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Abstract

Traumatic Brain Injury (TBI) is the leading cause of injury-related death worldwide. In recent
years, Virtual Reality (VR) has emerged as a promising diagnostic and treatment tool capable of
improving Cognitive Function (CF) after TBI. We sought to review the literature on this issue
systematically. Web of Science, PubMed and PsycINFO were screened for relevant literature.
Only randomized control trials whereby TBI-affected individuals underwent VR training and
control groups received standard rehabilitative care were included. Screening, quality appraisal
and data extraction were conducted by independent reviewers using a standardized protocol. Six
studies of ~300 participants met the inclusion criteria and showed that both groups improved their
overall CF post-intervention. However, non-immersive and semi-immersive VR groups had
markedly better scores in all of the cognitive domains measured when compared to non-VR
groups. VR is a potent post-TBI rehabilitative tool that can improve CF in this population and
facilitate the return-to-work process. Future studies should adopt a similar design yet use fully
immersive VR to enhance CF potentially to a greater degree.
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Traumatic brain injury

Traumatic Brain Injury (TBI) refers to a complex
clinical condition of any postnatal brain damage after
suffering a jolt, blunt or penetrating force to the cranium.!
Depending on the severity of injury and clinical features,
TBIs are classified as mild, moderate or severe.> As a
consequence, TBI can lead to disruptions in multiple
health aspects across all age groups — and is expected to
remain a leading cause of injury-related death and
disability through 2030. In addition, the socio-economic
burden caused by TBI is rather alarming, costing the US
alone $400 billion annually.> Multiple studies have shown
that males are more susceptible to TBI, with more than
twice the odds of having had a TBI*® likely because males
are more prone to engage in risk-taking behaviors such as
contact sports and alcohol consumption.’

Health consequences of TBI manifest in survivors in a
range of symptoms, from unconsciousness, confusion,
memory loss and speech difficulties to disability.® Accord-
ing to the 2016 Global Burden of Disease report, TBI was
responsible for 8.1 million healthy years of life lost due to
TBI-related disability.” Cognitive Function (CF) is particu-
larly vulnerable to TBI' among the affected health domains.
Within CF, depending on the severity of TBI and the exact
location of a lesion, executive functions (inhibition, cogni-
tive flexibility, and working memory), characterized as a
set of high-level processes orchestrated via the prefrontal
cortex, might be particularly affected.!® If impaired, this
condition can further translate to limited ability of survivors
to adapt under new circumstances, perform daily tasks,
maintain social relationships or sustain attention, ultimately
impairing survivors’ Quality of Life (QoL).!%1
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Cognitive rehabilitation after traumatic brain injury

To treat TBI survivors and optimize QoL-related cognitive
functions, adequate rehabilitation is necessary. Depending
on the severity of TBI, individuals can be approached with
various protocols that span from cognitive training, physical
training, or a combination of the two, to pharmacological
aids.® Current rehabilitative methods to optimize CF after
TBI predominately rely on an integrative cognitive ap-
proach performed within individual sessions.!* This tech-
nique has been shown to be effective in restoring CF in TBI
patients," but likely lacks practical utility (return-to-work)
that can be achieved through other forms of cognitive re-
habilitation such as Virtual Reality Training (VRT).** In-
deed, conventional post-TBI interventions can effectively
address their specific target but do not automatically trans-
late to improved activity and participation outcomes.

Due to the complexity of underlying mechanisms, severity
of trauma and individual differences, novel approaches to
facilitate TBI rehabilitation have emerged over the last two
decades." Recently, VR has been increasingly prevalent in
health care,'® now also slowly expanding into the field of
neurorehabilitation.!” Concerning TBI, mounting evidence
indicates that VR can be used both as a diagnostic and ther-
apeutic tool.'®

Virtual reality and traumatic brain injury

Essentially, VR can be categorized into immersive, non-im-
mersive, and semi-immersive.!® In fully immersive VR,
users engage in a 360-degree virtual environment using
high-resolution head-mounted devices (i.e., headsets or
goggles), which allow users to believe as if they were “in-
side the real world”, allowing them to interact in real-time.
Similarly, semi-immersive VR lets users experience ele-
ments of VR while maintaining contact with the real sur-
roundings, whereas the non-immersive VR by no means
focuses on intentional isolation from the real-world using
head-mounted devices in order to enhance the immersive-
ness.?’ The VR technology-based interventions offer an im-
mersive and interactive environment that can simulate
real-life scenarios in a controlled and safe manner for the
user.’® Relying on the principles of neuroplasticity, the
brain’s ability to adjust in response to stimuli by performing
targeted and repetitive tasks, VR can facilitate recovery of
affected networks in control of cognitive functions.?! For
that reason, a growing number of research groups around
the world is attempting to exploit VR’s rather substantial
potential to foster cognitive rehabilitation after TB1.22

The aim of the present study was to review the available
literature on VRT aimed at improving CF in TBI-affected
individuals. It was hypothesized that the VRT will induce
greater benefits than standard post-TBI rehabilitative care.
We further hypothesized that the level of VR immersivity
during the session will be proportional to benefits acquired
by the TBI patients.

