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Abstract

Background: Total knee arthroplasty (TKA) is the most effective treatment for end-stage knee osteoarthritis, but some
patients continue to experience persistent postoperative pain, stiffness, and impaired functional recovery. Digital health
interventions are increasingly used in rehabilitation after TKA, but their comparative effectiveness remains unclear.

Objective: This study aimed to evaluate the effects of different digital health interventions on rehabilitation outcomes in
patients after TKA and to compare and rank these interventions in terms of pain relief, active knee flexion range of motion
(ROM), and knee function to provide evidence for selecting optimal rehabilitation strategies.

Methods: We searched PubMed, Embase, Cochrane Library, Web of Science, Google Scholar, Scopus, CINAHL, MEDLINE
(via OvidSP), CNKI, Wanfang, and VIP to identify randomized controlled trials (RCTs) meeting the inclusion criteria. The
RoB 2 tool (Risk of Bias 2; Cochrane) was used to assess risk of bias, and the confidence in network meta-analysis (CINeMA)
framework was used to evaluate certainty of evidence. Traditional meta-analysis and network meta-analysis (NMA) were
performed using Stata (version 17.0; StataCorp LLC). A random-effects model (DerSimonian-Laird method for estimating 7?)
was consistently used across all analyses. For outcomes measured with the same or convertible scales, mean differences (MDs)
with 95% Cls were used to pool effect sizes. Surface under the cumulative ranking curve (SUCRA) values were calculated to
summarize the ranking probabilities.

Results: A total of 36 RCTs involving 3067 patients after TKA were included. NMA results showed that compared with
conventional rehabilitation (CR), for active flexion ROM, rehabilitation robot (RR; MD 8.96, 95% CI 5.86-12.05), mobile
app—based telerehabilitation (MAT; MD 6.36, 95% CI 2.81-9.91), and virtual reality (VR; MD 5.92, 95% CI 2.94-8.90) were
significantly superior to CR; for the Hospital for Special Surgery knee score, VR (MD 9.53, 95% CI 5.18-13.88), intelligent
rehabilitation system-based telerehabilitation (MD 6.90, 95% CI 2.35-11.44), and RR (MD 5.32, 95% CI 1.61-9.04) were
significantly superior to CR; for pain, RR and MAT had relatively high ranking probabilities, but the 95% CIs of most
comparisons included 0; for the Western Ontario and McMaster Universities Osteoarthritis Index and Timed Up and Go
test, only internet videoconference-based telerehabilitation and VR-based telerehabilitation, respectively, were significantly
superior to CR. The certainty of evidence for most comparisons was low or very low.

Conclusions: Digital health interventions may improve pain, active knee flexion ROM, and knee function in patients after
TKA. In the SUCRA ranking, RR, VR, and MAT showed favorable ranking probabilities; however, because the network
was predominantly star-shaped and the rankings were derived largely from indirect comparisons, these findings should be
interpreted as suggestive rather than definitive. Further high-quality studies with direct head-to-head comparisons are needed.
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Introduction

In recent years, with the acceleration of population aging
and changes in lifestyle, the global disease burden of knee
osteoarthritis (KOA) has continued to increase. The latest
research data show that the number of patients with KOA
worldwide reached approximately 374.7 million in 2021, and
the age-standardized prevalence has increased by more than
200% since 1990 [1]. In addition, KOA is also a common
degenerative arthritis condition among athletes, for whom
repeated knee joint injuries are an important risk factor [2].

Total knee arthroplasty (TKA) is the most effective
surgical treatment for end-stage KOA. Its postoperative
clinical efficacy is well established, patient satisfaction is
high, and the number of surgeries has increased over time.
For example, in a Chinese study with more than 20 years
of follow-up, the prosthesis survival rates at 10, 15, and
20 years were 93.6%, 92.4%, and 89.8%, respectively.
Although some prostheses showed slight functional decline
after 20 years, overall patient satisfaction remained high [3].
However, even though most patients benefit after surgery,
some studies have reported that approximately 13%-44% of
patients with TKA experience long-term persistent postoper-
ative pain, a proportion that highlights the importance of
postoperative rehabilitation and management challenges [4].
In addition, some patients may also experience postoperative
joint stiffness and poor functional recovery, further affecting
quality of life [5].

In this context, digital health technologies, including
virtual reality (VR), remote home rehabilitation, weara-
ble devices, and rehabilitation robots (RRs), have shown
potential for integrating traditional rehabilitation with modern
technology. Some studies have shown that, within 1 month
after surgery, patients with TKA who use an intelligent
monitoring system for home rehabilitation experience greater
improvements in knee function, isometric knee extensor
strength, and quality of life than those receiving traditional
rehabilitation [6]. Studies have shown that wearable devices
plus remote monitoring can continuously and passively
collect data on patient activity (eg, step count), knee range
of motion (ROM), adherence to home training, and pain,
and have been proven to be feasible and highly accepta-
ble to patients, enabling health care professionals to obtain
more complete and real-time recovery trajectory data for
personalized adjustment of rehabilitation plans [7]. A remote
rehabilitation program based on smart wearable devices (such
as BPMpathway [270 Vision Limited]) has also shown
positive effects in Chinese patients with TKA. Compared
with traditional home rehabilitation, patients in this group
showed better improvement in postoperative knee ROM,
functional recovery, and quality of life [8].

https://www jmir.org/2026/1/e101277

Previous systematic reviews and meta-analyses have
separately evaluated the effects of different digital health
technologies in rehabilitation after TKA. For example, the
systematic review and meta-analysis by Gazendam et al
[9] summarized the application of VR rehabilitation after
TKA and found potential advantages in some functional
outcomes; the meta-analysis by Yoo et al [10] evaluated the
effects of robot-assisted rehabilitation in patients after TKA
or total hip arthroplasty; a systematic review published by
Curzio et al [11] in 2025 evaluated 14 randomized control-
led trials (RCTs) involving VR, exergames, and telerehabili-
tation, and the results showed that these digital interventions
were noninferior or superior to conventional rehabilitation
(CR) in pain relief and functional improvement. Recently,
a meta-analysis specifically comparing mobile app-based
digital rehabilitation with traditional rehabilitation included
8 studies, and the results showed that app-based rehabilitation
was superior to traditional rehabilitation in pain relief, Timed
Up and Go (TUG), and the 10-meter walk test [12]; another
systematic review published in 2025 evaluated the effects
of smart device-assisted telerehabilitation versus CR after
TKA [13]; and an umbrella review systematically synthesized
evidence from multiple meta-analyses on the use of telereha-
bilitation after TKA [14].

However, existing systematic reviews and meta-analyses
have the following limitations: first, most reviews focused on
pairwise comparisons between a single digital rehabilitation
mode (such as only VR, only robots, or only mobile apps)
and CR and could not answer the clinical question of which
digital rehabilitation mode is effective; second, some reviews
treated different forms of telerehabilitation as a homogene-
ous category for pooling, ignoring differences in technologi-
cal mechanisms; third, most existing studies lacked indirect
comparisons among different digital modes and could not
provide treatment ranking information.

Network meta-analysis (NMA) can, in the absence of
direct head-to-head studies, use a common comparator as
a bridge to perform indirect comparisons among different
interventions and evaluate the relative effectiveness and
probability rankings among multiple interventions. Compared
with previous systematic reviews, the added value of this
NMA is as follows: first, it simultaneously includes 8
digital rehabilitation modes, rather than being limited to
a single mode; second, it performs indirect comparisons
using a common comparator (CR) and ranks different digital
modes; third, it uses the confidence in network meta-anal-
ysis (CINeMA) framework to assess certainty of evidence
rather than reporting only statistical significance; fourth, it
verifies the robustness of results through sensitivity analyses
using alternative node classifications; and fifth, it conducts
subgroup analyses by assessment time window and treatment-
dose matching to explore sources of heterogeneity. These
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analytical dimensions were not covered by previous single-
mode meta-analyses. Based on this, this study used NMA to
explore the effects of different digital health interventions on
rehabilitation outcomes in patients after TKA.

Methods

Protocol and Registration

This systematic review strictly followed the PRISMA
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) 2020 guideline [15] and referred to the
PRISMA-NMA extension statement to standardize the
reporting of NMA-specific elements, including the descrip-
tion of network geometry, assessment of transitivity,
inconsistency testing, and interpretation of ranking probabili-
ties [15] (Checklist 1). The study protocol was registered on
the International Prospective Register of Systematic Reviews
(PROSPERO: CRD420251244837).

Search Strategy

Two researchers began searching in September 2025, with
the initial search cutoff on October 23, 2025. To ensure
inclusion of the latest evidence, we updated the literature
search on September 17, 2026, with the same databases,
search terms, and inclusion and exclusion criteria as those
used in the initial search. New studies meeting the inclu-
sion criteria identified in the updated search were included
in the analysis. We searched PubMed, Embase, Cochrane
Library, Web of Science, Google Scholar, Scopus, CINAHL,
MEDLINE (via OvidSP), CNKI, Wanfang, and VIP. In each
database, we searched for RCTs on the effectiveness of
digital health interventions for improving function in patients
after TKA. The following search terms were used as search
criteria: (AI OR VR OR wearable devices OR telemedicine
OR telerehabilitation OR RR OR robot-assisted training OR
intelligent rehabilitation system OR exergame OR exergam-
ing OR serious game OR interactive gaming) AND (total
knee replacement surgery OR TKR OR TKA) AND (RCT
OR controlled clinical trial OR clinical trial OR randomized
OR placebo OR randomly OR trial). The full search strategies
for each database are provided in Multimedia Appendix 1.

Inclusion and Exclusion Criteria

Inclusion Criteria:

Studies were eligible for inclusion if they met all of the
following criteria:

1. Study type: all included studies had to be RCTs.

2. Participants: adult patients who had undergone TKA.

3. Comparator: the control group included physical
therapy, routine care, balance training, continuous
passive motion, manual guided rehabilitation, or health
education. Although these interventions were heteroge-
neous, they shared the following core characteristics:
all were components of standard rehabilitation after
TKA, all aimed to improve joint ROM, muscle strength,
and function, and none involved digital technology.
Therefore, this study merged various forms of CR into
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the same node (CR), which served as the common
comparator for all digital interventions.

4. Intervention: the experimental group received rehabili-
tation interventions based on digital health technology,
including VR, VR technology-based telerehabilitation
(VRT), mobile app—based telerehabilitation (MAT),
internet videoconference-based telerehabilitation (IVT),
intelligent rehabilitation system-based telerehabilitation
(IRT), and RR, which could be used as the sole
intervention or combined with other forms of reha-
bilitation. Studies were assigned to treatment nodes
according to the following operational criteria:

* VR: use of immersive or nonimmersive vir-
tual reality technology, delivered face-to-face
or in a clinical setting, not remotely, including
AR. Interventions in this node shared the core
characteristics of multisensory stimulation and
interactive feedback.

e VRT: VR technology delivered remotely via
the internet or telecommunications. Interventions
within this node shared the core characteristic
of “virtual reality as the core content, delivered
remotely.”

e MAT: provided mainly through mobile apps on
smartphones or tablets, with or without wearable
sensors. Interventions within this node shared the
core characteristic of “mobile application as the
main delivery platform,” even if wearable sensors
were also used.

e IVT: provided mainly through internet-based
videoconferencing. Interventions within this node
shared the core characteristic of “real-time
videoconferencing as the core communication
method.”

e IRT: provided through intelligent rehabilitation
systems that integrate wearable sensors, cameras,
or web platforms for remote monitoring and
feedback. Although interventions within this node
contained different technology combinations,
they shared the core characteristic of “provid-
ing remote monitoring, feedback, and personal-
ized adjustment through an integrated intelligent
system.”

e TFT: provided mainly through telephone
follow-up. Interventions within this node shared
the core characteristic of “telephone follow-up as
the core communication method.”

* RR: rehabilitation training using exoskeletons or
end-effector robots. Interventions within this node
shared the core characteristic of “robot-assisted
training as the core intervention.”

The treatment-node classification in this study was prospec-
tively specified during the study protocol design phase and
finalized before data extraction; it was not adjusted based
on data analysis results. Multicomponent interventions were
classified according to the main technology defining the
rehabilitation delivery method. Specifically: if the interven-
tion was delivered mainly through a mobile app, it was
classified as MAT, even if wearable sensors were also used;
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if the intervention was delivered mainly through an integrated
intelligent system (such as camera-based motion capture or a
web platform containing multiple sensors), it was classified
as IRT; if the intervention was delivered mainly through
videoconferencing, it was classified as IVT, even if a web
portal was also used; if the intervention was delivered mainly
through telephone, it was classified as TFT, even if printed
materials were also provided. This method ensured that each
study was assigned to the node reflecting its core therapeutic
technology.

Outcomes: active flexion ROM, defined as the maximum
angle a patient can achieve by actively flexing the knee;
if the original study reported only passive ROM or total
arc of motion, it was not included in the pooled analysis
of ROM; visual analog scale (VAS), Hospital for Special
Surgery (HSS) knee score, Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC), numeric pain
rating scale (NPRS), and Timed Up and Go (TUG) test.

At the same time, included studies needed to report
or allow the extraction of rehabilitation-dose information
for the experimental and control groups, including interven-
tion frequency (sessions/week or sessions/day), duration per
session (minutes), total number of sessions, intervention
period (weeks), whether the digital intervention was added
on top of CR, and total treatment contact time. If a study did
not report sufficient dose information, it was marked as “dose
unclear” and listed separately in the subgroup analyses.

Exclusion Criteria

Studies were eligible for exclusion if they met all of the
following criteria:

(1) Duplicate publications, (2) participants who did not
undergo primary, unilateral TKA as adults, (3) interventions
not meeting inclusion criteria or comparators not meeting
inclusion criteria, (4) outcomes not meeting the relevant
inclusion criteria, (5) animal experiments, and (6) unclear
study type or nonrigorous experimental design, such as
non-RCTs, before-after self-control studies, case reports, and
expert opinions.

