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Abstract

Aims: To examine the effects of virtual reality-based cognitive interventions on cogni-
tive function and activities of daily living among stroke patients, and to identify the
optimal design for such intervention.

Design: Systematic review and meta-analysis.

Data Sources: Medline, EMBASE, Cochrane, CINANL, JBI-EBP and Web of Science
from inception to October 2023.

Methods: Methodological quality was assessed by Risk of Bias Tool. Meta-analyses
were assessed by Review Manager 5.4. Subgroup analyses were conducted to explore
theinfluence of study design. Grading of Recommendations Assessment, Development
and Evaluation approach was adopted to assess the certainty of evidence.

Results: Twenty-five randomized controlled trials (1178 participants) were included.
Virtual reality-based cognitive interventions demonstrated moderate-to-large effects
in improving global cognitive function (SMD=0.43; 95% CI [0.01, 0.85]), executive func-
tion (SMD=0.84; 95% ClI [0.25, 1.43]) and memory (SMD=0.65; 95% CI [0.15, 1.16])
compared to control treatments. No significant effects were found on language, visu-
ospatial ability and activities of daily living. Subgroup analyses indicated one-on-one
coaching, individualized design and dynamic difficulty adjustment, and interventions
lasting = 6 weeks had particularly enhanced effects, especially for executive function.
Conclusions: Virtual reality-based cognitive interventions improve global cognitive
function, executive function and memory among stroke patients.

Implications for the Patient Care: This review underscores the broad cognitive advan-
tages offered by virtual technology, suggesting its potential integration into standard
stroke rehabilitation protocols for enhanced cognitive recovery.

Impact: The study identifies key factors in virtual technology interventions that ef-

fectively improve cognitive function among stroke patients, offering healthcare
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1 | INTRODUCTION

Stroke is a life-threatening condition characterized by the disruption
of blood circulation to the brain, leading to oxygen deprivation, brain
tissue damage and functional loss (Greenberg et al., 2022). As a major
global cause of disability and mortality, stroke affects over 80 million
people worldwide (Lindsay et al., 2019). Beyond the well-documented
motor impairments, cognitive deficits and memory loss are common
consequences (Mane et al., 2019). A meta-analysis of 23 studies re-
vealed that about 40% of stroke survivors experiencing cognitive im-
pairment in the first year post-stroke (Sexton et al., 2019). Cognitive
deficits post-stroke is influenced by several factors such as stroke lo-
cation, severity, age and time of onset. The most frequently impacted
functions include executive, attentional and memory skills (Torrisi
et al., 2019). Importantly, these cognitive challenges can hinder the
effectiveness of other rehabilitation efforts, such as motor function
recovery, which is essential for regaining daily independence (Lingo
VanGilder et al., 2020; Torrisi et al., 2019). Prior research indicates
that stroke patients with cognitive impairments place a greater bur-
den on caregivers (Viscogliosi et al., 2019), and are more likely to face
earlier institutionalization, increased mortality rates and elevated
healthcare costs (Jeffares et al., 2022). Given these implications,
early and comprehensive cognitive rehabilitation is imperative, par-
ticularly when the central nervous system exhibits heightened neu-
roplasticity post-stroke. This strategy has the potential to mitigate,
or even reverse, cognitive decline (Levin, 2020).

Cognitive rehabilitation is centred around the restoration of cog-
nitive function and the development of new skills to compensate for
cognitive impairments, ultimately enhancing independence in various
roles (Mingming et al., 2022). Recent studies have delved into the
effectiveness of various interventions aimed at improving cognitive
function in stroke survivors. One systematic review and meta-analysis
found that stroke patients who underwent cognitive rehabilitation
exhibited less memory loss immediately after the intervention com-
pared to control groups (das Nair et al., 2016). Additionally, another
meta-analysis suggested significant improvements in cognitive per-
formance and measures of attention/processing speed among stroke
patients who received physical activity training (Oberlin et al., 2017).
It is important to note that therapy outcomes are dose-dependent.
Therefore, intensive, high-repetition and task-specific therapies
have been recommended to maximize clinically meaningful gains
(McDonald et al., 2019). However, implementing these techniques
can be challenging. They are often tedious, resource-intensive, costly

providers a framework for leveraging such technology to optimize cognitive outcomes

Reporting Method: PRISMA 2020 statement.
PROSPERO Registration Number: CRD42022342668.
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e Cognitive impairment affects up to 40% of stroke pa-
tients, increasing the risk of dementia and reducing daily
independence. Virtual reality-based cognitive interven-
tions have been found to significantly enhance global
cognitive function, executive function and memory in
these patients. Promisingly, one-on-one coaching, per-
sonalized design and longer intervention durations show
potential for maximizing cognitive benefits. Integrating
virtual technology into standard stroke rehabilitation
is recommended as a cost-effective means to improve

post-stroke cognitive impairment.

and primarily focused on motor skills, which can lead to a lack of par-
ticipant interest and poor treatment adherence (Juckett et al., 2020;
Longley et al., 2019), compromising the potential benefits of such in-
terventions. Given the limitations of conventional rehabilitation, vir-
tual reality (VR) has emerged as a novel technology in the past decade
to improve cognitive function in stroke patients.

