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ABSTRACT

BACKGROUND: Virtual reality (VR) Serious Games (SG) offer greater sensitivity and specificity than traditional diagnostics. The playfulness
of the SG reduces stress, enhancing motivation and reliability. We developed immersive (iVR) and non-immersive (niVR) versions of REAs-
mash, a SG based on Feature Integration Theory (FIT) to assess distractor inhibition attention.

AIM: The aim of this study was to verify the transfer of the REAsmash FIT diagnostic properties across VR devices with different degrees of
immersion.

DESIGN: Cross-sectional clinical study.

SETTING: Inpatient, outpatient and healthy controls.

POPULATION: Post-stroke and healthy individuals.

METHODS: The REAsmash involves searching for a (target) mole with a red miner’s helmet. The target is either presented alone (baseline),
or presented with distractors (11, 17 or 23) that contrast the target by high or low saliency (moles with blue miner’s and horned helmets vs blue
miner’s and red horned helmets). Stimuli appeared randomly from a 24-molehill grid. Participants (15 with and history of cortical-subcortical
stroke and 15 age matched controls) hit the target with their response hand in niVR and with a virtual hammer in iVR. Post-stroke participants
used their less impaired hand, controls their dominant hand. ANOVA tested VR type (niVR vs iVR), group (post-stroke vs healthy), saliency
(high vs low) and distractor number (11, 17, 23), with the interaction between saliency and distractor number defining FIT. The dependent vari-
able was relative mean response time, calculated by subtracting the mean baseline response time from each response to targets presented with
distractors, for each participant. This variable exemplifies the costs to response time cause by the manipulation of independent variables.
RESULTS: We found significant main effects and an interaction for saliency and distractor number, confirming FIT. Group and VR type main
effects were significant, with slower responses for post-strokes and for iVR, but with no interactions.

CONCLUSIONS: To evaluate performance across acute to chronic post-stroke phases, diagnostic measures must be transferable between test
devices, ensuring compatibility from hospital to outpatient settings.

CLINICAL REHABILITATION IMPACT: Our results demonstrated that the REAsmash diagnostic properties were consistent across immersive
and non-immersive VR, as well as within both groups of participants.

(Cite this article as: Sorrentino G, Ajana K, Everard G, Vanhoof F, Lejeune T, Edwards MG. The REAsmash serious game for the post-stroke diag-
nosis of distractor inhibition: contrast between immersive and non-immersive virtual reality test versions. Eur J Phys Rehabil Med 2025 Mar 06.
DOI: 10.23736/S1973-9087.25.08680-0)

KEyY worbps: Virtual reality; Stroke; Rehabilitation; Attention; Outcome and process assessment, health care.
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here are an estimated 80 million disabled stroke sur-

vivors worldwide,! making stroke the leading cause
of long-term disability in high-income countries.2 With
increased innovations in health care and longer average
life expectancy, a 35% increase in stroke prevalence is
expected by 2030.3. 4 Because of these two factors, it is
paramount to develop new and improved diagnosis and
neurorehabilitation methods for stroke care.

Currently, the estimated prevalence of post-stroke cog-
nitive impairments is uncertain, with estimates varying
from 24% to 96%.5 Part of this variance is explained by
the different domains of cognition that can be affected by
stroke. However, another contributor to this variance re-
sults from routine evaluation of cognitive deficits being
overlooked in most clinics.t 7 Even though the literature
clearly demonstrates the impact of cognitive deficits on
global post-stroke recovery, and makes frequent calls for
more comprehensive, precise and routine evaluations of
cognition during post-stroke diagnosis of impairments.8. 9

The use of virtual reality (VR) and serious games (SG)
methods provide promising reliable tools for cognitive as-
sessment and rehabilitation.!0 VR is defined as a comput-
er-generated immersive experience.!! It ranges from non-
immersive (niVR) to fully immersive (iVR).!! In niVR,
participants typically interact with content via input pe-
ripherals (e.g., keyboard, touchscreen or hand tracker) and
an output device (e.g., screen or tablet).12 Fully iVR gener-
ally refers to technology that recreates an interactive three-
dimensional and multisensorial experience using a head
mounted display (HMD), large screen projection system
(SPS) or cave automatic virtual environment (CAVE).13
The HMD is a wearable device equipped with two small
screens positioned near the eyes, typically within goggles
or a helmet. It includes a head-tracking sensor that adjusts
the visual display according to head movements, and it has
headphones for delivering auditory feedback.!3 The SPSs
are large displays that project the virtual environment onto
a screen. The CAVE consists of a room featuring four to
six screens, which when used with 3D glasses, provide an
immersive and continuous visualization of virtual spaces.
This setup is further enhanced by a head-tracking sensor
and speakers to deliver audio stimuli.!3