Literature Screening and Data Extraction

Retrieved records were imported into EndNote 20 (Clari-
vate) software, and duplicates were removed. Subsequently,
2 researchers screened the literature and extracted informa-
tion according to the predefined inclusion and exclusion
criteria. Disagreements were resolved through discussion with
a third researcher. Characteristics of the included studies
included the study reference, publication country, sample
size, age, intervention, comparator, outcomes, supervision
mode, supervisor, feedback type, feedback frequency, device
and manufacturer, and rehabilitation dose information for
the experimental and control groups (frequency, duration per
session, total number of sessions, intervention period, whether
the digital intervention was added, and total treatment contact
time; Table 1).
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At the same time, according to the relationship between
the digital intervention and CR, included studies were divided
into four intervention modes:

1. Digital intervention replacing CR: the digital interven-

tion replaced CR, and the control group received only
CR or face-to-face rehabilitation.

2. Digital intervention supplementing CR: the experimen-
tal group received CR+digital intervention, while the
control group received only CR.

3. CR delivered digitally: the rehabilitation content was
the same in both groups, but the experimental group
received it through digital technology while the control
group received it face-to-face.

4. Self-directed versus clinician-supervised: the exper-
imental group received a self-directed digital
intervention while the control group received clinician-
supervised rehabilitation, or vice versa.

When a study met multiple modes simultaneously, it was
assigned to a single primary category according to the
following priority: (1) replacement > (2) supplementation
> (3) digitally delivered > (4) self-directed versus clinician
supervised.

For analysis, this study divided postintervention assess-
ment time points into 3 assessment time windows according
to common phases of rehabilitation after TKA: short-term
(postoperative <6 weeks), medium-term (postoperative =6
weeks and <3 months), and long-term (postoperative =3
months). This time window division was based on the clinical
trajectory of functional recovery after TKA: within 6 weeks
after surgery, soft tissues are in the healing phase, joint
swelling and stiffness are relatively high, and gait func-
tion recovery lags; at 3 months after surgery, the minimal
clinically important difference (MCID) of the Oxford Knee
Score (OKS) is 5.0 points (pain relief anchor) and 4.3 points
(function anchor), and patients need to achieve approximately
4-5 points of improvement to perceive clinical benefit; after
6 months, although the CID threshold of OKS changes
over time, overall function tends to reach a stable plateau.
Therefore, short-term corresponds to the early acute recovery
phase, medium-term to the functional reconstruction phase,
and long-term to the functional plateau phase [16,17].

For each outcome, data from the first assessment after
the end of the intervention were extracted as the primary
analysis time point. If a study reported multiple follow-up
time points, data from the first assessment after the end of
the intervention were extracted; if the study did not clearly
report the end time of the intervention, the first assessment
after the last intervention treatment was used. If a study
reported only data during follow-up but not at the end of
the intervention, the time point closest to the end of the
intervention was extracted. If different outcomes in the same
study had inconsistent assessment time points, data from the
first postintervention assessment were extracted separately
for each outcome, and the actual assessment time point
corresponding to each outcome was recorded. All data were
extracted as the means and SDs of baseline-to-postinterven-
tion change values; change scores and final values were not
combined.
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When the original study did not directly report the SD of
baseline-to-postintervention change values, this study used
the following methods for data conversion and estimation: (1)
if the study reported SE, SD was converted using the follow-
ing formula [54,55]:

SD = SE x \/n

If the study reported 95% CI, different methods were used for
conversion according to sample size. When the sample size
was =100, the following was used:

_ Upper — Lower
SD = n x 3.92

When sample size was <100, the following was used:

U pper — Lower
SD — \/]71 X pp—
2 X tog75,n—1

where Upper and Lower represent the upper and lower limits
of the 95% CI, respectively, and ¢ is the ¢ value corresponding
to the 2-sided 95% CI with degrees of freedom (n-1) [54,55].

If the study reported only pre- and postintervention means
and their SDs, the following formula was used to estimate
the SD of change, where the correlation coefficient r was
estimated based on studies that directly reported the SD of
change (r=0.5) [54,55]. In this study, r=0.5 was uniformly
used for all outcomes, including pain, ROM, WOMAC, HSS,
and TUG, and no different correlation coefficients were set
for different outcomes.

SDchange = \/SDiaseline + SD;"inal —2r X SDbaseline X SDfinal

If the study reported only median and IQR, the following
formula was used to estimate SD [55-57]:

Q=0
SD = 1.35

If the study reported only range, the following formula was
used to estimate SD [55-57]:

.. Maximum — Minimum

SD 7

For studies containing multiple intervention subgroups that
needed to be combined into a single comparison group, the
following formula was used to calculate the pooled mean [54,
55]:

mM, + n,M,

Mean =
nm+n

The pooled SD was calculated using the following formula:

T DSD} + (n, — 1)SD5 + 742-(M; — M)
- n + n, — 1
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All data conversion and estimation processes were independ-
ently completed and cross-checked by 2 researchers.

Risk of Bias Assessment

The Cochrane-recommended RoB 2 (Risk of Bias 2;
Cochrane) tool was used to assess risk of bias in
included RCTs. Two researchers independently performed
the assessment, and disagreements were resolved through
discussion or arbitration by a third researcher. RoB 2 judged
the following 5 domains: (D1) randomization process, (D2)
deviations from intended interventions, (D3) missing outcome
data, (D4) measurement of the outcome, and (D5) selection of
the reported result. Each domain and overall risk of bias were
judged as “low risk,” “some concerns,” or “high risk.”

Given that blinding of participants and personnel is
difficult in digital health interventions and that subjective
outcomes (pain, WOMAC, and HSS) and objective outcomes
(ROM and TUG) differ in sensitivity to blinding, this study
assessed risk of bias separately for subjective and objec-
tive outcomes. At the same time, participant blinding and
assessor blinding were recorded separately to distinguish
their different impacts on risk of bias. For each study,
it was clarified whether the analysis targeted an intention-
to-treat (ITT) effect, and the analysis type (ITT, PP, or
not reported) was recorded. Risk of bias assessment was
performed separately for each outcome. For subjective and
objective outcomes, assessment was based on the time point
of the first assessment after the end of the intervention. The
estimand of this study was the effect of assignment to the
intervention, that is, analysis according to randomized groups.
Because all experimental groups in included studies received
the intervention, the effect of assignment and the effect of
adherence were not substantially different in this study.

The signaling questions for high-risk judgments were
as follows: D1 high risk: randomization sequence genera-
tion or allocation concealment methods were inadequate,
or the randomization method was completely unreported
and selection bias could not be ruled out; D2 high risk:
there was obvious deviation from the intended intervention,
and ITT analysis was not used, or only PP analysis was
reported; D3 high risk: dropout rate >20%, or the propor-
tion of missing data differed severely between groups, or
dropout information/missing data handling methods were not
reported; D4 high risk: assessor blinding was not reported, the
outcome was subjective, and the measurement method might
be affected by awareness of the intervention; D5 high risk:
trial registration number was not reported, and there were
signs of selective reporting.

Statistical Analysis

Stata (version 17.0; StataCorp LLC) software was used for
traditional meta-analysis and NMA. For outcomes measured
with the same or convertible scales, mean differences (MDs)
with 95% CI were used to pool effect sizes because MD has
better clinical interpretability. Specifically, pain (VAS; 0-100
mm) converted to a 0-10 scale at 1 mm=0.1 points; NPRS
(0-10) used directly; if reported as 0-100 points, converted
to a 0-10 scale at 1 point=0.1 points), ROM (degrees), TUG
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(seconds), and other outcomes could all be unified into the
same or convertible scales; this study did not use standardized
mean difference (SMD).

Given the expected clinical and methodological heteroge-
neity in interventions, rehabilitation protocols, populations,
and assessment time points among included studies, this study
prespecified a random-effects framework and did not switch
to a fixed-effects model based on I? or P values. I? statistics
and between-study variance t> were used to assess heteroge-
neity. 72 was estimated using the DerSimonian-Laird method.
Because each outcome was meta-analyzed separately in this
study, 72 was estimated separately by outcome, and it was not
assumed that all comparisons shared a single heterogeneity
parameter. The P values for heterogeneity tests were reported
only as descriptive information; P>.10 only indicates that
the current data are insufficient to reject the homogeneity
assumption and does not mean that there is no heterogeneity
among studies. The I? values of 0%-25% indicated negligi-
ble heterogeneity, 25%-50% mild heterogeneity, 50%-75%
moderate heterogeneity, and >75% high heterogeneity.

Traditional meta-analysis used the metan command in
Stata 17.0 (random-effects model, DL method for estimat-
ing 72), and 95% prediction intervals (Prls) were calculated
(rfdist option) to reflect the range of effects that might be
observed in future studies. NMA was fitted using the network
command group in Stata 17.0 (frequentist framework), with
CR as the reference treatment, and treatment effects were
estimated using a multivariate normal approximation model.
The mvmeta multivariate meta-analysis command was not
used. Model fit was planned to be evaluated using node-split-
ting or global inconsistency tests; if the network did not
form closed loops and the above tests could not be per-
formed, the rationality of indirect comparisons was assessed
through evaluation of the transitivity assumption. This study
did not include multi-arm studies, so no special handling
for multiarm studies was needed. Treatment effects were
presented as the main results. Surface under the cumulative
ranking curve (SUCRA) values were calculated and reported
as supplementary information to represent ranking probabili-
ties rather than definitive evidence of superiority. For each
outcome, a rankogram was generated to show the probability
of each intervention ranking first, second, third, etc.

In addition to statistical significance, this study also
assessed the clinical significance of each outcome with
reference to MCID values reported in previous literature. The
MCID thresholds used were as follows: pain (VAS 0-100
mm) 15 mm [58], NRS (0-10) 2 points [58], ROM 9° [59],
WOMALC total score 15 points [60], HSS 5.41 points [61],
and TUG 1.4 seconds [62]. If the lower limit of the pooled
effect size and its 95% CI exceeded the MCID, the effect
was considered clinically meaningful. It should be noted that
the MCID for TUG came from a hip osteoarthritis population
[5] and may not be fully applicable to the TKA population;
caution is needed in interpretation.

https://www jmir.org/2026/1/e101277
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Subgroup Analysis

Subgroup analyses were performed according to different
intervention types to explore potential sources of heteroge-
neity. This study extracted data from the first assessment
after the end of the intervention; therefore, strictly defined
“follow-up duration” (the interval between the end of the
intervention and assessment) was close to zero in most
studies. Subgroup analyses were performed by assessment
time window (short-term <6 weeks, medium-term =6 weeks
and <3 months, long-term =3 months), publication lan-
guage (Chinese vs non-Chinese), risk of bias (high vs low/
some concerns), and technology type within the IRT node
(wearable sensors vs cameras vs web platforms).

Subgroup analyses were also performed according to
whether the total treatment dose in the experimental and
control groups matched:

1. Dose matched: baseline rehabilitation doses in both
groups were reported, and frequency, duration, number
of sessions, and period were basically consistent; the
digital intervention did not additionally increase total
treatment exposure, or total doses in the 2 groups were
comparable.

2. Experimental group higher: baseline rehabilitation
doses in both groups were reported and basically
consistent, but the experimental group had clearly
higher total treatment exposure due to the additional
digital intervention.

3. Experimental group lower: baseline rehabilitation doses
in both groups were reported and basically consis-
tent, but the digital intervention replaced part of CR,
resulting in clearly lower total treatment exposure in the
experimental group.

4. Unclear: at least one of the 2 groups did not
report sufficient baseline rehabilitation dose informa-
tion, making it impossible to judge whether baseline
rehabilitation doses were consistent between groups or
to determine the total dose relationship.

5. Mismatched: baseline rehabilitation doses in both
groups were reported, but frequency, duration, number
of sessions, and period were clearly inconsistent and
could not be classified into (2) or (3).

For studies in which the control group did not report specific
doses, the category “experimental group higher” was not
assigned; instead, they were classified as “unclear” to avoid
overestimating the impact of additional treatment dose.

Publication Bias Assessment

When at least 10 studies were available for an outcome,
comparison-adjusted funnel plots and Egger test were used
to assess publication bias. For each outcome, a compari-
son-adjusted funnel plot was generated to visually inspect
the symmetry of study points around the comparison-spe-
cific pooled effect. Egger test was used to statistically
detect small-study effects, with P<.05 considered statistically
significant.
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Assessment of the Transitivity
Assumption

This study assessed the transitivity assumption by comparing
the distribution of potential effect modifiers among treat-
ment nodes, including participant age, intervention dura-
tion (short-term <6 weeks, medium-term =6 weeks and <3
months, and long-term =3 months), sample size, baseline
pain score, baseline active flexion ROM, baseline WOMAC
score, baseline HSS score, baseline TUG time, and unilateral
versus bilateral TKA, postoperative intervention start time,
inpatient versus home rehabilitation setting, type and intensity
of CR, risk of bias distribution, and geographic region. If the
distribution of these factors among nodes was similar, the
transitivity assumption might hold; if significant differences
existed, they were explained when interpreting the results. If
the network did not form closed loops and node-splitting or
global inconsistency tests could not be performed, transitivity
assessment would serve as supplementary evidence for the
validity of indirect comparisons.

Certainty of Evidence (CINeMA)

The CINeMA framework was used to assess certainty of
evidence for each comparison. This framework considers

Zhang et al

6 domains: within-study bias, reporting bias, indirectness,
imprecision, heterogeneity, and incoherence. Each domain
was rated as no concerns, some concerns, or major concerns,
and overall certainty was rated as high, moderate, low, or
very low. If no closed loops were formed, incoherence could
not be assessed, and a summary table was generated to
present the ratings.