Virtual reality is a computer-based technology that allows stroke
patients to engage with multiple sensory modalities, facilitating sim-
ulated practice of functional tasks at a higher intensity compared to
traditional models. Furthermore, VR technology immerses stroke
patients in environments resembling real-world scenarios, engag-
ing them both motorically and cognitively to restore neuroplasticity
(Levin, 2020). In recent years, a growing number of randomized con-
trolled trials (RCTs) have adopted VR interventions for stroke reha-
bilitation in post-stroke patients. VR interventions align with a key
principle of neurological rehabilitation by offering repetitive, inten-
sive, challenging and task-oriented training involving various cogni-
tive abilities (Takeuchi & Izumi, 2013). VR provides a highly adaptable
environment that can cater to the diverse needs, disabilities and
goals of patients, offering variations in intensity, difficulty levels and
a range of task choices. Moreover, participants are immersed in ex-
pansive environments representing real-life scenarios, providing safe,
accessible and engaging methods to more effectively improve activ-
ity of daily living (ADL) (Wender et al., 2022). These characteristics
collectively make VR-based interventions an ideal approach to en-
hance cognitive function and regain independence in everyday life.
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Although review studies investigated the effects of VR inter-
vention on global cognitive outcomes, its effectiveness on cognitive
outcomes and ADL remains largely unknown. Zhang et al. (2021)
extensively evaluated the effects of 87 RCTs (n=3540), while Gao
et al. (2021) (n=209) assessed the effects of six RCTs on global
cognitive function but they did not delve into the effects on more
specific cognitive domains. Wiley et al. (2020) summarized find-
ings from eight studies (n=124) that explored global and specific
cognitive domains, yet their focus on VR interventions tailored for
cognitive improvement was somewhat limited, potentially leav-
ing the true cognitive benefits of VR intervention inconclusive. In
addition, these previous studies have lacked subgroup analyses,
making it unclear which implementation strategies are the most
effective. Understanding the most effective training approaches
is crucial for guiding the future development of VR-based inter-
ventions to achieve optimal cognitive benefits for stroke patients.
Therefore, this systematic review and meta-analysis served to
fill such a research gap by (i) examining the effects of VR-based
cognitive intervention on cognitive function and ADL among pa-
tients with stroke and (ii) identifying the optimal study design

components.

2 | METHODS

This systematic review and meta-analysis were conducted ac-
cording to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) 2020 checklist (Page et al., 2021)
(Appendix S1), and have been registered in the PROSPERO
International Prospective Register of Systematic Reviews
(CRD42022342668).

2.1 | Search strategy

Six electronic databases, including Medline, PubMed, EMBASE,
Cochrane Database of Systematic Reviews, CINAHL Plus and JBI
EBP, were searched from the inception to 20 October 2023, using
the following keywords: ‘activities of daily living’, ‘cognitive func-
tion’, ‘virtual reality’ and ‘stroke’. Appendix S2 outlines the details of
the search strategies in PubMed. In addition, reference lists of the
included studies, published systematic reviews and meta-analyses

were searched to reduce publication bias.

2.2 | Eligibility criteria

The inclusion criteria were established by using the PICOS ac-
ronym, including (i) P (population): stroke patients; (ii) | (inter-
vention): VR-based intervention primarily aimed at improving
cognitive function; (iii) C (control): any types of control treatment
including active control or usual care; (iv) O (outcome): at least one
cognitive domain such as attention, memory, executive function or

g—Wl LEYJﬂ
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language; (iv) S (study design): RCTs. This review included studies
published in English and peer-reviewed journal. Exclusion criteria
were as follows: (i) studies focusing on motor rehabilitation only;
(ii) discussion paper, editorial paper and commentary; (iii) pre-
experimental studies; and (iv) pilot study with <10 participants
per group.

2.3 | Data extraction

The literature search was conducted by two reviewers (RL, JJS) inde-
pendently in August 2022, and an additional search was conducted
in October 2023. Endnote X9.1 was used for literature screening and
management. After titles and abstracts were screened, and full texts
of potentially relevant studies were retrieved. These texts were then
evaluated for eligibility based on the study's adherence to prede-
fined inclusion and exclusion criteria. Any disagreements arising
during the literature search were resolved through discussion until a
consensus was reached. Data extraction was independently carried
out by the same two reviewers, RL and JJS, using a standardized data
extraction sheet that had been created in advance. Table 1 provides
a summary of the study characteristics, encompassing details such
as the first author, publication year, study design, country, partici-
pant characteristics (mean age, gender), description of the interven-
tion and control arms. In situations where it was necessary to obtain
additional information and data for pooling, the original authors

were contacted.

