 130 411 19 090 422 —E - 0.09 [-0.54;0.73] 4.2%
Maggio, 2025 10 237 086 10 137 086 ——— 111 [0.16;2.07] 2.8%
Random effects model 459 448 < 0.53 [0.24;0.82] 86.1%
Heterogeneity: 12 = 68.2%, t = 0.477, t° = 0.2276, p < 0.001 ;
ty1 =3.82 (p =0.001)
Online classes
Beck, 2017 97 060 276 98 020 252 I!- 0.15 [-0.13;0.43] 6.1%
Dorsey, 2010 6 -050 1.50 4 -050 2.60 — 0.00 [-1.27;1.27] 2.0%
Svaerke, 2022 8 162 926 8 013 14.44 —— 0.12 [-0.86; 1.10] 2.8%
Random effects model 111 110 ‘ 0.14 [-0.44; 0.72] 10.8%
Heterogeneity: 12=0%,t=0, ©*°=0, p =097
t2 =1.05 (p = 0.40)
Technology-based rehabilitation devices and digital batabases :
Del Pino, 2023 10 180 270 10 060 3.18 —E— 0.39 [-0.50;1.28] 3.1%
Random effects model 580 568 * 0.47 [0.22; 0.72] 100.0%
Prediction interval -— [-0.41; 1.35]
Heterogeneity: 1% = 63.5%, t = 0.415, t = 0.1723, p < 0.001 T T
Test for overall effect: to5 = 3.92 (p < 0.001) -3 -2 -1 0 1 2 3
Test for subgroup differences: xg =4.08,df=2(p =0.13) Favours Control Favours Intervention
Knapp—-Hartung adjustment applied
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Quality of Life

DHIs did not improve quality of life in patients with PD
(SMD=-0.19, 95% CI —0.47 t0 0.09), and the 95% PI (-1.50 to
1.12) dso indicates the uncertain true effect (Figure 8
[27,30,31,50,52,58,59,61,62,65,68,69,71,72,75,79,83,85,87,
91,9397,102,107,111,115118-121,129132 134136133 141,143 152, 1565,157]).
Subgroup analyses revedled no dtatistically significant
differences in pairwise comparisons among the intervention
types (Multimedia Appendix 8). The anaysis of each
intervention type obtai ned aconsistent result, with SMD=-0.13
(95% CI —0.52 to 0.25) for technology-based rehahilitation
devices, SMD=-0.24 (95% CI —0.77 t0 0.29) for online classes,
and SMD=-0.19 (95% CI —9.86 to 9.49) for digital databases.

https://www.jmir.org/2026/1/€79935
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Significant heterogeneity was found (12=81.2%; P<.001), and

the heterogeneity was substantial (1=0.634; 12=0.4053; 95% P!
—1.50 to 1.12). The intervention types could not completely

explain the heterogeneity, with 12=84.1% for technol ogy-based

rehabilitation devices (P<.001) and 1°=53.6% for online classes
(P=.04). The follow-up analysis indicated a consistent result
(Multimedia Appendix 9). The leave-one-out analysis obtained
aconsistent result. GRADE ratings indicated that the certainty
of the evidence for the effect of DHIs on quality of life of
patients with PD was very low owing to the high risk of bias of
included studies, high heterogeneity, and serious imprecision
(Figure 4).
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Figure 8. Forest plot of the metaanalysis of digita heath interventions efficacy on postintervention quality of life
[27,30,31,50,52,58,59,61,62,65,68,69,71,72,75,79,83,85,87,91,93,97,102,107,111,115,118-121,129,132,134,136-138,141,143,152,155,157]. Standardized
mean differences (SMDs) with 95% Cls were calculated using a random-effects model. Negative SMD values favor the experimental intervention.
Subgroup analyses were performed by intervention type (technol ogy-based rehabilitation devices, online classes, digital databases). The square represents
theindividual study estimate. The rhombus shape represents the pooled estimates of the lowest accuracy in all studies. P values are shown as p.