Results

Study Selection

A total of 8729 records were retrieved from PubMed,
Embase, the Cochrane Library, Web of Science, Google
Scholar, Scopus, CINAHL, MEDLINE (via OvidSP), CNKI,
Wanfang, and VIP. After screening titles, abstracts, and
full-text studies according to inclusion and exclusion criteria,
36 studies were ultimately included in the meta-analysis
(Figure 1).

Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flowchart.
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Characteristics of the Included Studies

This study included 36 articles [18-53] published between
2011 and 2026, encompassing 3067 participants (1552 in
the experimental and 1515 in the control groups). Most
studies were conducted in China (n=17) [22,23,32,36,41-53],

https://www jmir.org/2026/1/e101277

followed by the United States (n=3) [25,28,39], South Korea
(n=3) [27,34,35], Canada (n=2) [19,21], Italy (n=2) [26,30],
Germany (n=2) [29,31], Spain (n=3) [20,37,40], and one each
from Japan [24], Australia [18], Finland [33], and Singapore
[38]. Interventions included IVT (n=3) [18,19,21], VRT (n=3)
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[20,25,33], TFT (n=2) [22,42], MAT (n=4) [29.,40,48.,50],
IRT (n=9) [34,36-39,45-47.49], VR (n=8) [23,26-28,3041,
4344], RR (n=6) [24,31,32,51-53], and augmented reality
(AR; n=1) [35] (Table 1).

Risk of Bias

The RoB 2 tool was used to assess the risk of bias separately
for subjective and objective outcomes; detailed judgments for
each domain are provided in Multimedia Appendix 2. Most
studies were rated as “some concerns,” with only a few rated
as “high risk.” For subjective outcomes, 9 studies were rated
as having a low risk of bias, 20 as having some concerns, and
2 as having a high risk of bias [29,34]; both were rated as
having a high risk of bias in D3, mainly because the dropout
rate was >20% or the methods for handling missing data were
not reported. For objective outcomes, 11 were low risk, 18
had some concerns, and 2 were high risk [34,47]; both due to
D3.

https://www jmir.org/2026/1/e101277
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Safety Outcomes

Of 36 studies [18-53], 17 [21,25,26,30-34,36-40,43,45,46,50]
reported at least one safety outcome. The most common
was adverse events (17 studies), followed by discontinuation
due to adverse events (5), readmission (3), device-related
complications (2), and falls (1). Because definitions varied,
reporting rates were low, and data were sparse, no quantita-
tive pooling was performed. Prvu Bettger et al [25] reported
that the fall rate in the virtual physical therapy group was
slightly higher than that in the conventional group (19.4% vs
14.6%), but readmissions were fewer (12 vs 30). Nuevo et al
[37] reported 1 case of moderate-severity functional overload
related to ReHub. Gianola et al [26] reported a higher dropout
rate in the VR group due to discomfort/nonacceptance of
the device. Overall, no clear evidence of a high safety risk
was associated with digital health technologies, but the safety
evidence remains insufficient. See Table 2 for details.
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Network Evidence

The network was mainly a star-shaped network centered
on CR. Most trials compared “digital intervention+CR”
with “CR alone,” with few direct comparisons between
digital interventions. No closed loops were formed; therefore,

Zhang et al

node-splitting and global inconsistency tests were not
applicable. VR and RR had the largest sample sizes. Pain was
reported in 24 studies, ROM in 25, WOMAC in 13, HSS in
10, and TUG in 13. The network structure is shown in Figure
2.

Figure 2. Network evidence plot. (A) Pain, (B) active flexion range of motion (ROM), (C) Western Ontario and McMaster Universities Osteoarthritis
Index (WOMAC), (D) Hospital for Special Surgery (HSS) knee score, and (E) Timed Up and Go (TUG) test. CR: conventional rehabilitation;
IRT: intelligent rehabilitation system-based telerehabilitation; IVT: internet videoconference-based telerehabilitation; MAT: mobile app-based
telerehabilitation; RR: rehabilitation robots; TFT: telephone follow-up-based telerehabilitation; VR: virtual reality; VRT: VR-based telerehabilitation.

(A)Pain

RR

(B) Active flexion ROM

(C)WOMAC

T

(D)HSS (E) TUG

IRT

MAT,
AR CR

AR

NMA of Outcomes

Overview

For pain, WOMAC, and TUG, negative MDs indicated
benefit; for ROM and HSS, positive MDs indicated benefit.
Results should be interpreted as the comprehensive effect of
digital health interventions relative to CR, rather than as the
additional benefit of a single “CR-+digital intervention.”

Pain Scores

Compared with CR, RR (MD -0.81, 95% CI —-1.73 to 0.11),
MAT (MD -0.66, 95% CI -148 to 0.15), and VR (MD

https://www jmir.org/2026/1/e101277

MAT CR

RR VR

-0.58, 95% CI -1.23 to 0.07) showed greater pain relief,
while IRT (MD 1.05, 95% CI 0.31-1.79) showed less, but
most CIs included 0 (Figure 3A). Among digital interven-
tions, RR, MAT, VR, and VRT were significantly superior
to IRT. SUCRA rankings were, in order, RR (78.9%), MAT
(72.7%), VR (70.0%), IVT (50.3%), TFT (46.8%), VRT
(45.8%), CR (32.9%), and IRT (2.6%) (Figure 4A). RR
had the highest probability of ranking first (35.3%), but the
distribution was scattered (Figure 5A).
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Figure 3. Forest plot of the network meta-analysis. (A) Pain, (B) active flexion range of motion (ROM), (C) Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC), (D) Hospital for Special Surgery (HSS) knee score, and (E) Timed Up and Go (TUG) test. CR:
conventional rehabilitation; IRT: intelligent rehabilitation system-based telerehabilitation; IVT: internet videoconference-based telerehabilitation;
MAT: mobile app—based telerehabilitation; Prl: prediction interval; RR: rehabilitation robots; TFT: telephone follow-up-based telerehabilitation; VR:
virtual reality; VRT: VR-based telerehabilitation.
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Figure 4. Cumulative probability ranking plot. (A) Pain, (B) active flexion range of motion (ROM), (C) Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC), (D) Hospital for Special Surgery (HSS) knee score, and (E) Timed Up and Go (TUG) test. CR: conventional
rehabilitation; IRT: intelligent rehabilitation system-based telerehabilitation; IVT: internet videoconference-based telerehabilitation; MAT: mobile
app-based telerehabilitation; RR: rehabilitation robots; TFT: telephone follow-up-based telerehabilitation; VR: virtual reality; VRT: VR-based
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Figure 5. Rankograms. (A) Pain, (B) active flexion range of motion (ROM), (C) Western Ontario and McMaster Universities Osteoarthritis Index
(WOMAC), (D) Hospital for Special Surgery (HSS) knee score, and (E) Timed Up and Go (TUG) test. CR: conventional rehabilitation; IRT:
intelligent rehabilitation system-based telerehabilitation; IVT: internet videoconference-based telerehabilitation; MAT: mobile app-based telerehabi-
litation; RR: rehabilitation robots; TFT: telephone follow-up-based telerehabilitation; VR: virtual reality; VRT: VR-based telerehabilitation.
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Compared with CR, RR (MD 8.96, 95% CI 5.86-12.05),
MAT (MD 6.36, 95% CI 2.81-9.91), and VR (MD 5.92, 95%
CI 2.94-8.90) were significantly superior; IRT, IVT, TFT, and
VRT showed no significant difference (Figure 3B). Among
digital interventions, RR, MAT, and VR were significantly
superior to IRT. SUCRA rankings were, in order, RR
97.0%), MAT (79.8%), VR (764%), VRT (39.1%), IRT
(36.2%), TFT (35.3%), IVT (22.9%), and CR (13.4%) (Figure
4B). RR had the highest probability of ranking first (82.3%)
(Figure 5B).

WOMAC Scores

Compared with CR, RR (MD 8.96, 95% CI 5.86-12.05),
MAT (MD 6.36,95% CI 2.81-9.91), and VR (MD 5.92, 95%
CI 2.94-8.90) were significantly superior; IRT, IVT, TFT, and
VRT showed no significant difference (Figure 3B). Among
digital interventions, RR, MAT, and VR were significantly
superior to IRT. SUCRA rankings were, in order, RR
97.0%), MAT (79.8%), VR (76.4%), VRT (39.1%), IRT
(36.2%), TFT (35.3%),1IVT (22.9%), and CR (13.4%) (Figure
4B). RR had the highest probability of ranking first (82.3%)
(Figure 5B).

HSS Scores

Compared with CR, VR (MD 9.53, 95% CI 5.18-13.88),
IRT MD 6.90, 95% CI 2.35-11.44), and RR (MD 5.32,
95% CI 1.61-9.04) were significantly superior (Figure 3D).
No comparisons among digital interventions were statistically
significant. SUCRA rankings were, in order, VR (90.8%),
IRT (63.2%), RR (45.9%), and CR (0.1%; Figure 4D). VR
had the highest probability of ranking first (76.5%; Figure
5D).
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Compared with CR, VRT (MD -4.80, 95% CI -8.65 to
0.95) was significantly superior (Figure 3E). No compar-
isons among digital interventions were statistically signif-
icant. SUCRA rankings were, in order, VRT (85.1%),
MAT (74.7%), IVT (64.8%), VR (44.7%), RR (38.6%), CR
(21.8%), and IRT (20.3%; Figure 4E). VRT had the highest
probability of ranking first (47.8%; Figure 5E).

Heterogeneity and Prls

Pain scores: 12=0.2642; I’=73.4%; 95% Prl —1.38 to 0.83;
Active Flexion ROM: 12=13.1086; I’=83.2%; 95% Prl -3.74
to 11.68; WOMAC scores: 12=11.2985; I’=87.1%; 95% Prl
—10.56 to 5.01; HSS scores: 12=7.7743; 1’=83.1%; 95% Prl
—0.94 to 12.69; TUG: 12=2.4822; I’=87.3%; 95% Prl -5.75
to 1.60 (Multimedia Appendix 3). The 95% Prl for each
comparison is shown in Figure 3. Prls were generally wider
than ClIs, and some crossed the line of no effect, suggesting
that future studies may show effects in different directions
after considering heterogeneity.

Subgroup Analysis

By intervention type, VR, RR, and MAT showed statistically
significant effects for pain (MD -0.55, -0.69, -0.56; P=.21);
for ROM, VR, IRT, RR, and MAT were significant (MD
5.55,1.71, 8.38, 7.42; P=.005); for WOMAC, IVT, VR, and
RR were significant (MD -1.10, -3.20, -7.21; P<.001); for
HSS, VR, IRT, and RR were significant (MD 9.63, 2.82,
5.16; P<.001); for TUG, only IVT and RR were significant
(MD -2.72,-0.94; P=.42). Within the IRT node, the wearable
sensor subgroup was significant for ROM (MD 2.80, 95% CI
1.19-4.41) and HSS (MD 2.82, 95% CI 0.99-4.65), while the
camera and web platform subgroups were mostly nonsignifi-
cant; the between-subgroup difference was significant only

J Med Internet Res 2026 | vol. 28 1101277 | p. 22
(page number not for citation purposes)


https://www.jmir.org/2026/1/e101277

JOURNAL OF MEDICAL INTERNET RESEARCH

for ROM (P=.03). By dose matching, in the dose-matched
group, most effects were close to null or small; the higher-
dose group showed more obvious improvements in ROM
(MD 5.38), HSS (MD 5.88), and TUG (MD —1.51); between-
subgroup differences were statistically significant for pain
(P=.009) and ROM (P=.003). By assessment time window,
short-term showed a relatively obvious improvement trend,
followed by long-term (ROM: MD 2.24, 95% CI 1.00-3.48;
HSS: MD 2.96, 95% CI 1.38-4.53), while medium-term had
wider Cls; between-subgroup differences were statistically
significant for ROM (P) and HSS (P=.002). By publication
language: effects were basically consistent between Chinese-
and English-language literature (all P>.05), suggesting that
language may not be a major source of heterogeneity. These
subgroup analyses were exploratory, and residual heterogene-
ity remained. Details are provided in Multimedia Appendix 4.

Publication Bias

Because this network was a star-shaped network and had
no closed loops and studies were distributed across multiple

Zhang et al

treatment nodes, comparison-adjusted funnel plots and Egger
test had limited power in assessing publication bias. Egger
test is particularly susceptible to a small number of stud-
ies and large between-comparison heterogeneity; therefore,
its results were used only as descriptive information and
cannot alone serve as a basis for determining the presence
or absence of publication bias. For pain scores, active
flexion ROM, WOMAC, HSS, and TUG, comparison-adjus-
ted funnel plots showed that study points were basically
symmetrically distributed around the vertical line, with only
a few outliers (Figure 6); Egger test did not detect clear
statistical evidence of small-study effects (all outcomes
P>05; Multimedia Appendix 5). Therefore, this study did not
detect clear statistical evidence of small-study effects, but due
to limitations in network structure and test power, it cannot be
concluded that publication bias does not exist.

Figure 6. Comparison-adjusted funnel plots. (A) Pain, (B) active flexion range of motion (ROM), (C) Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC), (D) Hospital for Special Surgery (HSS) knee score, and (E) Timed Up and Go (TUG) test.
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Sensitivity Analysis

After leave-one-out analysis, all effect sizes remained within
the 95% CI of the overall estimate. After alternative node
classification (IDT, TR, RR, CR), the direction and mag-
nitude of effects were basically consistent with the main
analysis; for ROM and HSS, IDT, TR, and RR were
still significantly superior to CR; for TUG, only IDT
was significantly superior to CR; SUCRA rankings were
also basically consistent. After excluding high-risk stud-
ies, unpublished or non-peer-reviewed sources, very small
sample trials, and studies directly reporting SD of change
scores, and after using final values instead of change
scores, effect directions for all outcomes were basically
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consistent with the main analysis (mostly /2>70%). Overall,
the results were robust, but heterogeneity remained high.
Because all SDs of change scores were estimated based
on r=0.5, no further sensitivity analysis using alternative
correlation coefficient assumptions was performed. Details of
the sensitivity analyses are provided in Multimedia Appendix
6.