2.4 | Quality assessment

Two reviewers (RL and JJS) independently conducted a methodologi-
cal quality assessment for each included study using the ‘Risk of Bias
2.0’ tool (Sterne et al., 2019). The tool categorizes studies as having
a low, high or unclear risk of bias (Higgins & Green, 2008). This tool
assesses internal validity, including (1) random sequence generation,
(2) allocation concealment, (3) selecting reports, (4) blinding of par-
ticipants and personnel, (5) blinding to outcome assessment and (6)

incomplete outcome data (Sterne et al., 2019).

2.5 | Statistical analyses

Pairwise meta-analyses were conducted using the Review Manager
5.4 software (Cochrane Collaboration, 2014). Data pooling occurred
when at least three studies reported the same outcome indicator.
Effect sizes were calculated using the standardized mean difference
(SMD) and 95% confidence intervals (Cl), with inputs from partici-
pant numbers, mean differences and standard deviations (SDs). The
SMD was interpreted following Cohen's guidelines, with values of
0.2, 0.5 and 0.8 indicating small, medium and large effect sizes, re-
spectively. To assess statistical heterogeneity among the studies, I?
statistics were employed, with I? values exceeding 50% suggesting
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(Continued)

TABLE 1

Number of

Gender
ratio

Mean
age

participants

(intervention/

control)

First author,

year

Dosage

Control

Intervention

(female)

(years)

N

Country

No.

30-min, 3d/w, 4-5w

Conventional rehabilitation and

One-on-one supervised VR games for

48.00

61.20

35/35

70

Czech

Dabrowska,

23

Journal of

occupational therapy aimed at

painting and puzzles

2023

improving bimanual activities, motor

skills and coordination

15-min, 6d/w, 6w

Conventional cognitive training on

Supervised VR with skill training,

43.33

74.16

Liu, 2022 China 30 15/15

24

processing speed, attention, memory,
executive functions and problem-

solving abilities

exergames and entertainment

ILEY~Clinical Nursing
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Session duration no

Conventional rehabilitation incorporates

Supervised VR training for image

43.62

64.70

49/45

Shi, 2023 China 94

25

reported, 6d/w,

8w

tailored treatments to enhance

pairing, obstacle navigation and

cognitive skills

communication and psychological well-
being, complemented by functional

training such as retelling exercises and

memory tasks

Note: d, days; m, months; min, minutes; VR, virtual reality intervention; w, weeks.

possible heterogeneity. Subgroup analyses were conducted to in-
vestigate the sources of heterogeneity and to examine the impact
of various study characteristics on treatment effects. These charac-
teristics included delivery mode (self-directed, one-on-one coach-
ing or group-based format), dosage (either above or below median
values for the number of sessions, session duration and treatment
duration), mode of delivery (incorporation of dynamic difficulty ad-
justment), study design (customized for cognitive improvement vs.
commercially available VR systems) and intervention design (involv-
ing activity of daily living simulation vs. individualized design). In
cases where there were an insufficient number of studies for sub-
group analysis, sensitivity analyses were performed.

The certainty of evidence was assessed using the Grading
of Recommendations Assessment, Development and Evaluation
(GRADE) methodology (Schiinemann et al., 2013), which ranks the
evidence as either very low, low, moderate or high. Given the antic-
ipated heterogeneity across diverse study designs, random-effects
models were used for all analyses. Publication bias was assessed by
visually inspecting funnel plots when at least 10 studies reported
the same outcome. For studies lacking adequate data for pooling,

narrative analyses were supplied.

3 | RESULTS

3.1 | Study selection

Figure 1 shows the PRISMA flow diagram. The literature search
yielded 2523 citations, of which 326 duplicates and 2051 irrel-
evant records were removed. Full-text articles from 68 studies
were screened for eligibility, and 25 studies were included for final

review.

3.2 | Methodological quality assessment

Figure 2 presents the quality of the evidence. The primary methodo-
logical concerns pertained to the lack of blinding for both personnel
and outcome assessors. Most studies either did not blind partici-
pants because of experimental constraints or failed to report the
blinding status for outcome assessors. Seven studies exhibited un-
clear attrition bias due to unspecified reasons for attrition. All stud-
ies were assessed as having a low risk of bias in terms of selective

reporting and other potential biases.