Experimental Control Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%~-CIl Weight

Technology-based rehabilitation devices

Allen, 2017 19 070 3.24 19 -1.70 1.54 L 093 [0.25; 1.60] 2.6%
Capecci, 2019 48 -6.20 1210 48 -9.30 8.90 0.29 [-0.11; 0.69] 3.0%
Carpinella, 2016 17 -1.80 1211 20 -230 885 = 0.05 [-0.60; 0.69] 2.6%
Cetin, 2024 10 -3.00 170 10 -460 6.44 = 0.33 [-0.56; 1.21] 2.2%
Da Silva, 2022 18 -2.82 233 20 -1.84 2.21 B -042 [-1.07; 0.22] 26%
Das, 2024 20 -2.50 533 19 -2.80 8.30 = 0.04 [-0.59; 0.67] 2.6%
Dhamija, 2025 35 -200 309 28 -286 3.12 I= 0.27 [-0.23; 0.77] 2.9%
Eldemir, 2023 15 -6.45 17.81 15 -6.04 16.21 = -0.02 [-0.74; 0.69] 2.5%
Ellis, 2019 23 060 126 21 1.20 0.85 =I -0.54 [-1.15; 0.06] 2.7%
Ferraz, 2018 20 -10.80 25.98 22 -5.30 23.58 =I -0.22 [-0.83; 0.39] 27%
Gandolfi, 2017 36 -6.56 15.17 34 -6.32 15.95 = -0.02 [-0.48; 0.45] 2.9%
Glicia Pedreira, 2013 16 -9.14 1243 16 1.88 9.37 = -0.98 [-1.71,-0.24] 2.5%
Gryfe, 2022 13 -450 590 14 0.50 7.80 -0.70 [-1.48; 0.08] 24%
Hajebrahimi, 2022 11 -18.00 24.00 13 -15.85 32.22 = -0.07 [-0.88; 0.73] 2.3%
Heldman, 2017 9 470 9.62 9 1.79 6.56 = 0.34 [-0.60; 1.27] 21%
Johnson, 2024 6 10.26 36.72 8 -14.12 28.00 +I— 071 [-0.39; 1.82] 1.9%
Kawashima, 2022 5 =-3.70 6.00 7 -1.30 220 -5 -0.53 [-1.71; 0.64] 1.8%
Kraepelien, 2020 38 -514 1.81 39 1.58 1.77 = | -3.72 [-4.47,-297] 2.4%
Maggio, 2025 10 -5.37 258 10 -4.26 1.72 = -0.48 [-1.38; 041] 22%
Maranesi, 2022 16 -1.50 0.66 14 0.00 0.70 5 | -2.15 [-3.07;-1.23] 21%
Nieuwboer, 2007 76 -2.00 226 77 -1.80 0.97 -0.11 [-0.43; 0.20) 3.1%
Paris, 2011 16 231 635 12 -8.75 3.82 | E 3 1.98 [1.05 291] 2.1%
Patel, 2017 14 -0.20 410 14 -0.60 5.10 L 0.08 [-0.66; 0.83] 2.5%
Raglio, 2023 10 -0.20 2.01 9 -0.50 2.21 = 014 [-0.77; 1.04] 2.2%
Santos, 2019 13 -6.49 7.00 14 -13.51 2.93 |—B— 1.29 [045; 213] 2.3%
Spina, 2021 11 -15.49 11.97 11 -12.22 8.57 -ﬂl- -0.30 [-1.14; 0.54] 2.3%
van den Heuvel, 2018 16 1.14 15.24 12 -0.92 6.29 -II- 0.16 [-0.59; 0.91] 24%
Yang, 2016 11 -5.34 11.96 12 -5.27 11.86 = -0.01 [-0.82; 0.81] 2.3%
Random effects model 552 547 -0.13 [-0.52; 0.25] 68.1%
Heterogeneity: I = 84.1%, = 0.780, 1° = 0.6085, p < 0.001

tay ==0.71(p = 0.49)

Online classes

Beck, 2017 97 -0.40 1005 98 -0.80 9.34 0.04 [-0.24; 0.32] 3.2%
Dorsey, 2010 6 -3.40 8.00 4 1030 7.20 —B—{ -1.60 [-3.15; -0.06] 1.3%
Dorsey, 2013 9 -4.00 9.90 11 -6.40 9.80 5 0.23 [-0.65; 1.12] 22%
Pastana Ramos, 2023 8 -780 742 11 630 9.33 —I~| -1.57 [-2.63;-0.50] 1.9%
Peacock, 2021 13 -4.70 10.00 12 090 8.04 L1 -0.59 [-1.40; 0.21] 2.3%
Pinto, 2025 25 -2.80 435 19 -2.16 3.67 = -0.15 [-0.75; 0.44] 2.7%
Svaerke, 2022 8 -1.13 9.66 8 -0.74 14.44 . 3 -0.03 [-1.01; 0.95] 2.1%
Theodoros, 2015 15 -1.30 292 16 -2.00 1.61 & 029 [-0.42; 1.00] 25%
Random effects model 181 179 4 -0.24 [-0.77; 0.29] 18.2%
Heterogeneity: 1= 53.6%, t=0.378, = 0.1426, p = 0.04

t;=-1.08 (p =0.32)