Transitivity Assumption Assessment

Because the network was star-shaped, node-splitting or
global inconsistency tests could not be performed; therefore,
transitivity was assessed by comparing the distribution of
potential effect modifiers among nodes (see box plots in
Multimedia Appendix 7). Median age across nodes was
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generally 65-70 years, but the age distributions were wider
for VR/VRT and RR in several outcomes. Intervention
durations differed markedly across nodes and outcomes: TFT
had the longest duration for pain and ROM, whereas MAT or
IRT had the longest durations for WOMAC, HSS, and TUG;
VR and RR generally had shorter durations. VRT and IRT
tended to have larger sample sizes, whereas VR, RR, and
MAT had smaller sample sizes for most outcomes. Baseline
pain, ROM, WOMAC, HSS, and TUG values also showed
distribution differences among VR, RR, IRT, and VRT.
Unilateral versus bilateral TKA, postoperative intervention
start time, rehabilitation setting, type and intensity of CR, risk
of bias, and geographic region were compared descriptively
and differed across nodes. Overall, the transitivity assumption
may not fully hold, and indirect comparisons and SUCRA
rankings should be interpreted with caution.

Certainty of Evidence (CINeMA)

The CINeMA framework was used to assess the certainty
of the evidence for the main comparisons and outcomes
(Multimedia Appendix 8). Because the network was star-
shaped with no closed loops, the incoherence domain was
marked as “not assessable” and treated as “major concerns”
according to the rules. The certainty of the evidence for most
comparisons was low to very low: for pain, CR versus IVT
was low and all others very low; for ROM, CR versus MAT
was high, CR versus RR and CR versus VR were moder-
ate, CR versus IVT and CR versus VRT were low, and all
others very low; for WOMAC, CR versus IVT and CR versus
MAT were low and all others very low; for HSS, CR versus
VR was moderate, CR versus RR was low, and all others
very low; for TUG, all were very low. Direct comparisons
(especially CR vs RR, CR vs VR, and CR vs MAT) had
relatively higher certainty, while indirect comparisons among
digital interventions were all very low, mainly downgraded
because of imprecision, heterogeneity, and incoherence. The
conclusions should be regarded as hypothesis-generating
rather than as definitive evidence.

Discussion

Principal Findings

The treatment comparisons in this study involved multi-
ple modes. Under the supplementation mode, the observed
benefits may partly come from increased treatment time,
supervision, attention, or exercise dose, rather than from
the digital health technology itself. We performed subgroup
analysis according to whether treatment doses matched. The
results showed that in the dose-matched group, pooled effect
sizes for most outcomes were close to null or small, while
the group in which the experimental group received a higher
treatment dose showed more obvious improvement trends in
ROM, HSS, and TUG. This suggests that additional treatment
dose may be an important factor affecting some outcomes,
and the independent effect of digital health technology itself
still needs further verification under dose-matched conditions.
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Effects of Digital Health Interventions on
Pain in Patients After TKA

This study showed that, compared with CR, RR had the
highest SUCRA ranking for pain scores. This is consis-
tent with existing mechanistic and clinical evidence that
robot-assisted rehabilitation can reduce joint load through
passive/active assistance and promote progressive loading
training, thereby relieving pain [10].

The mechanism by which exoskeletons improve pain in
patients after TKA is mainly based on their active-assis-
ted movement characteristics. By detecting patients’ muscle
bioelectrical signals, exoskeletons can provide precise joint
torque support, allowing movements such as knee flexion to
be completed without excessive effort by patients, thereby
reducing pain stimuli caused by active exertion or improper
movement [63,64]. At the same time, this assisted activity
helps increase joint ROM, reduce soft tissue adhesions, and
promote recovery of muscle strength, indirectly relieving pain
and improving joint function [65].

Second, MAT had a relatively high SUCRA ranking for
pain relief. One study [66] using a 12-week intelligent KOA
lifestyle app intervention found that participants’ knee pain
was significantly reduced, and its mechanism was mainly
based on 3 aspects: personalized physical activity guidance,
educational support, and social interaction. A meta-analysis
showed that mobile app-based digital health interventions
may have a positive effect on improving pain in patients
with KOA [67]. Through structured exercise plans, instant
educational content, progress tracking, and social support
provided by mobile apps, patients can perform rehabilitation
exercises more continuously and accurately, thereby reducing
pain, improving knee function, and enhancing quality of life
[68].

The finding that CR may be more advantageous than
MAT in improving pain should be interpreted with cau-
tion because multiple RCTs and systematic reviews have
shown that the efficacy of the 2 in pain improvement is
often comparable or not significantly different. First, an
RCT in patients with KOA compared telerehabilitation with
conventional face-to-face rehabilitation. The results showed
that both groups had significant improvements in pain scores,
but no difference was reported showing that CR was clearly
superior to telerehabilitation, suggesting that telerehabilitation
is similarly effective rather than clearly inferior to traditional
rehabilitation [69]. Second, a systematic review and meta-
analysis including multiple RCTs showed that, compared
with conventional treatment, telerehabilitation demonstrated
a statistically significant improvement in relieving pain in
patients with KOA, but the magnitude of improvement was
often not much different from face-to-face rehabilitation,
indicating that telerehabilitation is not inferior to CR in
pain relief [70]. Furthermore, review evidence indicated
that telerehabilitation and traditional face-to-face rehabilita-
tion have no significant difference in pain control after
knee replacement surgery, further supporting that the 2 are
comparable in pain improvement, rather than CR necessarily
being superior [71].
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However, due to problems such as high dropout rates,
intervention heterogeneity, and low evidence quality in
existing studies, these findings should be interpreted with
caution, and more high-quality studies are still needed for
verification in the future.

Effects of Digital Health Interventions on
Active Flexion ROM in Patients After TKA

RR also showed significant advantages in improving active
knee flexion ROM, with a relative effect estimate ver-
sus CR of MD 8.96 (95% CI 5.86-12.05), and it had
the highest SUCRA ranking (97.0%). One study showed
that robot-assisted rehabilitation training can significantly
improve active knee flexion ROM in older adult patients
after TKA. After intervention, the active ROM in the robot
group increased from 65.18° to 103.53°, and the passive
ROM increased from 82.63° to 104.75°, both significantly
superior to the traditional treatment group [32]. This is
attributed to the ability of robotic systems to provide high-
intensity, repetitive, and consistent training and to com-
bine passive and active movement at different rehabilitation
stages through human-machine interaction, thereby more
effectively promoting joint function recovery [24,72]. In
addition, multiple included studies and meta-analyses showed
that robot-assisted rehabilitation has positive effects on
improving ROM in patients after total knee or hip arthro-
plasty [10]. Robot training provides high-intensity, repetitive,
and physiologically patterned movements, helping patients
complete a larger ROM with less pain, thereby effectively
promoting joint function recovery [10].

Second, this study showed that VR ranked next in
SUCRA for active flexion ROM. A meta-analysis showed
that VR-assisted rehabilitation can more significantly improve
knee ROM in patients after TKA compared with traditional
rehabilitation [73]. This improvement is mainly attributed to
the immersive and interactive training environment provided
by VR technology [74,75]. It can not only improve patient
participation and exercise adherence through visual feedback
and gamified design [23], but also guide patients to com-
plete larger-range and more precise joint movement exercises
in a safe and controllable virtual scene, thereby effectively
promoting postoperative joint function recovery [20,26].

Effects of Digital Health Interventions on
Knee Function in Patients After TKA

This study showed that, compared with CR, none of the
included digital health technologies significantly reduced
WOMAC scores in patients after TKA. However, traditional
meta-analysis results showed that after pooling all digital
health technologies, the improvement effect was significant.
Subgroup analysis showed that VR significantly reduced
WOMAC scores, which is consistent with Zhai et al [13],
especially with a more obvious effect in the hospital setting,
possibly related to real-time professional guidance and higher
patient adherence [23].

For HSS scores, VR had the highest SUCRA ranking.
A meta-analysis found that VR rehabilitation significantly
improved HSS scores in patients after TKA in both the
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early postoperative period (within 1 month) and the medium-
to long-term period (2-3 months), indicating a positive
effect on knee function recovery [76,77]. VR rehabilita-
tion can improve patient rehabilitation participation and
training adherence through its immersive and interactive
environment, thereby improving knee function and show-
ing significant advantages in HSS scores. Specifically, the
real-time visual feedback and task-oriented training provided
by VR technology may promote neuromuscular control and
motor learning processes, helping knee function recovery [76,
77]. As an active and interesting rehabilitation mode, VR
technology may bring additional functional benefits on top of
CR by enhancing patient motivation and distracting attention
from pain.

For the TUG test, MAT had the highest SUCRA ranking.
One study showed that after using a mobile app (RateFastGo-
nio) to assess knee joint position sense, TUG test times in
patients with KOA and after TKA were significantly longer
than those in healthy controls, indicating impaired mobility
and dynamic balance [78]. The mechanism lies in the fact that
TUG is a functional test that comprehensively reflects lower
limb muscle strength, balance, coordination, and movement
speed [79]; patients with KOA have limited activity due to
joint pain, stiffness, and kinesiophobia, leading to decreased
muscle strength and abnormal gait, thereby prolonging TUG
time [78]; although TKA aims to relieve pain and restore joint
alignment, intraoperative removal of intra-articular structures
(such as the meniscus and cruciate ligaments) containing
mechanoreceptors that provide proprioceptive input may lead
to incomplete postoperative proprioceptive recovery [80]. In
addition, possible postoperative quadriceps weakness, altered
neuromuscular control, and persistent kinesiophobia [81]
jointly affect the smoothness and speed of movements such
as standing up, walking, and turning, thus manifesting as
prolonged TUG time [78].

VRT ranked next in improving TUG scores. Immer-
sive virtual environments provide enhanced multisensory
feedback and awareness of results, helping patients better
perceive and optimize movement quality, thereby improving
motor control and coordination [82,83]. The high interac-
tivity and gamified elements of VR training significantly
enhance patient participation and training motivation, which
may encourage patients to perform more extensive and
higher-intensity functional training, benefiting improvement
in daily activity ability [84,85]. Repetitive task-oriented
training combined with sensory stimulation helps promote
brain plasticity, integrate perception, cognition, and action,
thereby consolidating learning effects and enhancing patients’
self-efficacy, laying a neural foundation for improvement in
functional activities [82,83]. The remote home training mode
overcomes travel barriers, ensuring continuity and accessi-
bility of rehabilitation training and providing conditions
for continuous functional improvement [86]. These factors
work together and ultimately manifest as improvements in
functional activity tests such as TUG.
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Interpretation of SUCRA Rankings

The highest SUCRA ranking does not equate to statistically
supported superiority. This network was mainly star-shaped,
with no closed loops and few direct comparisons; there-
fore, comparisons among interventions mainly relied on
indirect comparisons through CR; in addition, the certainty
of evidence for most comparisons was low to very low.

Residual heterogeneity remained high for some outcomes
(I>75%), and prediction intervals were wide, and some
crossed the line of no effect, further reducing the certainty of
SUCRA ranking results. Therefore, SUCRA rankings should
be interpreted as ranking probabilities rather than definitive
evidence of treatment superiority [87,88]. When referring
to ranking results, clinicians should comprehensively judge
based on relative effect estimates, certainty of evidence,
residual heterogeneity, and MCID, rather than relying solely
on SUCRA rankings.

Consideration of Treatment Comparisons
and Additional Treatment Exposure

The treatment comparisons in this study were not a single
mode. According to the relationship between digital health
interventions and CR, included studies could be divided into 4
modes: digital health intervention replacing CR, digital health
intervention supplementing CR, CR delivered digitally, and
self-directed versus clinician-supervised comparison. Under
the supplementary mode, the experimental group received
“CR+digital health intervention,” while the control group
received only CR. Therefore, the observed benefits may
come not only from the digital health technology itself
but also partly from increased treatment time, supervision,
attention, or exercise dose. Existing studies have shown that
in rehabilitation after TKA, additional device-assisted training
[89] or higher-intensity strength training [90] can bring
functional gains superior to standard rehabilitation, suggest-
ing that treatment dose and training intensity themselves
are important factors affecting outcomes. Another systematic
review also pointed out that the content and dose of postoper-
ative rehabilitation programs vary greatly and are related to
outcome improvement [91].

We performed subgroup analysis according to whether
treatment doses matched. The results showed that in the
dose-matched group, pooled effect sizes for most outcomes
were close to null or small, while the group with higher dose
in the experimental group showed more obvious improvement
trends in active flexion ROM, HSS, and TUG. In addition,
the CR node itself was relatively broad, including forms such
as physical therapy, routine care, balance training, continu-
ous passive motion, and health education, and its internal
heterogeneity may affect the reliability of indirect compari-
sons. This heterogeneity has been partly considered in the
transitivity assumption assessment of the NMA by comparing
the distribution of effect modifiers among nodes. Therefore,
the independent effect of digital health technology itself still
needs further verification under dose-matched conditions.
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Distinguishing Statistical Improvement
From Clinically Meaningful Improvement

Statistical significance does not equate to clinical signifi-
cance; even if an intervention reaches statistical significance,
its effect size may not exceed the MCID, and vice versa.
Therefore, while reporting statistical significance, this study
further assessed clinical significance with reference to MCID.
For pain, the MCID using VAS 0-100 mm was 15 mm
[58], which converts to approximately 2 points on a 0-10
scale [58]; the MCID for ROM was 9° [59]; the MCID for
WOMAC total score was 15 points [60]; the MCID for HSS
was 5.41 points [61]; the MCID for TUG was 1.4 seconds
[62].