Materials and Methods
Search strategy

To ensure transparent and accurate reporting, this review
followed the Preferred Reporting Items for Systematic re-

views and Meta-Analyses 2020 (PRISMA 2020) protocol.?
Web of Science, PubMed, and APA PsycINFO were com-
prehensively searched from inception to August 2024, tak-
ing into account only studies available in the English
language. Keywords were gathered via expert opinions,
analysis of systematic reviews and meta-analyses referring
to the VR and CF following TBI, and controlled vocabu-
lary (Medical Subject Headings: MeSH). In all databases,
a Boolean search syntax with operators «KAND» «OR»,
and «NOT» was employed. The example of the Web of
Science search and applied keywords are as follows:
(«traumatic brain injury» OR «TBI» OR «head injury»)
AND («rehabilitation» OR «rehab» OR «recovery» OR
«treatment» OR «therapy») AND («virtual reality» OR
«VR») AND («executive function» OR «cognitive con-
trol» OR «cognition» OR «working memory» OR «up-
dating» OR «cognitive flexibility» OR «switching» OR
«shifting» OR «inhibition» OR «inhibitory controly).
With regard to the additional sources of evidence, a thor-
ough search of Google Scholar was performed. In ad-
dition, reference lists of studies that fulfilled eligibility
criteria and of relevant systematic reviews and meta-anal-
yses were also manually checked. Three reviewers (NL,
BA, and MM) independently searched primary and sec-
ondary sources of evidence. Finally, to ensure that all ex-
isting literature was included, an updated search of the
highlighted databases was carried out at the end of Sep-
tember 2024.

Selection process

Available studies were selected through three relevant
phases, including reviewing titles and abstracts, evaluat-
ing studies sought for retrieval, and analysing full-text
articles assessed for eligibility. Potential inconsistencies
between reviewers regarding all screening aspects were
resolved via discussion until an agreement was reached.
Nonetheless, if it was impossible to reach a consensus
authors made a final decision by consensus. Reviewers
were not blinded to the journal and author names with
respect to the selection of the existing literature.

Data extraction

Data was extracted using a standardized form based on
the guidelines from the Centre for Reviews and Dissem-
ination.?* Data items included: i) Sample size and par-
ticipant characteristics (age, gender, severity of TBI,
time since diagnosis); ii) Intervention specifics ((type
(non-immersive, semi-immersive or fully immersive
VR), frequency, duration and volume of the interven-
tion)); iii) Measurement tools (questionnaires, com-
puter-based tests, etc.) and iv) Outcomes measured (ex.
inhibition, cognitive flexibility, working memory, atten-
tion, etc.).

Risk of bias

Risk of bias was conducted through the Cochrane’s Risk
of Bias Tool for randomized trials (RoB-2).% The tool
assesses risks in several experimental domains such as
bias in the randomization process, deviation from the in-
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tended intervention, bias due to missing outcome data,
bias in data measurement, and selection bias. The overall
judgment consists in a qualitative judgment (low or high
risk, or some concerns). For the purpose of the study,
two independent researchers (AG and NL) assessed all
the included studies. The discrepancies were solved
through discussion. All the studies were judged as low
risk of bias.

Results
Search outcomes and study specifics

A detailed description of search findings is depicted in Fig-
ure 1. After applying eligibility criteria, six studies were in-
cluded in the final analysis of 282 participants.'3?%3° Studies
were of good quality according to the risk of bias scale
(Table 1). All participants suffered various degrees of TBI,

Table 1. Risk of bias of the included studies.

Study ID D1 D2

D5 Overall

De Lucaetal., 2019
De Lucaetal., 2022
De Lucaetal., 2023
Jacobyetal., 2013

Manetal., 2013

Sharma et al., 2024
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Web of Science (n = 297) screening: ecGor S : esn Ihel rr(onrrl. 0)
PubMed (n = 313) > Duplicate records removed C“::?oen s:a(r)c?fn _n =1
APA Psyclnfo (n = 224) (n = 385) itat ing (n =1)
Records screened »| Records excluded
(n =449) (n=375)
Reports sought for retrieval 5| Reports not retrieved Reports sought for retrieval .| Reports not retrieved
(n=74) | n=0) (n=1) (n=0)
Reports assessed for eligibility 5| Reports excluded: Reports assessed for eligibility | Reports excluded
(n=74) e Population (n = 22) (n=1) "l (n=0)
Intervention (n = 10)
Comparison (n = 3)
Outcome (n =19)
Not an original study (n=15)