Digital databases

Isaacson, 2019 19 =510 160 20 -3.50 1.60 | -0.98 [-1.65; -0.31] 2.6%
Lakshminarayana, 2017 68 094 4.01 89 -0.68 1.79 = 054 [0.22; 0.87] 3.1%
Random effects model 87 109 —— ()19 [-9.86; 9.49] 5.7%
Heterogeneity: I* = 93.8%, t = 1.044, * = 1.0896, p < 0.001

ty =-0.25 (p = 0.85)

Technology-based rehabilitation devices and online classes

Maas, 2024 104 -3.80 12.80 100 -1.40 12.60 [+ -0.19 [-0.46; 0.09] 3.2%
Technology-based rehabilitation devices and digital batabases

Del Pino, 2023 10 -1.40 0.78 10 -0.10 1.20 . _F -1.23 [-2.20; -0.26] 21%
Technology-based rehabilitation devices, online classes, and digital databasas

So, 2023 25 -238 490 25 -164 422 & -0.16 [-0.71; 0.40) 2.8%
Random effects model 959 970 =0.19 [-0.47; 0.09] 100.0%
Prediction interval [-1.50; 1.12]
Heterogeneity: 12 = 81.2%, t = 0.637, +° = 0.4053, p < 0.001

Test for overall effect: t49 = =1.37 (p = 0.18) -5 0 5

Test for subgroup differences: x: =445 df =5 (p =049) Favours Intervention Favours Control

Knapp-Hartung adjustment applied

Publication Bias —-0.45; P=.02) and cognitive function (intercept=2.54, 95% ClI

—1.12t0 3.97; P=.002) of patientswith PD. Further, trim-and-fill
Small-study effect was assessed viavisual inspection of afunnel  analysis (Multimedia Appendix 10) was performed, and we
plot and Egger test (Multimedia Appendix 10). The Egger test  observed that the effects were no longer significant for both
indicated a significant small-study effect in the analysis of the  motor symptoms (SMD=-0.04, 95% Cl —0.29 to 0.21) and
effect of DHIs on motor (intercept=—2.07, 95% CI —3.69 t0  cognitive function (SMD=0.16, 95% CI —0.14 to 0.47).
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M eta-Regressions

To explore potential sources of significant heterogeneity, we
performed univariate meta-regression analyses examining 3
individual-level and 8 study-level variables (Multimedia
Appendix 11), and we al so present bubble plotsto visualize the
relationship involving the continuous variables (Multimedia
Appendix 12). We conducted multivariable meta-regressions
using the variables mentioned above as predictors of
between-study variance when 2 or more variables accounted

for R%. In the analysis of cognitive functions, 2 of these study
variables accounted for R*: mean age of participants (model Q
statistic [QM]=0.08; P=.78; R°=0.49%) and intervention setting
(QM=1.16; P=.29; R°=8.88%), with atotal R?=1.38% (P=.53).
There are 4 variables associated with the improvement of
psychiatric symptoms with a total R?=9.83% (P=.35): the
percentage of female participants (QM=2.73; P=.11; R*=7.42%),
publication year (QM=3.39; P=.08; R*=4.93%), country income
level (QM=0.38; P=.54; R*=2.64%), and intervention purpose
(QM=1.44; P=.25; R?=11.19%). Asfor motor symptoms, mean
age of participants (QM=4.22; P=.04; R’=2.96%) and
supervision mode (QM=1.50; P=.22; R?=3.96%) may explain
part of the heterogeneity, with a total R?=9.42% (P=.04).
Supervision mode (QM=1.41; P=.25; R°=10.38%) and mean
age (QM=0.90; P=.35; R?=.64%) moderated the effect of DHIs
on quality of life with a total R? of 14.56% (P=.14). These
meta-regression results should be interpreted as exploratory.
The low R? values indicate that the factors account for only a
small proportion of the total heterogeneity. It reminds us that
the variability in intervention effectsislikely due to acomplex
combination of clinical and methodological factors not fully

captured here. Nevertheless, these findings generate valuable
hypotheses for future research.