The results showed that the lower limits of the 95% CI
for HSS (VR vs CR, MD 9.53, 95% CI 5.18, 13.88) and
TUG (VRT vs CR, MD -4.80, 95% CI -8.65 to —0.95)
both exceeded the corresponding MCID (HSS 5.41 points
[61]; TUG 1.4 s [62]), suggesting that these improvements
are not only statistically significant but may also be clini-
cally meaningful. In contrast, the lower limits of the 95%
CI for pain (RR vs CR, MD -0.81, 95% CI -1.73 to
0.11), ROM (RR vs CR, MD 8.96, 95% CI 5.86-12.05),
and WOMAC (IVT vs CR, MD -11.00, 95% CI -19.03 to
—2.97) did not exceed the MCID (pain 2 points [58]; ROM 9°
[59]; WOMAC 15 points [60]), suggesting that their clinical
significance remains unclear. It should be noted that the
MCID for TUG came from a hip osteoarthritis population and
may not be fully applicable to the TKA population; caution is
needed in interpretation.

The above results indicate that the statistical advantages
of some interventions may translate into clinical benefits,
but performance differs across outcomes; when referring
to ranking results, clinicians should comprehensively judge
in combination with MCID, rather than relying solely on
statistical significance or SUCRA rankings. Future stud-
ies should report more clinical significance analyses using
MCID as a threshold to support individualized rehabilitation
decisions.

Equity and Accessibility in Digital
Rehabilitation

The interventions included in this study involved home
telerehabilitation, mobile apps, videoconferencing, wearable
technology, and intelligent rehabilitation systems. Although
these methods can improve rehabilitation accessibility, they
may also raise important equity, privacy, and data security
issues. First, digital accessibility and affordability may affect
whether patients can participate in telerehabilitation; patients
lacking smartphones, tablets, or stable internet services may
be excluded [92]. Second, differences in digital literacy
may affect older patients’ ability to use technology, thereby
affecting intervention adoption and adherence [93]. Third,
privacy protection, informed consent, and data security are
issues that must be considered in telerehabilitation, espe-
cially when using wearable devices and web platforms [94].
Fourth, people with disabilities, linguistic minority groups,
and residents in remote areas may face additional accessibility

J Med Internet Res 2026 | vol. 28 1101277 | p. 26
(page number not for citation purposes)


https://www.jmir.org/2026/1/e101277

JOURNAL OF MEDICAL INTERNET RESEARCH

barriers [95]. Fifth, the availability of caregivers or technical
support may affect the implementation effect of interventions
[96]. These factors may not only affect intervention adoption
and adherence but may also affect their effectiveness, and
therefore caution is needed when interpreting the results of
this study.

In addition, among the included studies, only a few
reported device or internet accessibility, digital literacy, or
technical support; most studies did not assess socioeconomic
characteristics, usability, accessibility, privacy, or privacy-
and equity-related outcomes [97]. Future studies should
systematically evaluate these equity and privacy issues when
designing and reporting telerehabilitation interventions.

Limitations

This study has the following limitations. There was con-
siderable variation among studies in intervention duration,
protocol, and device type; subtypes within each category of
digital health technology were insufficiently differentiated;
the CR node was relatively broad (including physical therapy,
routine care, balance training, continuous passive motion,
health education, etc); and the IRT node contained different
technology combinations such as wearable sensors, cameras,
and web platforms. In addition, the intervention duration and
assessment time points of included studies varied greatly,
with the main analysis still pooling data from different time
points. All these factors may introduce heterogeneity and
affect the reliability of indirect comparisons and ranking
results.

Most existing studies compared digital health technology
with CR, lacking direct comparisons among different digital
health technologies; some technologies (such as AR and
telephone follow-up telerehabilitation) had relatively small
sample sizes; and this network was mainly a star-shaped
network with no closed loops, making node-splitting or global
inconsistency tests impossible. These factors together limit
the credibility and comparative stability of the NMA. Future
studies should encourage multi-arm direct comparison trials
and conduct more high-quality research.

The transitivity assessment showed that some effect
modifiers (such as intervention duration, baseline active
flexion ROM, baseline TUG, baseline HSS, and sample size)
differed markedly in distribution among treatment nodes,
suggesting that the transitivity assumption may not fully hold.
Factors such as unilateral versus bilateral TKA, postopera-
tive intervention start time, rehabilitation setting, type and
intensity of CR, risk of bias, and geographic region were only
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descriptively compared and not quantitatively analyzed, so
their impact could not be fully assessed.

Regarding statistical methods, this study used r=0.5 to
estimate the SD of change scores and did not perform
sensitivity analysis with alternative correlation coefficient
assumptions; 72 for each outcome was estimated using the
DL method; some outcomes had high heterogeneity (I2>75%),
and prediction intervals were wide and crossed the line of no
effect; and most included studies did not directly report the
SD of change scores, so formula-based estimation may affect
study weights, SE, and heterogeneity estimates. Because only
2 studies directly reported this parameter, the impact of
imputed SD could not be fully assessed, and results should
be interpreted with caution.

In addition, the MCID for TUG came from a hip osteoar-
thritis population and may not be fully applicable to the TKA
population; a TUG MCID specific to the post-TKA popula-
tion should be established in the future. The study also did
not perform detailed stratification of the patient population
(such as by age or preoperative function), making it difficult
to achieve individualized efficacy assessment; future studies
should strengthen subgroup analyses to support the develop-
ment of precision rehabilitation programs.

Conclusion

This study used NMA to evaluate the effects of different
digital health interventions on rehabilitation outcomes in
patients after TKA. The results showed that, compared with
CR, RR, and VR, MAT had relatively high-ranking proba-
bilities for improving postoperative pain, joint ROM, and
knee function. Based on the available evidence, the effects of
VR in improving HSS and VRT in improving TUG may be
clinically meaningful, while the clinical significance of pain
scores, active flexion ROM, and WOMAC remains unclear.

However, because this network was mainly a star-shaped
network with no closed loops, sparse direct comparisons,
high heterogeneity in intervention protocols, some studies
at high risk of bias, low to very low certainty of evi-
dence for most comparisons, and residual high heterogeneity
for some outcomes, the above rankings should be interpre-
ted as ranking probabilities rather than definitive evidence
of comparative superiority. Therefore, the relative superi-
ority among different digital health interventions remains
uncertain, and the above conclusions still need to be verified
by more high-quality, head-to-head RCTs, ultimately to
develop efficient and personalized rehabilitation programs for
patients after TKA.

Generative Al Use

The authors did not use generative Al or large language models in the writing, data analysis, or interpretation of this

manuscript.

Funding

This work was supported by the Annual Project of the National Social Science Fund of China (grant number 23BTY017).

Data Availability

All data used in this study are available in the article and supplementary material. Further inquiries could be directed to the first

author.

https://www jmir.org/2026/1/e101277

J Med Internet Res 2026 | vol. 28 1101277 | p. 27
(page number not for citation purposes)


https://www.jmir.org/2026/1/e101277

JOURNAL OF MEDICAL INTERNET RESEARCH Zhang et al

Authors’ Contributions
Conceptualization: JL

Data curation: XL, JL

Formal analysis: WZ

Funding acquisition: DZ
Methodology: WZ, XL, JL, KC
Software: WZ, JM, XL, JL
Supervision: DZ

Validation: WZ, IM

Writing — original draft: WZ, JL, KC
Writing — review & editing: WZ,JM, XL, DZ

Conflicts of Interest
None declared.

Multimedia Appendix 1

Search strategy.
[DOCX File (Microsoft Word File), 18 KB-Multimedia Appendix 1]

Multimedia Appendix 2
Risk of bias.
[DOCX File (Microsoft Word File), 425 KB-Multimedia Appendix 2]

Multimedia Appendix 3

Prediction interval.
[DOCX File (Microsoft Word File), 1220 KB-Multimedia Appendix 3]

Multimedia Appendix 4

Subgroup analysis.
[DOCX File (Microsoft Word File), 7427 KB-Multimedia Appendix 4]

Multimedia Appendix 5

Egger test.
[DOCX File (Microsoft Word File), 16 KB-Multimedia Appendix 5]

Multimedia Appendix 6

Sensitivity analyses.
[DOCX File (Microsoft Word File), 8920 KB-Multimedia Appendix 6]

Multimedia Appendix 7

Transitivity assumption.
[DOCX File (Microsoft Word File), 452 KB-Multimedia Appendix 7]

Multimedia Appendix 8

CINeMA (confidence in network meta-analysis) assessment.
[DOCX File (Microsoft Word File), 798 KB-Multimedia Appendix 8]

Checklist 1

PRISMA network meta-analysis checklist.
[DOCX File (Microsoft Word File), 28 KB-Checklist 1]

References

1.  Ouyang Y, Dai M. Global, regional, and national burden of knee osteoarthritis: findings from the Global Burden of
Disease study 2021 and projections to 2045. J Orthop Surg Res. Aug 13,2025;20(1):766. [doi: 10.1186/s13018-025-
06140-0] [Medline: 40804406]

2. Pan XJ, Xu WX, Chen Q, Shen YK, Li CF, Liu LX. Analysis of the potential of mesenchymal stem cells in treating
athlete’s knee osteoarthritisby inhibiting inflammation. China Sport Sci Technol. 2026;62(5):34-44. [doi: 10.16470/j.
csst.2025042]

https://www.jmir.org/2026/1/e101277 J Med Internet Res 2026 | vol. 28 1101277 | p. 28
(page number not for citation purposes)


https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app1.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app1.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app2.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app2.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app3.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app3.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app4.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app4.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app5.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app5.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app6.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app6.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app7.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app7.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app8.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app8.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app9.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e101277_app9.docx
https://doi.org/10.1186/s13018-025-06140-0
https://doi.org/10.1186/s13018-025-06140-0
http://www.ncbi.nlm.nih.gov/pubmed/40804406
https://doi.org/10.16470/j.csst.2025042
https://doi.org/10.16470/j.csst.2025042
https://www.jmir.org/2026/1/e101277

JOURNAL OF MEDICAL INTERNET RESEARCH Zhang et al

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Xu YM, Hu MW, Zhu W, Yu MY, Lin J, Jin J, et al. Over 20-year follow-up result of total knee arthroplasty for knee
arthropathy: a single center cohort study. Med J Peking Union Med Coll Hosp. 2025;16(1):35-41. [doi: 10.12290/
xhyxzz.2024-1090]

Alyami AH, Alkhotani MA, Alsiraihi AA, et al. Predictors of persistent pain after total knee arthroplasty. Life (Basel).
Oct 14, 2024;14(10):1300. [doi: 10.3390/1ife14101300] [Medline: 39459600]

Jiang Q, Hu Y, Zeng M, Xie J. Open arthrolysis for stiff knee after primary total knee arthroplasty. Zhongguo Xiu Fu
Chong Jian Wai Ke Za Zhi. Mar 15, 2019;33(3):307-311. [doi: 10.7507/1002-1892.201808092] [Medline: 30874386]
Xie W, He M, Zheng S, et al. Clinical application research of intelligent monitoring system for knee rehabilitation: a
randomized controlled trial. J Orthop Surg Res. Aug 13, 2024;19(1):477. [doi: 10.1186/s13018-024-04982-8] [Medline:
39138567]

Ramkumar PN, Haeberle HS, Ramanathan D, et al. Remote patient monitoring using mobile health for total knee
arthroplasty: validation of a wearable and machine learning-based surveillance platform. J Arthroplasty. Oct
2019;34(10):2253-2259. [doi: 10.1016/j.arth.2019.05.021] [Medline: 31128890]

Hong Y, Wang J, Zhang XF, Zhao D, Cheng M. Efficacy of smart wearable device BPMpathway in home rehabilitation
of patients after total knee arthroplasty. J Shanghai Jiaotong Univ (Med Sci). 2024;44(3):342-349. [doi: 10.3969/j.issn.
1674-8115.2024.03.006]

Gazendam A, Zhu M, Chang Y, Phillips S, Bhandari M. Virtual reality rehabilitation following total knee arthroplasty: a
systematic review and meta-analysis of randomized controlled trials. Knee Surg Sports Traumatol Arthrosc. Aug
2022;30(8):2548-2555. [doi: 10.1007/s00167-022-06910-x] [Medline: 35182172]

Yoo JI, Oh MK, Lee SU, Lee CH. Robot-assisted rehabilitation for total knee or hip replacement surgery patients: a
systematic review and meta-analysis. Medicine (Baltimore). Oct 7,2022;101(40):¢30852. [doi: 10.1097/MD.
0000000000030852] [Medline: 36221411]

Curzio LD, Paolucci T, Miccinilli S, et al. The role of virtual reality, exergames, and digital technologies in knee
osteoarthritis rehabilitation before or after total knee arthroplasty: a systematic review of the interventions in elderly
patients. Medicina. Sep 2, 2025;61(9):1587. [doi: 10.3390/medicina61091587] [Medline: 41010978]

MaL,LiuJQ, Yu K, Tan MY. Meta-analysis of comparative effects of mobile app-based digital rehabilitation versus
traditional rehabilitation after total knee arthroplasty. Front Physiol. 2025;16:1737373. [doi: 10.3389/fphys.2025.
1737373] [Medline: 41602452]

Zhai S, Wu R, Du G, et al. Smart device—assisted telerehabilitation versus conventional rehabilitation after total nee
arthroplasty: a systematic review and meta-analysis. J Orthop Surg Res. Nov 4, 2025;20(1):954. [doi: 10.1186/s13018-
025-06393-9] [Medline: 41188876]

Xu H, Lou VWQ, Guo Z, Zhang X, Liu Y. Effectiveness of telerehabilitation after total knee arthroplasty: an umbrella
review. J Arthroplasty. Mar 2, 2026. [doi: 10.1016/j.arth.2026.02.041] [Medline: 41780830]

Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic
reviews. BMJ. Mar 29,2021;372:n71. [doi: 10.1136/bmj.n71] [Medline: 33782057]

Clement ND, MacDonald D, Simpson A. The minimal clinically important difference in the Oxford knee score and Short
Form 12 score after total knee arthroplasty. Knee Surg Sports Traumatol Arthrosc. Aug 2014;22(8):1933-1939. [doi: 10.
1007/s00167-013-2776-5] [Medline: 24253376]

Harris LK, Troelsen A, Terluin B, Gromov K, Ingelsrud LH. Minimal important change thresholds change over time
after knee and hip arthroplasty. J Clin Epidemiol. May 2024;169:111316. [doi: 10.1016/j.jclinepi.2024.111316]
[Medline: 38458544]

Russell TG, Buttrum P, Wootton R, Jull GA. Internet-based outpatient telerehabilitation for patients following total knee
arthroplasty: a randomized controlled trial. J Bone Joint Surg Am. Jan 19, 2011;93(2):113-120. [doi: 10.2106/JBJS .I.
01375] [Medline: 21248209]

Tousignant M, Moffet H, Boissy P, Corriveau H, Cabana F, Marquis F. A randomized controlled trial of home
telerehabilitation for post-knee arthroplasty. J Telemed Telecare. 2011;17(4):195-198. [doi: 10.1258/jtt.2010.100602]
[Medline: 21398389]

Piqueras M, Marco E, Coll M, et al. Effectiveness of an interactive virtual telerehabilitation system in patients after total
knee arthoplasty: a randomized controlled trial. J Rehabil Med. Apr 2013;45(4):392-396. [doi: 10.2340/16501977-1119]
[Medline: 23474735]

Moffet H, Tousignant M, Nadeau S, et al. In-home telerehabilitation compared with face-to-face rehabilitation after total
knee arthroplasty: a noninferiority randomized controlled trial. J Bone Joint Surg Am. Jul 15,2015;97(14):1129-1141.
[doi: 10.2106/JBJS.N.01066] [Medline: 26178888]

Chen M, Li P, Lin F. Influence of structured telephone follow-up on patient compliance with rehabilitation after total
knee arthroplasty. Patient Prefer Adherence. 2016;10:257-264. [doi: 10.2147/PPA.S102156] [Medline: 27042020]

https://www.jmir.org/2026/1/e101277 J Med Internet Res 2026 | vol. 28 1101277 | p. 29

(page number not for citation purposes)


https://doi.org/10.12290/xhyxzz.2024-1090
https://doi.org/10.12290/xhyxzz.2024-1090
https://doi.org/10.3390/life14101300
http://www.ncbi.nlm.nih.gov/pubmed/39459600
https://doi.org/10.7507/1002-1892.201808092
http://www.ncbi.nlm.nih.gov/pubmed/30874386
https://doi.org/10.1186/s13018-024-04982-8
http://www.ncbi.nlm.nih.gov/pubmed/39138567
https://doi.org/10.1016/j.arth.2019.05.021
http://www.ncbi.nlm.nih.gov/pubmed/31128890
https://doi.org/10.3969/j.issn.1674-8115.2024.03.006
https://doi.org/10.3969/j.issn.1674-8115.2024.03.006
https://doi.org/10.1007/s00167-022-06910-x
http://www.ncbi.nlm.nih.gov/pubmed/35182172
https://doi.org/10.1097/MD.0000000000030852
https://doi.org/10.1097/MD.0000000000030852
http://www.ncbi.nlm.nih.gov/pubmed/36221411
https://doi.org/10.3390/medicina61091587
http://www.ncbi.nlm.nih.gov/pubmed/41010978
https://doi.org/10.3389/fphys.2025.1737373
https://doi.org/10.3389/fphys.2025.1737373
http://www.ncbi.nlm.nih.gov/pubmed/41602452
https://doi.org/10.1186/s13018-025-06393-9
https://doi.org/10.1186/s13018-025-06393-9
http://www.ncbi.nlm.nih.gov/pubmed/41188876
https://doi.org/10.1016/j.arth.2026.02.041
http://www.ncbi.nlm.nih.gov/pubmed/41780830
https://doi.org/10.1136/bmj.n71
http://www.ncbi.nlm.nih.gov/pubmed/33782057
https://doi.org/10.1007/s00167-013-2776-5
https://doi.org/10.1007/s00167-013-2776-5
http://www.ncbi.nlm.nih.gov/pubmed/24253376
https://doi.org/10.1016/j.jclinepi.2024.111316
http://www.ncbi.nlm.nih.gov/pubmed/38458544
https://doi.org/10.2106/JBJS.I.01375
https://doi.org/10.2106/JBJS.I.01375
http://www.ncbi.nlm.nih.gov/pubmed/21248209
https://doi.org/10.1258/jtt.2010.100602
http://www.ncbi.nlm.nih.gov/pubmed/21398389
https://doi.org/10.2340/16501977-1119
http://www.ncbi.nlm.nih.gov/pubmed/23474735
https://doi.org/10.2106/JBJS.N.01066
http://www.ncbi.nlm.nih.gov/pubmed/26178888
https://doi.org/10.2147/PPA.S102156
http://www.ncbi.nlm.nih.gov/pubmed/27042020
https://www.jmir.org/2026/1/e101277

JOURNAL OF MEDICAL INTERNET RESEARCH Zhang et al

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Jin C, Feng Y, Ni Y, Shan Z. Virtual reality intervention in postoperative rehabilitation after total knee arthroplasty: a
prospective and randomized controlled clinical trial. Int J Clin Exp Med. 2018;11(6):6119-6124. URL.: https://ijcem.
com/files/ijcem0067965.pdf [Accessed 2026-11-07]

Kotani N, Morishita T, Saita K, et al. Feasibility of supplemental robot-assisted knee flexion exercise following total
knee arthroplasty. J Back Musculoskelet Rehabil. 2020;33(3):413-421. [doi: 10.3233/BMR-181482] [Medline:
31561326]

Prvu Bettger J, Green CL, Holmes DN, et al. Effects of virtual exercise rehabilitation in-home therapy compared with
traditional care after total knee arthroplasty. J Bone Jt Surg Am. 2020;102(2):101-109. [doi: 10.2106/JBJS.19.00695]
Gianola S, Stucovitz E, Castellini G, et al. Effects of early virtual reality-based rehabilitation in patients with total knee
arthroplasty: a randomized controlled trial. Medicine (Baltimore). Feb 2020;99(7):e19136. [doi: 10.1097/MD.
0000000000019136] [Medline: 32049833 ]

Yoon S, Son H. Effects of full immersion virtual reality training on balance and knee function in total knee replacement
patients: a randomized controlled study. J Mech Med Biol. Nov 2020;20(09):2040007. [doi: 10.1142/
S0219519420400072]

Prabhu VG, Stanley L, Morgan R. A biofeedback enhanced adaptive virtual reality environment for managing surgical
pain and anxiety. Int ] Semant Comput. Sep 2020;14(03):375-393. [doi: 10.1142/S1793351X20400152]

Bicker HC, Wu CH, Schulz MRG, Weber-Spickschen TS, Perka C, Hardt S. App-based rehabilitation program after
total knee arthroplasty: a randomized controlled trial. Arch Orthop Trauma Surg. Sep 2021;141(9):1575-1582. [doi: 10.
1007/s00402-021-03789-0] [Medline: 33547927]

Pournajaf S, Goffredo M, Pellicciari L, et al. Effect of balance training using virtual reality-based serious games in
individuals with total knee replacement: a randomized controlled trial. Ann Phys Rehabil Med. Nov 2022;65(6):101609.
[doi: 10.1016/j.rehab.2021.101609] [Medline: 34839056]

Mrotzek SJ, Ahmadi S, von Glinski A, et al. Rehabilitation during early postoperative period following total knee
arthroplasty using single-joint hybrid assistive limb as new therapy device: a randomized, controlled clinical pilot study.
Arch Orthop Trauma Surg. Dec 2022;142(12):3941-3947. [doi: 10.1007/s00402-021-04245-9] [Medline: 34783882]
Cai L, Liu Y, Wei Z, Liang H, Liu Y, Cui M. Robot-assisted rehabilitation training improves knee function and daily
activity ability in older adults following total knee arthroplasty. Res Nurs Health. Apr 2023;46(2):203-209. [doi: 10.
1002/nur.22290] [Medline: 36504201]

Janhunen M, Katajapuu N, Paloneva J, et al. Effects of a home-based, exergaming intervention on physical function and
pain after total knee replacement in older adults: a randomised controlled trial. BMJ Open Sport Exerc Med.
2023;9(1):e001416. [doi: 10.1136/bmjsem-2022-001416] [Medline: 36896366]

Shim GY, Kim EH, Lee SJ, et al. Postoperative rehabilitation using a digital healthcare system in patients with total knee
arthroplasty: a randomized controlled trial. Arch Orthop Trauma Surg. Oct 2023;143(10):6361-6370. [doi: 10.1007/
$00402-023-04894-y] [Medline: 37129691]

Yu JH, Nekar DM, Kang HY, Lee JW, Oh SY. Comparison of physical activity training using augmented reality and
conventional therapy on physical performance following a total knee replacement: a randomized controlled trial. Appl
Sci. Jan 2023;13(2):894. [doi: 10.3390/app13020894]

Zhao R, Cheng L, Zheng Q, et al. A smartphone application-based remote rehabilitation system for post-total knee
arthroplasty rehabilitation: a randomized controlled trial. J Arthroplasty. Mar 2024;39(3):575-581 .e8. [doi: 10.1016/].
arth.2023.08.019] [Medline: 37572720]

Nuevo M, Rodriguez-Rodriguez D, Jauregui R, et al. Telerehabilitation following fast-track total knee arthroplasty is
effective and safe: a randomized controlled trial with the ReHub® platform. Disabil Rehabil. Jun
2024;46(12):2629-2639. [doi: 10.1080/09638288.2023.2228689] [Medline: 37403684]

Pua YH, Yeo SJ, Clark RA, et al. Cost and outcomes of Hospital-based Usual cAre versus Tele-monitor self-directed
Rehabilitation (HUATR) in patients with total knee arthroplasty: a randomized, controlled, non-inferiority trial.
Osteoarthr Cartil. May 2024;32(5):601-611. [doi: 10.1016/j.joca.2023.11.017]

Bradbury TL, McConnell MJ, Whitacre D, Naylor BH, Gibson BT, DeCook CA. A remote physical therapy program
demonstrates similar outcomes compared to in-person, supervised physical therapy after same-day discharge total knee
arthroplasty: a randomized clinical trial. J Arthroplasty. Nov 2024;39(11):2725-2730.e4. [doi: 10.1016/j.arth.2024.05.
040] [Medline: 38768768]

Pérez-Maletzki J, Roig-Casasus S, Diaz-Diaz B, Martinez-Garrido I, Herndndez-Guillén D, Blasco JM. A chatbot tool on
a smart mobile device to promote adherence to home rehabilitation after total knee replacement: a randomized controlled
trial. Physiotherapy. Sep 2026;132:101872. [doi: 10.1016/j.physi0.2025.101872] [Medline: 41934738]

Jin C, Feng YJ, Ni YJ, Shan ZL. Clinical study on rehabilitation methods based on virtual reality technology for early
functional exercise after TKA. Chin J Control Endem Dis. 2017;32(7):779-780.

https://www.jmir.org/2026/1/e101277 J Med Internet Res 2026 | vol. 28 1101277 | p. 30

(page number not for citation purposes)


https://ijcem.com/files/ijcem0067965.pdf
https://ijcem.com/files/ijcem0067965.pdf
https://doi.org/10.3233/BMR-181482
http://www.ncbi.nlm.nih.gov/pubmed/31561326
https://doi.org/10.2106/JBJS.19.00695
https://doi.org/10.1097/MD.0000000000019136
https://doi.org/10.1097/MD.0000000000019136
http://www.ncbi.nlm.nih.gov/pubmed/32049833
https://doi.org/10.1142/S0219519420400072
https://doi.org/10.1142/S0219519420400072
https://doi.org/10.1142/S1793351X20400152
https://doi.org/10.1007/s00402-021-03789-0
https://doi.org/10.1007/s00402-021-03789-0
http://www.ncbi.nlm.nih.gov/pubmed/33547927
https://doi.org/10.1016/j.rehab.2021.101609
http://www.ncbi.nlm.nih.gov/pubmed/34839056
https://doi.org/10.1007/s00402-021-04245-9
http://www.ncbi.nlm.nih.gov/pubmed/34783882
https://doi.org/10.1002/nur.22290
https://doi.org/10.1002/nur.22290
http://www.ncbi.nlm.nih.gov/pubmed/36504201
https://doi.org/10.1136/bmjsem-2022-001416
http://www.ncbi.nlm.nih.gov/pubmed/36896366
https://doi.org/10.1007/s00402-023-04894-y
https://doi.org/10.1007/s00402-023-04894-y
http://www.ncbi.nlm.nih.gov/pubmed/37129691
https://doi.org/10.3390/app13020894
https://doi.org/10.1016/j.arth.2023.08.019
https://doi.org/10.1016/j.arth.2023.08.019
http://www.ncbi.nlm.nih.gov/pubmed/37572720
https://doi.org/10.1080/09638288.2023.2228689
http://www.ncbi.nlm.nih.gov/pubmed/37403684
https://doi.org/10.1016/j.joca.2023.11.017
https://doi.org/10.1016/j.arth.2024.05.040
https://doi.org/10.1016/j.arth.2024.05.040
http://www.ncbi.nlm.nih.gov/pubmed/38768768
https://doi.org/10.1016/j.physio.2025.101872
http://www.ncbi.nlm.nih.gov/pubmed/41934738
https://www.jmir.org/2026/1/e101277