SG are games designed with a primary purpose other
than pure entertainment, such as education and training.!4
As suggested by Tong et al., specially adapted SG can be
leveraged to create an interactive and engaging tool that
promotes patient-centered cognitive assessment.!5 The pri-
mary objective of a SG using VR for cognitive assessment
is to motivate the participant to perform the task. The SG
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incorporates challenging goals and are fun to play.!6 SG
promotes maximized user performance (the best ability of
the player), increasing test/re-test reliability!” and allow-
ing the collection of large amounts of digital measurement
data, boosting measurement sensitivity and specificity.
Furthermore, as for all computerized assessments,!8 the
possibility of randomizing the presentation of the stimuli
allows the SG to diminish practice effects, while maintain-
ing control and standardization across individuals.

The impact of the degree of immersion in VR is a topic
that is still not fully understood, especially in post-stroke
populations. Immediately post stroke, patients tend to have
increased anxiety!® caused by a change to personal rou-
tine and future uncertainty, which typically dissipates with
time. Anxiety can moderate user experience when using
VR technology.20 For example, studies on cognitive assess-
ment have demonstrated that VR naive relative to experi-
enced participants show more difficulties when performing
tasks in 1VR than niVR, explained by anxiety.2! A simi-
lar effect is reported for age, with aged relative to young
participants showing more difficulties in iVR relative to
niVR,22 again explained by anxiety. However, despite
these results, recent research with iVR on older adults with
cognitive decline has shown good acceptance, possibly due
to the use of new HMDs that minimize cyber sickness and
allow immersive experiences more closely resembling real
life.23 Nevertheless, iVR effects on sense of presence, flow,
and the transfer of skills or knowledge to real-world con-
texts remain a matter of debate in the academic literature.24
Taking the overall results, it may be the case that niVR
relative to iVR is better suited to acute and sub-acute post-
stroke patients who are naive in the use of VR technology,
regardless of patients’ age, and that with increased time,
there becomes no difference in user experience between
niVR and iVR, making a transition to iVR possible for
sub-acute to chronic patients. This pathway of technology
would allow use of niVR in clinical settings, transitioning
to the use of iVR in outpatient and home-based settings.

From a broader clinical standpoint, the economic impli-
cations of device selection remain a pivotal consideration.
In resource-limited regions, as well as within healthcare
systems of low- and middle-income countries, the finan-
cial investment in diagnostic technologies cannot be over-
looked.25 This is particularly relevant given the substantial
cost differential, ranging from tens of thousands of euros
for niVR devices to mere hundreds of euros for iVR so-
lutions. Our study contributes to the discussion about the
appropriateness of choosing one type of VR over another
already in the diagnostic field.
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Recently we developed the REAsmash,2¢ a SG adapta-
tion of the classic fairground and arcade game, Whac-A-
Mole. The objective was to create a new assessment tool
that systematically evaluates distractor inhibition atten-
tion. Although the disruptive effect of distracting stimuli
(i.e., irrelevant information?”) has a known impact on per-
formance,2® with many replications of the effect in the lit-
erature,?® there is currently no validated diagnosis test for
distractor inhibition impairment that is routinely used in
clinical practice. The REAsmash aims to address this un-
met need. The SG was validated for full iVR with healthy
participants (REAsmash-iVR),2¢ and has recently been
tested with different groups of post-stroke participants.30
The REAsmash SG is based on Feature Integration The-
ory (FIT) by Treisman and Gelade,28 which contrasted
response time performance to two target-distractor con-
trast conditions. In a high saliency target-distractor con-
trast condition, the target differed by one salient feature
from the distractors (e.g., a red target presented with blue
distractors), leading to “parallel search” where the target
“pops-out” from the distractors.