Reach, Fidelity, and Feasibility of DHIs

Most studies reported their eligible population and participant
enrollment (Multimedia Appendix 13). A total of 94 studies
reported on intervention reach with a median reach of 37.5%
(range 4.5%-94.7%), and al included studies reported the
randomly assigned populations, with a median of 50% (range
30.6%-100%) randomly assigned to the intervention groups. A
total of 38 studies reported intervention fidelity, revealing a
high degree of fidelity across a diverse range, of which 34
reported percentage fidelity with a median of 95.7% (range
26.7%-100%), and another 4 studies provided relevant
information regarding fidelity. Dropout rates were reported in
105 studies, with a median of 9.1% (range 0%-61.1%).

A total of 32 studiesreported that the interventionswerefeasible
to deliver with high satisfaction, adoption, preference for
interventions, high interest, high retention rates, convenience,
high acceptance, reliability, safety, comfort, flexibility, high
adherence, cost-effectiveness,  user-friendliness,  high
recruitment, and high fidelity. Only 5 of these reportswerefrom
LMICs. A total of 35 studiesdid not mention feasibility directly,
but they reported a high rate of usability, no serious adverse
events, favorabl e satisfaction ratings, willingnessto recommend

https://www.jmir.org/2026/1/€79935
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to others, low cost, high participant interactivity, and low
dropout rate. The remaining 44 studies did not report any data
on feasihility.

Discussion

In contrast to previous reviews focusing on single DHI
modalities or specific symptoms, this is the first systematic
review and meta-analysis to comprehensively evaluate the
effectiveness of all existing DHIs across motor symptoms,
nonmotor symptoms, and quality of life in patients with PD,
while providing a concurrent analysis of implementation
feasibility. In this review, we systematically evaluated the
effectiveness and implementation of currently reported DHIs
in patients with PD, collecting data from 97 RCTs, including
4404 participants from 24 countries. Favorabl e postintervention
effects of DHIs were found over control groups on motor
symptoms and specific nonmotor domains (cognitive function,
psychiatric symptoms, and overall burden), with the
improvement of motor symptoms and cognitive function stable
at follow-up assessments. However, substantial and unexplained
heterogeneity was detected, and studieswith amoderateto high
risk of biasaccounted for ahigh proportion; hence, the GRADE
approach rated the overall certainty of evidence aslow to very
low. The wide 95% PIs indicate substantial heterogeneity,
suggesting that the true effect remains uncertain. Future
implementations might find DHIs produce strong benefits in
some populations, yet be ineffective or even worse than control
in others, with the results spanning from no effect to a clear
positive or negative outcome. In addition, a high proportion of
the included studies were assessed as having moderate to high
risk of bias, which calls for more rigorously designed studies
inthefuture. Therefore, clinicians should interpret these findings
with caution. Additionally, we summarized the reach, fidelity,
and feasibility of DHIs, which is valuable for the design of
future trials as well as clinical decision-making regarding the
application of DHIs. Thisreview bringsto the field an updated
and integrative evidence that can inform clinical
decison-making and guide the design of future DHIs. In
real-world implications, our findings highlight that while DHIs
hold promisefor scalable and accessible PD management, their
clinical application should be cautious, personalized, and
supported by further high-quality evidence, especialy in
underserved regions.

Previously reported meta-analyses of the use of DHIs in PD
mostly focus on the effects of virtual reality technology
[159-167], and others focused on telemedicine [168-170],
computerized cognitive training [20], robot-assisted training
[112,171-174], mobile app [109,175], and wearabl e technology
[51,176,177]. A recent umbrella review including 8
meta-analyses showed that virtual reality training significantly
improved motor performance, mainly including balance ability
and stride length in patients with PD [178]. A meta-analysis
found that robot-assisted gait training was helpful for the
improvement of motor function and balance function [179],
while another showed that the efficacy was very uncertain [180].
All of the above meta-analyses were based on a specific type
of technology, and their outcomes focused primarily on
improvements in motor symptoms. A recent network
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meta-analysis compared 4 technology-based interventions
(internet-based, proprioceptive, robot, and virtual reality) and
found that the virtual reality—based intervention fares the best
interms of improving motor symptoms and quality of life[181].
Notably, no study in thefield of PD hasincluded all RCTsthat
met the definition of DHIsand conducted a systematic synthesis.
With technological advancements leading to arapid expansion
of DHI applicationsin PD, acomprehensive analysis of existing
DHI modalitiesin PD isessential to establish an evidence-based
framework for guiding future devel opment.