JOURNAL OF MEDICAL INTERNET RESEARCH Zhang et al

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Sun JW, Sun Q. Effect of home tele-rehabilitation guidance on physical function of patients after TKA. Chin J Rehabil.
2017;32(1):27-29. [doi: 10.3870/zgkf.2017.01.008]

Li GW, Li YJ, Zhang DW, Wang Z, Chen T. Application effects of virtual reality technology in early functional exercise
after total knee arthroplasty in elderly patients. Chin J Gerontol. 2018;38(10):2391-2393. [doi: 10.3969/j.issn.1005-9202.
2018.10.037]

Feng YJ, Jin C, Ni YJ, Shan ZL. Effect of virtual reality on functional recovery and psychologicalimprovement after
total knee arthroplastyimprovement after total knee arthroplas. Chin J Bone Joint Surg. 2018;11(2):127-132. [doi: 10.
3969/].issn.2095-9958.2018.02.010]

Zhao ZX, Wen L, Guo WL, Zhang XD, Jia B. Smart wearable system aided rehabilitation versus conventional functional
rehabilitation after total knee arthro-plasty. Orthop J China. 2018;26(20):1861-1866. [doi: 10.3977/j.issn.1005-8478.
2018.20.08]

Ding F, Zhao ZX, Chen JY. The clinical outcomes of wearable range of motion measuring device in early rehabilitation
after total knee arthroplasty. J Clin Orthop. 2019;22(6):693-696. [doi: 10.3969/].issn.1008-0287.2019.06.020]

Zhang JL, Rong GX, Tang Z, Gui BJ. A prospective study on the application of intelligent wearable program in
rehabilitation after totalknee arthroplasty. Chin J Geriatr Orthop Rehabil Electron Ed. 2020;6(3):153-158. [doi: 10.3877/
cma.j.issn.2096-0263.2020.03.006]

Li WC, Song KP, Huang TW, Chen XL, Liu QL, Zhao L, et al. Effect of mobile application rehabilitation guidance on
patients after total knee arthroplasty. Chin J Joint Surg Electron Ed. 2021;15(5):547-553. [doi: 10.3877/cma.j.issn.1674-
134X.2021.05.005]

Zhou YY, Liu Y, Yuan P, Mao YH. Application value of a wearable precise rehabilitationsystem in treatment of elderly
patientsafter total knee arthroplas. J Clin Med Pract. 2022;26(17):1-4. [doi: 10.7619/jcmp.20214846]

Li YS. Study on the efficacy and safety oftelerehabilitation strategy based on wechat intotal knee arthroplasty [Master’s
degree]. Sichuan University; 2023.

Li B. Research on early balance disorder rehabilitation robot prescription after total knee arthroplasty. Zunyi Medical
University; 2023. [doi: 10.7666/D03375815]

Ma YJ. Application of lower limb intelligent weight-bearingrehabilitation robot in early rehabilitation after total
kneearthroplasty [Master’s degree]. Yanan University; 2023.

Fan B, Liu L, Xie CQ, Jiang Y, Li P. Efficacy of robot-assisted balance training in functional reconstruction after total
knee arthroplasty. Chin J Robot Surg. 2025;6(10):1727-1733. [doi: 10.12180/j.issn.2096-7721.2025.10.019]

Higgins JPT, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-analyses. BMJ. Sep 6,
2003;327(7414):557-560. [doi: 10.1136/bm;j.327.7414.557] [Medline: 12958120]

Cumpston M, Li T, Page MJ, et al. Updated guidance for trusted systematic reviews: a new edition of the Cochrane
Handbook for Systematic Reviews of Interventions. Cochrane Database Syst Rev. Oct 3,2019;10(10):ED000142. [doi:
10.1002/14651858.ED000142] [Medline: 31643080]

Wan X, Wang W, Liu J, Tong T. Estimating the sample mean and standard deviation from the sample size, median,
range and/or interquartile range. BMC Med Res Methodol. Dec 19,2014;14:135. [doi: 10.1186/1471-2288-14-135]
[Medline: 25524443]

Hozo SP, Djulbegovic B, Hozo I. Estimating the mean and variance from the median, range, and the size of a sample.
BMC Med Res Methodol. Apr 20, 2005;5(13):13. [doi: 10.1186/1471-2288-5-13] [Medline: 15840177]

Ostelo RWJG, Deyo RA, Stratford P, et al. Interpreting change scores for pain and functional status in low back pain:
towards international consensus regarding minimal important change. Spine (Phila Pa 1976). Jan 1, 2008;33(1):90-94.
[doi: 10.1097/BRS.0b013e31815e3a10] [Medline: 18165753]

Takahashi T, Hatayama K, Nishino M, et al. Predictors of improved and decreased range of motion after medial pivot
total knee arthroplasty: a multicenter retrospective analysis. J Orthop. May 2025;63:201-205. [doi: 10.1016/j.jor.2025.04.
002] [Medline: 40291607]

Escobar A, Quintana JM, Bilbao A, Aréstegui I, Lafuente I, Vidaurreta I. Responsiveness and clinically important
differences for the WOMAC and SF-36 after total knee replacement. Osteoarthr Cartil. Mar 2007;15(3):273-280. [doi:
10.1016/j.joca.2006.09.001]

Fan XY, Ma JH, Wu X, et al. How much improvement can satisfy patients? Exploring patients’ satisfaction 3 years after
total knee arthroplasty. J Orthop Surg Res. Jun 17,2021;16(1):389. [doi: 10.1186/s13018-021-02514-2] [Medline:
34140037]

Wright AA, Cook CE, Baxter GD, Dockerty JD, Abbott JH. A comparison of 3 methodological approaches to defining
major clinically important improvement of 4 performance measures in patients with hip osteoarthritis. J Orthop Sports
Phys Ther. May 2011;41(5):319-327. [doi: 10.2519/jospt.2011.3515] [Medline: 21335930]

https://www.jmir.org/2026/1/e101277 J Med Internet Res 2026 | vol. 28 1101277 | p. 31

(page number not for citation purposes)


https://doi.org/10.3870/zgkf.2017.01.008
https://doi.org/10.3969/j.issn.1005-9202.2018.10.037
https://doi.org/10.3969/j.issn.1005-9202.2018.10.037
https://doi.org/10.3969/j.issn.2095-9958.2018.02.010
https://doi.org/10.3969/j.issn.2095-9958.2018.02.010
https://doi.org/10.3977/j.issn.1005-8478.2018.20.08
https://doi.org/10.3977/j.issn.1005-8478.2018.20.08
https://doi.org/10.3969/j.issn.1008-0287.2019.06.020
https://doi.org/10.3877/cma.j.issn.2096-0263.2020.03.006
https://doi.org/10.3877/cma.j.issn.2096-0263.2020.03.006
https://doi.org/10.3877/cma.j.issn.1674-134X.2021.05.005
https://doi.org/10.3877/cma.j.issn.1674-134X.2021.05.005
https://doi.org/10.7619/jcmp.20214846
https://doi.org/10.7666/D03375815
https://doi.org/10.12180/j.issn.2096-7721.2025.10.019
https://doi.org/10.1136/bmj.327.7414.557
http://www.ncbi.nlm.nih.gov/pubmed/12958120
https://doi.org/10.1002/14651858.ED000142
http://www.ncbi.nlm.nih.gov/pubmed/31643080
https://doi.org/10.1186/1471-2288-14-135
http://www.ncbi.nlm.nih.gov/pubmed/25524443
https://doi.org/10.1186/1471-2288-5-13
http://www.ncbi.nlm.nih.gov/pubmed/15840177
https://doi.org/10.1097/BRS.0b013e31815e3a10
http://www.ncbi.nlm.nih.gov/pubmed/18165753
https://doi.org/10.1016/j.jor.2025.04.002
https://doi.org/10.1016/j.jor.2025.04.002
http://www.ncbi.nlm.nih.gov/pubmed/40291607
https://doi.org/10.1016/j.joca.2006.09.001
https://doi.org/10.1186/s13018-021-02514-2
http://www.ncbi.nlm.nih.gov/pubmed/34140037
https://doi.org/10.2519/jospt.2011.3515
http://www.ncbi.nlm.nih.gov/pubmed/21335930
https://www.jmir.org/2026/1/e101277

JOURNAL OF MEDICAL INTERNET RESEARCH Zhang et al

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Koseki K, Mutsuzaki H, Yoshikawa K, et al. Early recovery of walking ability in patients after total knee arthroplasty
using a hip-wearable exoskeleton robot: a case-controlled clinical trial. Geriatr Orthop Surg Rehabil.
2021;12:21514593211027675. [doi: 10.1177/21514593211027675] [Medline: 34262793]

Wang Z, Yang C, Zhang S, et al. Knee flexion-assisted method for human-exoskeleton system. IEEE Trans Neural Syst
Rehabil Eng. 2023;31:2800-2808. [doi: 10.1109/TNSRE.2023.3287867]

Zha Q,Xu Z, Yang H, et al. Development of a robot-assisted reduction and rehabilitation system for distal radius
fractures. Front Bioeng Biotechnol. 2023;11:1342229. [doi: 10.3389/fbioe.2023.1342229] [Medline: 38268941]
Stevenson RDM, Chowdhury EA, Lobo J, Western MJ, Bilzon JLJ. Influence of the intelligent knee osteoarthritis
lifestyle app (iIKOALA) on knee joint pain. BMC Musculoskelet Disord. Jan 24, 2024;25(1):90. [doi: 10.1186/s12891-
024-07198-3] [Medline: 38263125]

Paolucci T, Pezzi L, Bressi F, et al. Exploring ways to improve knee osteoarthritis care: the role of mobile apps in
enhancing therapeutic exercise-a systematic review. Digit Health. 2024;10:20552076241297296. [doi: 10.1177/
20552076241297296] [Medline: 39711751]

Thiengwittayaporn S, Wattanapreechanon P, Sakon P, et al. Development of a mobile application to improve exercise
accuracy and quality of life in knee osteoarthritis patients: a randomized controlled trial. Arch Orthop Trauma Surg. Feb
2023;143(2):729-738. [doi: 10.1007/s00402-021-04149-8] [Medline: 34453570]

Tedeschi R, Platano D, Pillastrini P, Berti L, Benedetti MG. Effectiveness of tele-rehabilitation in patients with knee
osteoarthritis: a randomized controlled trial. Digit Health. 2024;10. [doi: 10.1177/20552076241286186] [Medline:
39493627]

Xiang W, Wang JY, Ji BJ, Li LJ, Xiang H. Effectiveness of different telerehabilitation strategies on pain and physical
function in patients with knee osteoarthritis: systematic review and meta-analysis. J] Med Internet Res. Dec 4,
2023;25:e40735. [doi: 10.2196/40735] [Medline: 37982411]

Zhang H, Wang J, Jiang Z, Deng T, Li K, Nie Y. Home-based tele-rehabilitation versus hospital-based outpatient
rehabilitation for pain and function after initial total knee arthroplasty: a systematic review and meta-analysis. Medicine
(Baltimore). 2023;102(51):e36764. [doi: 10.1097/MD.0000000000036764]

Yoshikawa K, Mutsuzaki H, Sano A, et al. Training with Hybrid Assistive Limb for walking function after total knee
arthroplasty. J Orthop Surg Res. Jul 3,2018;13(1). [doi: 10.1186/s13018-018-0875-1] [Medline: 29970139]

Liu HW, Lee SD. Virtual reality-assisted rehabilitation for patients undergoing total knee arthroplasty: a systematic
review and meta-analysis. Am J Phys Med Rehabil. Nov 1, 2025;104(11):959-966. [doi: 10.1097/PHM.
0000000000002747] [Medline: 40198785]

Fung V, Ho A, Shaffer J, Chung E, Gomez M. Use of Nintendo Wii Fit™ in the rehabilitation of outpatients following
total knee replacement: a preliminary randomised controlled trial. Physiotherapy. Sep 2012;98(3):183-188. [doi: 10.
1016/j.physio.2012.04.001] [Medline: 22898573]

Su CH. Developing and evaluating effectiveness of 3D game-based rehabilitation system for total knee replacement
rehabilitation patients. Multimed Tools Appl. Aug 2016;75(16):10037-10057. [doi: 10.1007/s11042-015-2820-1]

Peng L, Zeng Y, Wu Y, Si H, Shen B. Virtual reality-based rehabilitation in patients following total knee arthroplasty: a
systematic review and meta-analysis of randomized controlled trials. Chin Med J (Engl). Dec 13,2021;135(2):153-163.
[doi: 10.1097/CM9.0000000000001847] [Medline: 34908004]

Esteban-Sopeiia J, Beltran-Alacreu H, Terradas-Monllor M, Avendaifio-Coy J, Garcia-Magro N. Effectiveness of virtual
reality on postoperative pain, disability and range of movement after knee replacement: a systematic review and meta-
analysis. Life (Basel). Feb 21, 2024;14(3):289. [doi: 10.3390/1ife14030289] [Medline: 38541615]

Yurttag AN, Arac1 A, Akkoyun Sert O, Ismayilov T. Investigation of knee joint position sensation balance reaction time
and function in individuals with knee osteoarthritis and unilateral total knee arthroplasty. J Back Musculoskelet Rehabil.
Mar 2026;39(2):619-628. [doi: 10.1177/10538127251387392] [Medline: 41143951]

Freter SH, Fruchter N. Relationship between timed “up and go” and gait time in an elderly orthopaedic rehabilitation
population. Clin Rehabil. Feb 2000;14(1):96-101. [doi: 10.1191/026921500675545616] [Medline: 10688350]
Wodowski AJ, Swigler CW, Liu H, Nord KM, Toy PC, Mihalko WM. Proprioception and knee arthroplasty: a literature
review. Orthop Clin North Am. Apr 2016;47(2):301-309. [doi: 10.1016/j.0c1.2015.09.005] [Medline: 26772938]
Aydemir B, Huang CH, Foucher KC. Strength and physical activity in osteoarthritis: the mediating role of kinesiophobia.
J Orthop Res. May 2022;40(5):1135-1142. [doi: 10.1002/jor.25151] [Medline: 34324222]