3.3 | Participant characteristics

Table 1 presents the characteristics of the included studies. The in-
cluded studies were published from 2011 to 2023 in nine regions.
The sample consisted of 1178 participants with a mean age of 60.86
(ranging from 43.70 to 72.95). Subject recruitment was conducted
from hospitals, community centres and outpatient clinics. Thirteen
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FIGURE 1 PRI.SMA flow dlagram [ Identification of studies via databases and registers ]
(n=25). [Colour figure can be viewed at
wileyonlinelibrary.com] )
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studies (Ballester et al., 2017; Faria et al., 2016, 2018, 2020; Johnson
et al,, 2020; Kannan et al., 2019; Kim et al., 2020; Lee et al., 2017,
Liu et al., 2022; Maier et al., 2020; Manuli et al., 2020; Navarro
et al., 2020; Park & Lee, 2019) recruited individuals with chronic
stroke (26 months), seven studies (Dabrowska et al., 2023; De Luca
et al., 2018; Lee et al., 2020; Oh et al., 2019; Rogers et al., 2019;
Shi et al., 2023; Simsek & Cekok, 2016) focused on subacute stroke
(2weeks to 6 months), four studies (Baltaduoniené et al., 2019; Kim
et al., 2011; Lin et al., 2020; Wilson et al., 2021) with acute stroke
(within 2weeks) and one study (Gamito et al., 2017) did not provide
information for stroke stage. The included studies recruited partici-
pants with varying levels of cognitive function. Eleven studies re-
cruited participants without dementia, requiring a Mini-Mental State
Assessment (MMSE) score above 19 to 25 (Ballester et al., 2017,
Dabrowska et al., 2023; Kannan et al., 2019; Lee et al., 2019; Navarro
et al.,, 2020; Oh et al., 2019; Park & Yoon, 2015; Shi et al., 2023;
Simsek & Cekok, 2016), and a Montreal Cognitive Assessment
score (MoCA) above 24 (Johnson et al., 2020; Liu et al., 2022). Eight
studies recruited participants with or without dementia, based on
MMSE score ranging from 10 to 16 (Baltaduoniené et al., 2019; De
Luca et al., 2018; Faria et al., 2016, 2018; Kim et al., 2011; Maier
et al., 2020; Manuli et al., 2020), or a MoCA score above 16 (Lee
et al,, 2017). Five studies (Faria et al., 2020; Gamito et al., 2017; Lin
et al., 2020; Rogers et al., 2019; Wilson et al., 2021) did not report
the baseline cognitive level of their participants.

3.4 | Intervention characteristics

Table 1 and Appendix S4 provide an overview of the key ele-
ments. Majority of studies utilized non-immersive VR systems
(n=22), where participants were still aware of their physical sur-
roundings while engaging with the virtual content displayed on
the screen of computer monitors or tablet. Shi et al. (2023), Lin
et al. (2020) and Manuli et al. (2020), however, conducted their
studies in a fully immersive environment, which uses headsets or
goggles to create a sense of complete immersion and presence in
a virtual world. Nine studies incorporated components related to
ADL simulation, of which the virtual systems replicated actions
and situations encountered in everyday life. Three studies (De
Luca et al., 2018; Kim et al., 2020; Lee et al., 2017) trained the
participants to perform the ADL-related tasks such as cooking by
using real instruments. Gamito et al. (2017) engaged participants
in scenarios related everyday activities, such as grocery shopping
and findings ways to supermarket. In contrast, three studies (Faria
et al., 2016, 2018, 2020) immersed participants in a simulated city
environment with streets, shops and buildings, replicating real-
world situations. Seven studies adopted an individualized design
approach (Faria et al., 2016, 2018, 2020; Johnson et al., 2020; Lee
et al., 2020; Manuli et al., 2020; Rogers et al., 2019) adopted an
individualized design approach. Tasks were tailored to the specific
needs of pats and identified during baseline assessments. The
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Incomplete outcome data (attrition biasi

= | Allocation concealment (selection bias)

= | Blinding of participants and personnel (performance hias)

majority of studies (n=19) incorporated dynamic difficulty adjust-
ments. This involved a progression in task difficulties through in-
creasing intensity and complexity, ensuring an adaptive approach

to the intervention.

3.5 | Virtual technology interface

Both custom-made and commercially available virtual technology
was used; 17 studies adopted custom-made systems tailored for
cognitive improvement, typically designed for laboratory use and in-
tegrated with virtual technology interfaces. Additionally, four stud-
ies utilized off-the-shelf gaming consoles, including Nintendo Wii
(Kannan et al., 2019; Navarro et al., 2020; Simsek & Cekok, 2016)
and Xbox games (Lee et al., 2017), originally intended for the general
population but increasingly applied in rehabilitation settings.
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Deluca20'8 |2 |2 |2 |2 |2 . . The VR-based cognitive intervention was delivered by research
Faria 206 . . . . 2 . . assistants or healthcare professionals, including nurses, occupa-
tional therapists, physiotherapists and psychologists. The majority
Faria 2020 . . . . . . . of these interventions (n=17) involves one-on-one coaching, em-
Fraia 20°8 . 2 |2 . . . . phasizing the interaction between the interveners and the partici-
) pants. For instance, in the study of Rogers et al. (2019), interveners
Gamito 20° 4 . A AL . . provided verbal cues and explanations throughout the training to
Johnson2020 | @ | D (@ | S | © | S | S enhance understanding, safety and engagement in the program.
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Kannan 20° 9 . el alele . . e interveners also continuously monitored participants' progress
adjusting task difficulty according to their individual needs and per-
KimBR20°1 |2 |2 |2 . . . . formance (De Luca et al., 2018; Lin et al., 2020; Park & Yoon, 2015).
KimDH20°8 | 2 . 2 |2 . . . The study of Navarro et al. (2020) adopted a group-based format by
engaging participants to compete with each other during the train-
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2020; Maier et al., 2020; Manuli et al., 2020; Oh et al., 2019), occu-
pational/physiotherapy motor training (n=11) (Ballester et al., 2017;