Studies included in review

(n=6)

Figure 1. PRISMA flow diagram.
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whereby three studies recruited people who have suffered
mild to moderate TBL,'®?3 one recruited moderate to se-
vere TBI patients,” and two studies did not report on the
severity of TBI within the sample.?’-? Participants varied
vastly in age ranging from 18 up to 60 and were subjected
to VRT for 3-6 months since TBI,?*?® while two studies did
not report on time periods since TBI (Figure 1).!82¢
Patients underwent various forms of VRT whereby the ma-
jority of studies employed non-immersive VRT with only
one study using semi-immersive VRT!. Frequency of VRT
was about 3-4 times per week with sessions ranging from
25 to 60 minutes. Four studies lasted for 8 weeks,*?® while
one study did not report on intervention duration.'® Majority
of VRT sessions were active in nature, meaning they had a
physical activity component to it, whereas some were se-
dentary and required participants only to solve prespecified
tasks while sitting. Control groups were subjected to stan-
dardized post-TBI care. No participants have reported ad-
verse side effects due to VR training (Table 1).

Key findings

Four studies have used Montreal Cognitive Assessment
(MoCA) to assess CF in various cognitive domains includ-
ing sustained attention, spatiotemporal orientation, visuos-
patial function, executive function, verbal memory,
language, naming, and abstract thinking.?¢2® All four studies
have shown significantly better improvement in abovemen-
tioned domains post VRT when compared to CG.
Similarly, four studies have employed the Trail Making Test
to test complex attention, cognitive flexibility, inhibition
and working memory.?283 All four studies showed signif-
icantly better outcomes after VRT compared to CG.

Two studies have used the Tower of London Test to inves-
tigate executive planning proficiency, incorporating integra-
tion, delineation, and organization of behaviors necessary
to achieve a goal.'®3° Both studies showed significantly
better outcomes after VRT compared to CG.

One study used the Go-No-Go Test to assess inhibition and
concluded that VRT group had significantly better scores
post-intervention when compared to CG group.?®

One study used Multiple Errands Test (simplified version)
to detect changes in executive function deficits and found
significantly better scores post-intervention in the VRT
group compared to CG.?’ The same study assessed execu-
tive function pertaining to activities of daily living (initia-
tion/starting, organization/setup, sequencing/completing
steps in proper order, determining safety/judgment, and task
completion understanding) and found significantly better
outcomes in the VRT group compared to CG.

One study assessed cognitive reasoning via the Wisconsin
Card Sorting Test and found that the VRT group had sig-
nificantly better outcomes post-intervention compared to
the CG.!8 Detailed information of each study is depicted in
Supplementary Material, Table 1.

Discussion
Main takeaways
The goal of the present study was to review the available

literature on the effects of VR-based training aimed at re-
covering CF in TBI affected individuals. All of the in-
cluded studies have shown that VRT elicited better
outcomes in almost all of the cognitive domains measured
when compared to CGs. These findings are largely anal-
ogous to what has been revealed in previously published
reviews of similar scope and support our initial hypothe-
sis. Namely, it seems that there is an overall consensus
that VRT of 10-12 sessions, 20-40 min in duration per ses-
sion with 2-4 sessions per week can optimize CF in pa-
tients recovering from TBL3!

Beyond CF, VRT shows promising results in the rehabili-
tation of balance and mobility which, in consequence, im-
proves the overall QoL of TBI patients."* However,
evidence on the effects of VR on limb function is rather
limited and necessitates further investigation.

Practical considerations

Although VRT participants showed better overall out-
comes, it is important to delineate several key factors that
might have affected the results. First, the age of the par-
ticipants varied vastly among the included studies (rang-
ing from 18 to 60). In healthy, non-TBI-affected subjects,
despite ongoing debate, it seems that younger individuals
have better neuroplasticity than older ones.*? In a similar
fashion, better outcomes in some individuals might be due
to age differences, yet intervention specifics (quality, ad-
herence, design specifics per se, etc.) and its impact
should not be foreseen. Namely, included studies varied
in terms of nature, frequency, volume and intensity of the
intervention, ultimately determining the intervention qual-
ity of a given study. Lastly, the recruited sample within
the included studies consisted of individuals suffering
from TBI of various severity, ranging from mild to mod-
erate and moderate to severe. Undoubtedly, the severity
of TBI can impact the effectiveness of an intervention ul-
timately affecting the outcomes of it.