Our review included al types of DHIs, systematically
categorizing them by type, purpose, and implementation
characteristics while focusing on the 5 key health outcomesin
PD. Regarding motor symptoms and cognitive function, our
findings are consistent with most previous meta-analyses that
DHIs are effective compared with control groups. In addition,
weidentified significant small-study effects, acritical issuethat
has not been reported in prior studies. This may reflect
publication bias, whereby smaller studies with null results
remain unpublished; genuine heterogeneity between smaller
and larger trials is also one of the important sources of
small-study effects. We used the trim-and-fill method to estimate
and adjust for the number and outcomes of missing studies, and
the postintervention effects on both motor symptoms and
cognitive function became statistically insignificant. Thisimplies
that small-study effects might have animpact on these outcomes,
and the wide 95% Pl s emphasize the uncertainty of the benefits
of DHIs. Theseresults highlight the need for further high-quality
studieswith larger sample sizesand rigorous designsto provide
more definitive evidence for updated meta-analyses. For
psychiatric symptoms, although the result was statistically
significant, it must be interpreted with caution due to the very
low certainty of evidence according to the GRADE framework.
Thislow rating may be driven by several factors: the wide 95%
Pls, substantial heterogeneity, and ahigh risk of biasacrossthe
included studies.

As for overall nonmotor symptoms, although the results were
statistically significant, they should be considered with caution
due to the small sample size. Notably, So et al [134] and
Dhamija et al [152] were the only 2 trials among 8 to report
significant improvementsin nonmotor symptoms, and omitting
either of them would result in a null effect of the result. It is
potentially attributable to its multimodal design (face-to-face
education, telecounseling, and smartphone or wearable tools)
and early-stage PD cohort. Hence, we did not use the results as
apoint of reference. In terms of quality of life, unlike previous
studies, we did not find a significant improvement. It may be
because the majority of scales measuring quality of life are
self-reported, such asthe most widely used Parkinson’s Disease
Questionnaire-39. It lacks high sensitivity for detecting mild to
moderate improvements in quality of life, particularly for
patients with PD with milder symptoms (Hoehn and Yahr stage
<3) [182]. In addition, most studies tend to consider quality of
life as a secondary outcome, which may affect the design of
DHIs. Moreover, complex or long-term interventions may
impose an additional burden on patients. Standardized quality
of life instruments evaluate a multidimensional construct
including emotional well-being, social support, and
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communication abilities, but the most widely discussed
applications of DHIs in PD were motor or cognitive training.
Therefore, improvements in isolated domains (eg, mobility or
cognitive function) may not substantially enhance overall quality
of life. Future DHIs should adopt a user-centered design
approach to improve accessibility, reduce treatment-related
burdens, and optimize patient experience.

Of theincluded studies, the majority reported reach or fidelity,
and some researchers further reported the feasibility of the
intervention. Nearly half of the researchers mentioned that the
intervention was feasible and provided quantitative data and
qualitative interpretation. This implies that researchers are
conscioudly valuing the feasibility of their interventions.
However, the existing problem isthe lack of awidely accepted
framework for evaluating them, which makes comparing the
feasibility of different DHIs across studies challenging. In this
review, when analyzing feasibility, we extracted data on reach,
fidelity, and dropout rates and summarized the authors
definitions and explanations related to the feasibility of DHIs
as mentioned in the study. For those not directly mentioning
feasibility, we also extracted information that may be relevant,
including satisfaction, adverse effects, user-friendliness, and so
on. Some studies reported high safety with few adverse events
[61,85,114,119,133,149], as DHIs that provide rea-time
surveillance of patients can detect unexpected conditions
promptly. Furthermore, physical therapy that incorporates digital
technology can help prevent falls and freezing of gait [22] during
the training process, such as through the use of robot-assisted
gait training [179,183]. The reasons for patients dropping out
may include the complexity of the intervention system, and
face-to-face guidance before DHIs may increase adherence
[184]. Future studies should take into account the
aforementioned factors to design more feasible intervention
protocols.