FIGURE 2 Risk of bias tools (n=25). [Colour figure can be
viewed at wileyonlinelibrary.com]

Dabrowska et al., 2023; De Luca et al., 2018; Kannan et al., 2019; Kim
etal., 2020; Leeetal.,2017; Lin et al., 2020; Park & Lee, 2019; Rogers
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TABLE 2

Activity of daily

Visuospatial
function

living

Language

Working memory Attention

Executive function

Global cognitive function

ILEY~Clinical Nursing

-0.16 (-0.48,0.16)

0.37 (-0.44,1.17)

0.70(-0.03, 1.42)

0.41(-0.15,0.97)

< 6weeks

Session duration

Journal of

-0.16 (-1.00, 0.69)
-0.19 (-0.48, 0.10)

0.48 (0.08, 0.88)

0.70(-0.03, 1.42)
1.04(0.02, 2.07)

0.31(-0.33,0.96)
0.55(-0.05, 1.14)

> 45min

0.37(-0.44,1.17)

< 45minutes

data pooling was not possible due to the limited number of included studies in the respective outcome;

statistically significant; ADL, activity of daily living; OT, occupational therapy; VR, virtual reality.

Note: This table only presents the results for the studies included for data pooling; //

Bold

ROSE SIN Yl ET AL.

et al., 2019; Simsek & Cekok, 2016; Wilson et al., 2021); a combina-
tion of conventional computerized and pencil-and-paper cognitive
training (n=1) (Baltaduoniené et al., 2019), individual-format in-
tervention (n=1) (Navarro et al., 2020), recreational activities (i.e.
playing video games [n=1]) (Lee et al., 2020), computer-assisted
cognitive rehabilitation (n=3) (Kim et al., 2011; Liu et al., 2022; Shi
et al., 2023), except the study of Johnson et al. (2020) adopted treat-

ment as usual care, and Gamito et al. (2017) adopted waitlist control.

3.9 | Results of meta-analyses
3.9.1 | Global cognitive function

Table 2 and Appendix S5 present the pooling results. Global cogni-
tive function, refers to a comprehensive assessment of individuals
cognitive abilities, was assessed by 16 studies (n=2864) using MoCA,
MMSE, Function Independence Measure, Addenbrooke's Cognitive
Examination and Timed up and go cognition test. The VR-based cog-
nitive intervention demonstrated a small effect on global cognitive
function, although high heterogeneity was detected (SMD=0.43,
95% C1[0.01, 0.85], p=.04; I>=82%). Subgroup analyses for studies
that adopted one-on-one coaching (SMD=0.57; 95% CI [0.02, 1.12];
1?=82%), individualized design (SMD=1.10, 95% Cl [0.43, 1.77],
p<.01; I2:79%) and interventions custom-made for cognitive func-
tion (SMD=0.53, 95% CI [0.05, 1.02], p=.03; I?=84%) resulted in a
greater overall effect compared to those without such features. The
study of De Luca et al. (2018), which was not included in the pooled
analysis due to insufficient data, demonstrated a positive effect with
one-on-one coaching by therapists measured by the MMSE (95% Cl
[20.1-45.9], p <.0001), while Dabrowska et al. (2023) which adopted

a similar approach did not reveal significant treatment effect.

3.9.2 | Executive function

Executive function, including cognitive processes such as plan-
ning, set shifting and inhibition (Baggetta & Alexander, 2016), was
assessed in nine studies (n=322) using digit span test-backward,
averaged standardized composite score, Frontal Assessment
Battery and subscale of MoCA. VR-based cognitive interven-
tion demonstrated significant large effect on improving execu-
tive function with high heterogeneity (SMD=0.84, 95% Cl [0.25,
1.43], p=.005; I>=80%). More substantial effects were observed
for those adopted one-on-one coaching (SMD=0.95, 95% CI
[0.18, 1.71], p=.01; I>=66%), dynamic difficulty adjustment
(SMD=0.91, 95% CI [0.24, 1.59], p <.01; I?=82%), ADL simulation
(SMD =0.94; 95% Cl [0.17, 1.71], p=.02; I>=85%), individualized
design (SMD=1.72, 95% CI [0.82, 2.62], p<.01; I>=66%) and vir-
tual system custom-made for cognitive improvement (SMD =0.87,
95% CI [0.17, 1.58], p=.02; I2=83%). For intervention dosage,
adopting more than 20 sessions (SMD=0.95, 95% CI [0.18, 1.71],
p=.01;1?=66%), <45min (SMD = 1.04; 95% CI [0.02, 2.07], p=.05;
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1>=86%) over 6weeks (SMD=1.04; 95% Cl [0.02, 2.07], p=.05;
1>=86%) reported greater treatment effects. No significant effect
was found for the study of Faria et al. (2018) and Liu et al. (2022)
that were excluded from pooling.