Rehabilitative assets of VR

Due to its ecological validity, i.e., mimicry of the real-
world setting, VR has the capacity to enhance brain plas-
ticity and facilitate processes of rehabilitation. No study
in the present review used the fully immersive VR to re-
habilitate CF in TBI affected individuals. To that end, our
results coincide with the existing evidence by Riva et al.,*
who found that VRT neurorehabilitation as an effective
measure of restoring executive functions and visuospatial
abilities without firm evidence on improving measures of
memory, and attention outcomes. It should be highlighted
that the included studies in our review did not utilize the
“full potential” of high-resolution head-mounted devices
to fully deliver the immersiveness in addition to other
beneficial effects of VRT. This is despite increased avail-
ability of VR tools on the market over the past several
years, in addition to significant reductions in pricing of
and rise in commercially available devices (i.e., Meta
Quest) some of which do not require a computer to run
unlike others (Oculus, HTC Vive).** However, except
pricing, differences in graphics play a major role, which
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can determine the level of immersiveness of the delivered
“world” can distinctly differ between high-end and
budget/portable VR systems, ultimately affecting the de-
livered quality and experience of the virtual world or ele-
ments. Furthermore, limited research on safety of VR
suggests it to be safe tool with minimal risks for patients;
in fact, in a study with TBI patients, out of 51 participants
completing the post-intervention survey, none reported
any issues nor discomfort, apart from minimal adverse ef-
fects like mild dizziness* which is similar to our findings,
although individual/subjective perception of VR should
be considered.?>¥” However, one should not overlook the
fact that protocols utilizing the VR headsets to fully ex-
perience the immersiveness must account and possess
adequate room for body movements/spatial orientation in
fully/semi-immersive VR environments. Likewise, unlike
conventional TBI rehabilitation, VRT can reduce boredom
and enhance sense of motivation and enjoyment,¥-4°
which are crucial elements of an effective intervention,
especially if the goal is for this behavior to be repeated
once the intervention is ceased. Moreover, due to pediatric
population being heavily affected by TBIL* inherent ele-
ments of “gamification” may exert additional positive be-
havioral responses in younger populations, especially
since use of smartphones, personal computers, video con-
soles and VR headsets for purposes of both casual and
competitive gaming (i.e., e-sports) made it to the list as an
everyday activity of the modern age. A growing evidence
suggests that game-based interventions have already
proven effective in boosting several aspects of cognition,
including the grey matter of multiple cerebral regions re-
sponsible for optimal CF.*? Next, return-to-work is one of
the most essential objectives of TBI rehabilitation** and
VR can be of exceptional utility in this case given its abil-
ity to mirror the work environment by offering manifold
sensual experience which ultimately facilitates this pro-
cess. This is a profound advantage over conventional
paper and pencil approach which can enhance CF, but
lacks practical utility, i.e. ecological validity. Additionally,
VRT may be individually tailored and adjusted to the
needs of client and treatment objectives, whereby diffi-
culty of a specific task is increased by decreasing the re-
liance on the support and guidance of a therapist.'*

Strengths and limitations

This review is not without limitations. Only six studies
have met the inclusion criteria and were fully analyzed
and extrapolated which led to less than 300 participants
being included. These studies were, according to the risk
of bias scale, of good quality but were mostly testing the
validity and feasibility of VR after TBI. Furthermore, as
all studies were pilot studies in nature with mostly small
sample sizes, the generalizability of presented findings is
rather limited, but identified gap in the literature can be a
“fertile ground” for future studies in this scope of science,
especially given the availability, increasing affordability
and utility of VR in diagnosis and treatment of cognitive
dysfunction following TBI.

By contrast, strengths of the present review are derived
from strict eligibility criteria, accurate and transparent

presentation of the extracted data and confirmed hypoth-
esis on the better cognitive gains acquired by the VR
groups. Namely, as anticipated, VRT produced greater im-
provements in virtually all of the domains measured. In-
deed, it seems that there is a great potential for VRT in the
TBI rehabilitation that is currently underutilized.** Ho-
wever, the second part of our hypothesis on the level of
impressiveness and the magnitude of benefits could not
be proven or disproven as none of the studies used fully
immersive VR.

Conclusions

Our findings indicated that VRT is a potent tool in d re-
habilitating CF in TBI-affected individuals. All the in-
cluded studies consistently demonstrated that VRT yields
superior outcomes across nearly all measured cognitive
domains compared to control groups. These findings align
closely with those reported in prior reviews of similar
scope, thereby substantiating our initial hypothesis. Bey-
ond cognitive improvements, VRT also exhibits signifi-
cant potential in rehabilitating balance and mobility, which
subsequently enhances the overall QoL for TBI patients.
More studies using fully immersive VR and recruiting
larger sample sizes are merited.
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TBI, traumatic brain injury
CF, cognitive function
QoL, quality of life

VR, virtual reality

VRT, virtual reality training
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