The included studies exhibited substantial heterogeneity. The
primary source of heterogeneity may be that all DHIs were
comprehensively summarized rather than a specific type. The
types of DHIs range from the simplest intervention designs of
only watching relevant videos to more complex designs
involving specifically developed robotic devices and even using
multiple digital tools simultaneously. Therefore, we conducted
subgroup analyses according to the intervention type, yet
substantial heterogeneity persisted within subgroups. Although
only the technology-based rehabilitation devices subgroup of
the 3 subgroups showed a statistically significant pooled effect
on motor symptoms, the test for subgroup differences was not
significant; therefore, these findings should not be interpreted
as evidence that this subgroup is superior to the other 2
subgroups. Moreover, whilethe original RCTsmay demonstrate
that aspecifically designed DHI is superior to the control group,
they do not imply that individuals using different DHIs across
trialswererandomized. Therefore, such cross-trial comparisons
areinvaid for establishing causal relationships between different
types of DHIs. Consequently, observed subgroup effects may
reflect differences in study populations, intervention intensity,
comparators, durations, or outcome instruments across studies,
rather than genuine differences between the DHIs themselves.
Metaregression revealed that the percentage of female
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participants, mean age, intervention setting, publication year,
country income level, intervention purpose, and supervision
mode might explain a modest portion of the 12 heterogeneity.
Whilewe cannot fully account for all heterogeneity, thisfinding
suggests that the effectiveness of DHIs may vary depending on
individual patient characteristics and supervision mode.
Therefore, comprehensive consideration of these factors is
essential when selecting DHIs for patients. Moreover, the 95%
Pls for every primary outcome were wide and consistently
crossed the null value. This finding shows substantial
heterogeneity and indicates that the effect of DHIs in future
settings could range from being less effective than the control
condition to being clearly beneficial due to this clinical and
methodological diversity. It reminds us that the same
intervention may not work equally well for every patient. Hence,
clinicians should consider patient responses individually, and
future research could aim to identify which types of DHIs are
most suitable for specific patient groups.

Clinicians should interpret our findings and their applicability
to local settings with caution, as 75% of participants were
recruited from high-income countries. The effectiveness and
feasibility of these DHIsmay differ substantialy in LMICsdue
to variations in resources, infrastructure, and cultural context.
Future research in LMICs is critically needed to provide
evidence that is generalizable to these settings. As a mgjority
of the world’s population has access to mobile technologies
[185], theimplementation of digital technology in LMICscould
potentially help to close the treatment gap [186,187].

Strengths of this review include that only RCTswereincluded,
which are of high evidence quality levels; the review was
conducted strictly by the methodol ogy outlined in the Cochrane
guidelines; alarge number of studies were included, enrolling
alarge population from 24 countries; the review encompassed
abroad range of outcomes, including motor symptoms, overall
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nonmotor symptoms, cognitive functions, psychiatric symptoms,
and quality of life; the Hartung-K napp-Sidik-Jonkman method
was applied to obtain more conservative results; and the 95%
Pl was provided to estimate the potential true effect.

This review aso has limitations. First, this review
comprehensively included various types of DHIs for analysis,
leading to high heterogeneity in the analysis. We explored
heterogeneity through prespecified subgroup analyses and
meta-regression and identified 3 variables accounting for the
heterogeneity significantly, athoughto asmall degree. Second,
weincluded alarge number of studies, which resulted in alonger
period from literature search to manuscript preparation.
Therefore, secondary and third screenings were conducted to
ensure that as many recent studies as possible were
comprehensively included. In addition, we observed possible
publication bias in the analyses; more rigorous studies are
needed to confirm these findings.

In summary, this systematic review provided the first
comprehensive synthesis of evidence across all DHI types for
PD, which distinguishes it from previous reviews that focused
on single technologies or specific outcomes. DHIs were
associated with improvement in motor symptoms, overall
nonmotor symptoms, cognitive function, and psychiatric
symptoms, but not with quality of life, compared with the
non-DHI group. This study supports the potential of DHIsasa
promising nonpharmacological intervention for PD. It brings
tothefield an integrated evidence base that can guidethe design
of future research and inform the careful implementation of
DHIsin clinical practice. However, in real-world implications,
the conclusions should be interpreted with caution given the
wide 95% PlIs, relatively high risk of bias, small-study effects,
and the very-lon GRADE ratings. Therefore, more
well-designed DHIs and high-quality research are urgently
needed, especially in underresourced regions.
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