3.9.3 | Working memory

Working memory was assessed in nine studies (n1=268) using the
memory subscale of Addenbrooke's Cognitive Examination, memory
subscale of MoCA, digit span test-forward, Colour trail test-A and
the averaged standardized composite score. A moderate effect was
reported with high heterogeneity (SMD=0.65, 95% Cl [0.15, 1.16],
p=.01; I’=65%). Significant effects with similar magnitude were dem-
onstrated by studies adopting virtual system custom-designed for cog-
nitive improvement (SMD =0.65; 95% CI [0.00, 1.29], p=.05; P=72%),
those with treatment more than 6 weeks (SMD=0.48, 95% CI [0.08,
0.88], p=.02; I’°=0%) and sessions more than 45min (SMD=0.48;
95% Cl [0.08, 0.88], p=.02; P=0%). Subgroup analyses also showed
that adopting one-on-one coaching, ADL simulation and individualized
design did not show significant differences. Data pooling was not con-
ducted for three studies; Faria et al. (2018) and Gamito et al. (2017)
demonstrated significant effects, yet not for Liu et al. (2022).

3.94 | Attention

Attention was assessed by 12 studies (n=406) using trail mak-
ing test-A, continuous performance test, averaged standardized
composite score and d2TA, and found with non-significant treat-
ment effect (SMD=-0.18, 95% Cl [-0.48, 0.11], p=.22; I?’=40%).
Subgroup analysis demonstrated those adopting one-to-one coach-
ing (SMD=-0.35, 95% CI [-0.63, -0.08], p=.01; [=0%) and those
custom-made for cognitive improvement (SMD=-0.32, 95% CI
[-0.56, -0.08], p<.01; I?=0%) had significant greater positive ef-
fects on attention. Excluding studies that adopted a combination of
VR intervention and conventional occupational therapy, the treat-
ment effects remained significant with heterogeneity resolved
(SMD=-0.32, 95% CI [-0.56, -0.08], p<.01; l2=0%). Incorporating
ADL simulation, individualized design and various treatment duration
did not show a significant difference. The study of Faria et al. (2018)
was not pooled due to inadequate data. Its results echoed the pool-
ing data to report the significant treatment effect of a one-on-one
format with the ADL elements on attention (p=.002), while De Luca
et al. (2018) did not report its result on attention.

3.9.5 | Language
Language was assessed in four studies (n=95) using the language

subscale of Addenbrooke's Cognitive Examination, MoCA subscale

and the Neurobehavioral Functioning Inventory—communication

Clinical Nursing™

subscale. No significant effect was reported with low heteroge-
neity (SMD=0.81; 95% Cl [-0.05, 1.67], p=.06; I>=65%, p=.06).
Subgroup analysis was not conducted due to the limited number
of included studies. The study of Faria et al. (2018) which was not
included in data pooling due to inadequate data demonstrated sig-
nificant improvement in language in the control group but not in the

intervention group.

3.9.6 | Visuospatial function

Visuospatial function was assessed in five studies (n=128) using the
visuospatial subscale of Addenbrooke's Cognitive Examination, Star
Letter Cancellation, Rey Complex Figure Test, Visual Span Test and
Spatial Awareness test. No significant effect was reported with low
heterogeneity (SMD=0.37; 95% CI [-0.06, 0.81], p=.09; I?°=0%).
Subgroup analysis was not conducted due to the limited number of
included studies. For studies not included in pooling, both Gamito
et al. (2017) and Faria et al. (2018) which adopted non-immersive
virtual technology indicated non-significant treatment effects on

visuospatial function.

397 | ADL

ADL was assessed in four studies (n=414) without adopting ADL sim-
ulation using the Korean version of the Modified Barthel Index, and
Barthel Index. No significant effect was reported when compared
to the control group without heterogeneity (SMD=0.08; 95% Cl
[-0.20, 0.37]; p=.57; >’=0%). Subgroup analysis was not conducted
due to the limited number of included studies. Faria et al. (2018),
Dabrowska et al. (2023), Liu et al. (2022) and Shi et al. (2023) were
excluded from the pooling due to missing SD; its result indicated the

non-significant treatment effect on the ADL.

3.9.8 | Rating of the body of evidence

Appendix S3 summarizes the quality of evidence. Across outcomes,
the quality ranged from very low for language to high for attention,
visuospatial function and ADL. Global cognitive function was rated
as low, while executive function and working memory received a

moderate rating.

3.99 | Publication bias

Visual inspection of contour-enhanced funnel plots was conducted
for global cognitive function, which included more than 10 studies in
data pooling (Appendix S6). The result showed a rather asymmetrical
shape, except for Rogers et al. (2019) deviated from the symmetry,
indicating a possible publication bias in this outcome.
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4 | DISCUSSION

To our knowledge, this review is the first to assess the impact of
VR-based cognitive intervention on cognitive function and ADL
in stroke patients. Our findings suggest that VR-based cognitive
intervention led to significant improvements in global cognitive
function, executive function and memory compared to control
treatments. However, it did not yield significant effects on at-
tention, visuospatial ability, language or ADL. Subgroup analyses
revealed that incorporating ADL simulation, one-on-one coach-
ing, dynamic difficulty adjustment and individualized design can
enhance cognitive benefits, particularly in the realm of executive
function.