Maggio MG, De Luca R, Manuli A, et al. Do patients with multiple sclerosis benefit from semi-immersive virtual
reality? A randomized clinical trial on cognitive and motor outcomes. Appl Neuropsychol Adult. 2022;29(1):59-65. [doi:
10.1080/23279095.2019.1708364] [Medline: 31920097]

Pau M, Cocco E, Arippa F, et al. An immersive virtual kitchen training system for people with multiple sclerosis: a
development and validation study. J Clin Med. Apr 30, 2023;12(9):3222. [doi: 10.3390/jcm12093222] [Medline:
37176662]

https://www.jmir.org/2026/1/e101277 J Med Internet Res 2026 | vol. 28 1101277 | p. 32

(page number not for citation purposes)


https://doi.org/10.1177/21514593211027675
http://www.ncbi.nlm.nih.gov/pubmed/34262793
https://doi.org/10.1109/TNSRE.2023.3287867
https://doi.org/10.3389/fbioe.2023.1342229
http://www.ncbi.nlm.nih.gov/pubmed/38268941
https://doi.org/10.1186/s12891-024-07198-3
https://doi.org/10.1186/s12891-024-07198-3
http://www.ncbi.nlm.nih.gov/pubmed/38263125
https://doi.org/10.1177/20552076241297296
https://doi.org/10.1177/20552076241297296
http://www.ncbi.nlm.nih.gov/pubmed/39711751
https://doi.org/10.1007/s00402-021-04149-8
http://www.ncbi.nlm.nih.gov/pubmed/34453570
https://doi.org/10.1177/20552076241286186
http://www.ncbi.nlm.nih.gov/pubmed/39493627
https://doi.org/10.2196/40735
http://www.ncbi.nlm.nih.gov/pubmed/37982411
https://doi.org/10.1097/MD.0000000000036764
https://doi.org/10.1186/s13018-018-0875-1
http://www.ncbi.nlm.nih.gov/pubmed/29970139
https://doi.org/10.1097/PHM.0000000000002747
https://doi.org/10.1097/PHM.0000000000002747
http://www.ncbi.nlm.nih.gov/pubmed/40198785
https://doi.org/10.1016/j.physio.2012.04.001
https://doi.org/10.1016/j.physio.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22898573
https://doi.org/10.1007/s11042-015-2820-1
https://doi.org/10.1097/CM9.0000000000001847
http://www.ncbi.nlm.nih.gov/pubmed/34908004
https://doi.org/10.3390/life14030289
http://www.ncbi.nlm.nih.gov/pubmed/38541615
https://doi.org/10.1177/10538127251387392
http://www.ncbi.nlm.nih.gov/pubmed/41143951
https://doi.org/10.1191/026921500675545616
http://www.ncbi.nlm.nih.gov/pubmed/10688350
https://doi.org/10.1016/j.ocl.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26772938
https://doi.org/10.1002/jor.25151
http://www.ncbi.nlm.nih.gov/pubmed/34324222
https://doi.org/10.1080/23279095.2019.1708364
http://www.ncbi.nlm.nih.gov/pubmed/31920097
https://doi.org/10.3390/jcm12093222
http://www.ncbi.nlm.nih.gov/pubmed/37176662
https://www.jmir.org/2026/1/e101277

JOURNAL OF MEDICAL INTERNET RESEARCH Zhang et al

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Leonardi S, Maggio MG, Russo M, et al. Cognitive recovery in people with relapsing/remitting multiple sclerosis: a
randomized clinical trial on virtual reality-based neurorehabilitation. Clin Neurol Neurosurg. Sep 2021;208:106828. [doi:
10.1016/j.clineuro.2021.106828] [Medline: 34332269]

Hughes AM, Burridge J, Freeman CT, et al. Stroke participants’ perceptions of robotic and electrical stimulation therapy:
a new approach. Disabil Rehabil Assist Technol. 2011;6(2):130-138. [doi: 10.3109/17483107.2010.509882] [Medline:
20698789]

Maresca G, Maggio MG, De Luca R, et al. Tele-neuro-rehabilitation in Italy: state of the art and future perspectives.
Front Neurol. 2020;11:563375. [doi: 10.3389/fneur.2020.563375] [Medline: 33101176]

Salanti G, Del Giovane C, Chaimani A, Caldwell DM, Higgins JPT. Evaluating the quality of evidence from a network
meta-analysis. PLoS One. 2014;9(7):¢99682. [doi: 10.1371/journal.pone.0099682] [Medline: 24992266]

Trinquart L, Attiche N, Bafeta A, Porcher R, Ravaud P. Uncertainty in treatment rankings: reanalysis of network meta-
analyses of randomized trials. Ann Intern Med. May 17, 2016;164(10):666-673. [doi: 10.7326/M15-2521] [Medline:
27089537]

Yasaci Z, Celik D, Kilicoglu OI. Short-term efficacy of integrating the easy-flex device with inpatient rehabilitation in
individuals with total knee arthroplasty: insights from a single-blind randomized controlled trial. Arch Phys Med
Rehabil. Nov 2024;105(11):2045-2053. [doi: 10.1016/j.apmr.2024.07.020] [Medline: 39168298]

Husby VS, Foss OA, Husby OS, Winther SB. Randomized controlled trial of maximal strength training vs. standard
rehabilitation following total knee arthroplasty. Eur J Phys Rehabil Med. Jun 2018;54(3):371-379. [doi: 10.23736/
S1973-9087.17.04712-8] [Medline: 28901118]

Artz N, Elvers KT, Lowe CM, Sackley C, Jepson P, Beswick AD. Effectiveness of physiotherapy exercise following
total knee replacement: systematic review and meta-analysis. BMC Musculoskelet Disord. Feb 7, 2015;16:15. [doi: 10.
1186/s12891-015-0469-6] [Medline: 25886975]

Veras M, Auger LP, Sigouin J, et al. Ethics and equity challenges in telerehabilitation for older adults: rapid review.
JMIR Aging. Aug 13, 2025;8:¢69660. [doi: 10.2196/69660] [Medline: 40802966]

Wang S, von Huben A, Sivaprakash PP, Saurman E, Norris S, Wilson A. Addressing health service equity through
telehealth: a systematic review of reviews. Digit Health. 2025;11:20552076251326233. [doi: 10.1177/
20552076251326233] [Medline: 40177121]

Veras M, Sigouin J, Auger C, et al. A rapid review protocol of physiotherapy and occupational therapy telerehabilitation
to inform ethical and equity concerns. Digit Health. 2024;10:20552076241260367. [doi: 10.1177/20552076241260367]
[Medline: 39229467]

Stockley RC, Hirst Y, Hayes C, Watkins KE, Goodwin PC. How equitable is digital rehabilitation for people after
stroke? A systematic review using an equity approach. Front Digit Health. 2025;7:1544754. [doi: 10.3389/fdgth.2025.
1544754] [Medline: 40630051]

Cattaneo A, Vitali A, Regazzoni D, Rizzi C. A sustainable approach to telerehabilitation in Europe: patients are ready,
but caregivers are essential. Stud Health Technol Inform. Apr 26, 2024;313:68-73. [doi: 10.3233/SHTI1240014]
[Medline: 38682507]

Alvarez PM, McKeon JF, Spitzer Al et al. Socioeconomic factors affecting outcomes in total knee and hip arthroplasty:
a systematic review on healthcare disparities. Arthroplasty. Oct 3, 2022;4(1):36. [doi: 10.1186/542836-022-00137-4]
[Medline: 36184658]

Abbreviations

AR: augmented reality

CINeMA: confidence in network meta-analysis

CR: conventional rehabilitation

HSS: Hospital for Special Surgery

IRT: intelligent rehabilitation system-based telerehabilitation
ITT: intention-to-treat

IVT: internet videoconference-based telerehabilitation
KOA: knee osteoarthritis

MAT: mobile app—based telerehabilitation

MCID: minimal clinically important difference

MD: mean difference

NMA: network meta-analysis

NPRS: numeric pain rating scale

OKS: Oxford Knee Score

Prl: prediction interval

PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses

https://www.jmir.org/2026/1/e101277 J Med Internet Res 2026 | vol. 28 1101277 | p. 33

(page number not for citation purposes)


https://doi.org/10.1016/j.clineuro.2021.106828
http://www.ncbi.nlm.nih.gov/pubmed/34332269
https://doi.org/10.3109/17483107.2010.509882
http://www.ncbi.nlm.nih.gov/pubmed/20698789
https://doi.org/10.3389/fneur.2020.563375
http://www.ncbi.nlm.nih.gov/pubmed/33101176
https://doi.org/10.1371/journal.pone.0099682
http://www.ncbi.nlm.nih.gov/pubmed/24992266
https://doi.org/10.7326/M15-2521
http://www.ncbi.nlm.nih.gov/pubmed/27089537
https://doi.org/10.1016/j.apmr.2024.07.020
http://www.ncbi.nlm.nih.gov/pubmed/39168298
https://doi.org/10.23736/S1973-9087.17.04712-8
https://doi.org/10.23736/S1973-9087.17.04712-8
http://www.ncbi.nlm.nih.gov/pubmed/28901118
https://doi.org/10.1186/s12891-015-0469-6
https://doi.org/10.1186/s12891-015-0469-6
http://www.ncbi.nlm.nih.gov/pubmed/25886975
https://doi.org/10.2196/69660
http://www.ncbi.nlm.nih.gov/pubmed/40802966
https://doi.org/10.1177/20552076251326233
https://doi.org/10.1177/20552076251326233
http://www.ncbi.nlm.nih.gov/pubmed/40177121
https://doi.org/10.1177/20552076241260367
http://www.ncbi.nlm.nih.gov/pubmed/39229467
https://doi.org/10.3389/fdgth.2025.1544754
https://doi.org/10.3389/fdgth.2025.1544754
http://www.ncbi.nlm.nih.gov/pubmed/40630051
https://doi.org/10.3233/SHTI240014
http://www.ncbi.nlm.nih.gov/pubmed/38682507
https://doi.org/10.1186/s42836-022-00137-4
http://www.ncbi.nlm.nih.gov/pubmed/36184658
https://www.jmir.org/2026/1/e101277

JOURNAL OF MEDICAL INTERNET RESEARCH Zhang et al

PROSPERO: International Prospective Register of Systematic Reviews
RCT: randomized controlled trial

RoB 2: Risk of Bias 2

ROM: range of motion

RR: rehabilitation robot

SMD: standardized mean difference

SUCRA: surface under the cumulative ranking curve

TFT: telephone follow-up-based telerehabilitation

TKA: total knee arthroplasty

TUG: Timed Up and Go

VAS: visual analog scale

VR: virtual reality

VRT: virtual reality—based telerehabilitation

WOMAC: Western Ontario and McMaster Universities Osteoarthritis Index

Edited by Matthew Balcarras; peer-reviewed by Fabio Santacaterina, Mirella Veras; submitted 13.May.2026; final revised
version received 02.0ct.2026; accepted 05.0ct.2026; published 13 .Nov.2026

Please cite as:

Zhang W, Mei J, Li X, Liu J, Chen K, Zhang D

Effectiveness of Digital Health Interventions on Rehabilitation Outcomes in Patients After Total Knee Arthroplasty:
Systematic Review and Network Meta-Analysis

J Med Internet Res 2026,28:¢101277

URL: hitps.://www .jmir.org/2026/1/e101277

doi: 10.2196/101277

© Wenhua Zhang, Jingqi Mei, Xun Li, Jun Liu, Keliang Chen, Dianbo Zhang. Originally published in the Journal of
Medical Internet Research (https://www.jmir.org), 13.Nov.2026. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work, first published in the Journal of Medical Internet
Research (ISSN 1438-8871), is properly cited. The complete bibliographic information, a link to the original publication on
https://www.jmir.org/, as well as this copyright and license information must be included.

https://www.jmir.org/2026/1/e101277 J Med Internet Res 2026 | vol. 28 1101277 | p. 34
(page number not for citation purposes)


https://www.jmir.org/2026/1/e101277
https://doi.org/10.2196/101277
https://www.jmir.org
https://creativecommons.org/licenses/by/4.0/
https://www.jmir.org/
https://www.jmir.org/2026/1/e101277

	Effectiveness of Digital Health Interventions on Rehabilitation Outcomes in Patients After Total Knee Arthroplasty: Systematic Review and Network Meta-Analysis
	Introduction
	Methods
	Protocol and Registration
	Search Strategy
	Inclusion and Exclusion Criteria
	Literature Screening and Data Extraction
	Risk of Bias Assessment
	Statistical Analysis
	Subgroup Analysis
	Publication Bias Assessment
	Assessment of the Transitivity Assumption
	Certainty of Evidence (CINeMA)

	Results
	Study Selection
	Characteristics of the Included Studies
	Risk of Bias
	Safety Outcomes
	Network Evidence
	NMA of Outcomes
	Overview
	Heterogeneity and PrIs
	Subgroup Analysis
	Publication Bias
	Sensitivity Analysis
	Transitivity Assumption Assessment
	Certainty of Evidence (CINeMA)

	Discussion
	Principal Findings
	Effects of Digital Health Interventions on Pain in Patients After TKA
	Effects of Digital Health Interventions on Active Flexion ROM in Patients After TKA
	Effects of Digital Health Interventions on Knee Function in Patients After TKA
	Interpretation of SUCRA Rankings
	Consideration of Treatment Comparisons and Additional Treatment Exposure
	Distinguishing Statistical Improvement From Clinically Meaningful Improvement
	Equity and Accessibility in Digital Rehabilitation
	Limitations
	Conclusion