This review demonstrated significant moderate effects of VR-
based cognitive intervention in improving global cognitive function
among stroke patients. Such positive results were not reported in
previous meta-analyses conducted by Zhang et al. (2021), Wiley
et al. (2020) and Gao et al. (2021). This disparity may be attributed
to the fact that our review primarily focused on VR-based cogni-
tive intervention embedded with cognition and motor training.
Beyond mobility training, VR-based cognitive intervention required
participants to comprehend tasks and respond accordingly within
an artificial environment offering multisensory feedback (Cooper
et al., 2018). Engaging in visual, auditory and/or tactile stimula-
tion demands coordination across various cognitive domains, such
as decision-making, attention and memory (Brugada-Ramentol
et al., 2022). These cognitive functions are closely tied to the recon-
struction and reorganization of new synapses to repair brain lesions
after neurological injuries (Johansson, 2012). Furthermore, sub-
group analyses suggested that dynamic difficulty adjustment gen-
erated a higher magnitude of treatment effect. Qualitative analysis
indicated that difficulty adjustment proved highly useful in enhanc-
ing engagement by boosting participants' confidence and feelings of
joy (Pallesen et al., 2018). Guided by motivational feedback across
different levels, participants can quantify their progress and evalu-
ate their rehabilitation journey towards greater health benefits.

Our review, in line with a previous review examining 23 RCTs
on general VR therapies for stroke patients (SMD=0.88) (Zhang
et al., 2021), also found a large positive effect of VR-based cogni-
tive intervention. The most pronounced impact was observed in
executive function (SMD=0.84). Notably, when the VR interven-
tions incorporated elements such as one-on-one coaching, individ-
ualized design, dynamic difficulty adjustment and ADL simulation,
the treatment effect on executive function was even more signif-
icant (SMD=0.91-1.72). Executive function encompasses a range
of advanced cognitive skills essential for planning, monitoring and
executing complex, goal-oriented tasks (Hofmann et al., 2012).
Unlike traditional cognitive rehabilitation, which often involves
repetitive, step-by-step tasks, VR environments challenge partic-
ipants to process information from various sources and perform
multiple cognitive functions within simulations of real-life situations
(Johansson, 2012). The ADL-based scenarios used in the studies we
analysed, such as meal preparation, ATM use and grocery shopping

(Faria et al., 2016, 2018, 2020), required coordination across high-
level cognitive domains, including working memory, processing and
decision-making (Nguyen et al., 2019). Navigating multiple cognitive
processes simultaneously are known to enhance activity-dependent
plasticity (Kleim & Jones, 2008), leading to more rapid and compre-
hensive functional recovery. Additionally, VR-based interventions
offer a personalized and interactive context, where participants en-
gage in functional tasks tailored to their abilities, receive real-time
feedback and adapt to impaired functional tasks more effectively.
These features contribute to improved executive function.

In concordance with the review of Zhang et al. (2021), both
meta- and narrative analysis of this review consistently highlighted
the significant effects on improving working memory. Indeed,
working memory has been regarded as one of the core mental skills
required in executive function (Nguyen et al., 2019); therefore, the
exceptional improvement in executive function may have explained
the positive effects of working memory. The ADL-related scenarios
adopted in the pooled studies included memory-related parame-
ters, requiring the participants to memorize numbers, recipes and
lists of items. Being repetitively engaged in the process of encod-
ing, retrieval and recognition of cues has a direct effect on the im-
provement of working memory. Subgroup analysis also provided
insight into the more effective dosage; consistent with the result
in executive function, a longer treatment duration (26 weeks) con-
tributed to a more beneficial cognitive improvement among stroke
patients. Such findings also aligned with the intervention guide-
line of stroke rehabilitation that increased time spent in training
can provide more beneficial changes in cognitive function (Clark
etal, 2017).

Improvement in attention is crucial for both functional per-
formance and active participation in rehabilitation programme
(Loetscher et al., 2019). Qualitative studies on the user experi-
ence of virtual technology underscores its benefits: its immersive
and rewarding features lead to longer time engagement in training
compared to conventional rehabilitation (Gustavsson et al., 2021).
However, our meta-analysis did not find a significant improvement
in attention, which echoed the results of Wiley et al. (2020). The
data indicated that one-on-one coaching was the only method that
significantly improved attention. This suggests that stroke patients’
attention deficits may hinder the effectiveness of VR training. When
supervised, these patients received targeted instruction, explana-
tion and encouragement, factors that can sustain their engagement
(Gustavsson et al., 2021). In addition, real-time feedback helped par-
ticipants correct errors, thereby enhancing their performance and
overall motivation (Pallesen et al., 2018).

No significant improvements were observed in language and
visuospatial ability, possibly due to the lack of training in verbal
conversation and social communication during the intervention.
Moreover, majority of pooled studies adopted a non-immersive VR
interface. This design feature, which allows participants to remain
aware of the real-world environment, may limit the effectiveness
of VR in enhancing visuospatial skills compared to a fully immersive
experience.
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This review showed no significant effect on the ADL, possibly
because only three studies allowed data pooling in this outcome.
Future VR-based interventional studies should include ADL met-
rics, as robust evidence supports a positive correlation between
cognitive gains, especially executive function and attention, and
ADL performances (Lee et al., 2019, 2021; Mograbi et al., 2014). In
addition, none of the pooled studies that measured ADL included
ADL simulation, which is a feature recommended for future stud-
ies. VR technology allows the replication of real-world scenarios,
generating a safe environment to practice functional movement
necessary for daily life (Weber et al., 2019). Such practice no only
helps participants regain lost skills, but also boost their motivation,
enthusiasm and self-efficacy to re-engage in real-world ADL (Long
et al., 2020). Stroke rehabilitation is a long-term process for both
physical and psychological adaptation; it takes time for the partici-
pants not only to gain familiarity with the changed body but also to
accept the subsequent daily impacts and practical help (Dworzynski
et al., 2015). Prolonged rehabilitation is expected, especially when
cognitive impairments further compromise their learning capacities
(Lam et al., 2016). More studies with longer intervention duration
incorporating ADL components are needed to generalize improve-

ment to everyday functioning.

4.1 | Limitations

Some limitations need to be acknowledged. First, several of the in-
cluded studies exhibited methodological weaknesses, such as un-
clear randomization sequences, allocation concealment and a lack
of blinding of participants. Second, heterogeneity persisted despite
subgroup analysis, and some outcomes had low to moderate evi-
dence. These factors can impact data interpretation and hinder a
comprehensive understanding of results. Third, subgroup analysis
based on stroke stages, types of VR technology and types of control
treatments was hindered by limited studies. Future research should
consider conducting subgroup analyses when more data becomes
available. Lastly, the restriction to solely English articles may have
limited the ability to identify trends in research across different re-

gions and cultures.

4.2 | Implications for research

The findings of this meta-analysis revealed the beneficial effects
of VR-based cognitive intervention on global cognitive function
and the more specific domains, including executive function and
memory. However, most of the included studies were pilot test-
ing, and some methodological weaknesses such as lack of blind-
ing to participants or outcome assessors, the unclear process of
random sequence generation, and missing data, were identified.
Therefore, more large-scale, and more rigorously designed studies
are warranted to confirm the beneficial effects of VR-based cog-
nitive intervention as identified in this review. In addition, only a
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few studies followed the participants after the intervention; more
research is needed to explore the optimal intensity and design to

achieve sustainable effects.

4.3 | Relevance to clinical practice

This review emphasizes the potential of individualized design, bol-
stered by one-on-one coaching and dynamic difficulty adjustments,
as effective methods for optimizing the benefit of VR technology
in stroke rehabilitation. Disease management in stroke is inherently
complex due to the diverse range of disabilities and impairments
present in this population (Stinear et al., 2020). Thus, a nuanced and
comprehensive assessment is crucial for tailoring rehabilitation to
each client's specific needs, abilities, and learning styles, thereby
maximizing recovery outcomes. The importance of holistic care in
this context cannot be overstated; it is a core nursing value focused
on complete patient care (Van Rooyen & Jordan, 2013). Nurses are
uniquely positioned to conduct these comprehensive assessments
and oversee tailored interventions. However, to ensure the suc-
cessful deployment of nurse-led virtual technology interventions,
adequate training for nurses is imperative, especially given the fre-
quency of technical challenges reported in the literature (Garrett
et al., 2018). Policymakers must also prioritize resource allocation to
facilitate the integration of virtual technology into routine stroke re-
habilitation programs. This is particularly vital, given that traditional
stroke rehabilitation methods are labour- and resource-intensive.
Lastly, advances in technology have made virtual technology in-
creasingly affordable and accessible. As a result, there is potential
for its application to extend from clinical settings to home-based
rehabilitation. This expansion would offer patients greater flexibil-
ity, overcoming constraints related to time and location, and thereby

promoting more effective recovery.

5 | CONCLUSION

Virtual technology offers an engaging and portable approach re-
sembling real-life scenarios, making it suitable for clinical neuroreha-
bilitation. This review demonstrates the positive impact of VR-based
cognitive interventions on global cognitive function, executive
function and memory. However, they didn't significantly improve
attention, visuospatial ability, language or ADL. Besides virtual tech-
nology, optimizing treatment effects on cognitive function, espe-
cially executive function, involves key elements such as one-on-one
coaching, dynamic difficulty adjustment, individualized design and
ADL simulation. Future research should strongly consider these ele-
ments to maximize VR-based cognitive intervention benefits.
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