This effect shows that attention is directly drawn to the
target stimulus. In contrast, in a low saliency target-dis-
tractor condition, the target differs from the distractors by
a conjunction of features (e.g., a red circular target pre-
sented with blue circular and red square distractors, with
red and circle features shared with the distractors). This
condition leads to “serial search,” where the participant
spatially scans the stimuli one at a time, attentionally in-
hibiting the distractor stimuli until they find the target. Tre-
isman and Gelade showed that in parallel search, increas-
ing numbers of distractors did not change response time.
However, response time in the serial search condition was
influenced by distractor number, with increased numbers
of distractors increasing response time. Therefore, the di-
agnosis criteria for measuring distractor inhibition relies
on the interaction effect between salience and distractor
number.

The REAsmash aims to replicate the FIT paradigm us-
ing gamified animated complex stimuli in both niVR and
iVR, showing: 1) overall longer response times to accom-
plish the task in low compared to high salience conditions;
and 2) an interaction effect, with no effect of distractor
number for the high salience condition and increased time
to find the target with increased distractors in the low sa-
lience condition. In earlier preliminary studies using the
iVR version,30 post-stroke participants were contrasted
to healthy controls. No participants were enrolled in both
the preliminary and the study concerned in this article.
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Post-stroke participants showed particularly pronounced
difficulties in low-salience target-distractor levels, where
they exhibited substantially prolonged response times and
higher rates of errors and omissions. This finding suggests
a specific impairment in serial search and distractor inhibi-
tion in this population, distinguishing them from healthy
controls.

Few studies in the literature have compared the same
cognitive task in different degrees of VR immersion, and
we found no studies exploring this issue in relation to tests
of distractor inhibition.

In our main experiment, we tested a group of post-
stroke participants and an age-matched group of healthy
controls on the REAsmash presented in niVR and iVR.
The main objective was to verify the transfer of the FIT
effect across devices with different degrees of VR immer-
sion. We thus hypothesized to replicate our preliminary
research findings, showing a significant saliency by dis-
tractor number interaction effect (demonstrating FIT), and
no differences, or interactions between use of niVR and
iVR (particularly for the diagnostic criteria). As a second-
ary objective we explored possible differences between
groups to investigate possible interactions between VR
types (iVR vs. niVR), cognitive demand (parallel vs. se-
rial research) and groups. Prior to the main experiment de-
scribed in this paper, we ran a preliminary study on healthy
participants playing with both niVR and iVR REAsmash
SG, testing possible differences in hand use (dominant vs.
non-dominant) on outcomes. Our hypothesis was that, be-
cause of a consistent neutral starting position (in the center
of the playing field), response times, as well as error and
omission rates, would not be affected by the hand used.

Materials and methods
Study design

This study uses a cross-sectional clinical study design and
followed the STROBE guidelines.3! The protocol was ap-
proved by the Saint Luc-UCLouvain clinical ethics com-
mittee (Belgium) (2015/10FEV/053) and registered on
clinicaltrial.gov (NCT04694833). Details on the design of
the study are reported in the following sections.

Participants

To determine the required sample size, an a priori power
analysis using G*Power® (version 3.1.9.7) was performed
on previous data testing the FIT effect with 60 healthy par-
ticipants. The power analysis was conducted considering a
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single group, as the primary objective was to establish the
necessary sample size to detect the FIT interaction effect
across different VR technologies. This data showed the hy-
pothesized significant interaction between target-distractor
saliency contrast and distractor number (F(2.114)=117.58,
P<0.001,12=0.67), and an effect size (Cohen’s f) of 1.425.
Using these parameters, the G*Power analysis indicated
that a total sample size of 4 participants is required to show
the FIT effect interaction, with a power of 0.80 for detect-
ing the specified effect size at an alpha of 0.05. For our
study, which involved contrasting a group of post-stroke
participants with healthy participants, we decided to in-
crease the sample size to 15 participants per group. Retro-
spectively, a sample size of 15 participants per group was
deemed sufficient to detect a significant between-group
effect (n2=0.96).

Post-stroke participants were recruited from the physi-
cal medicine and rehabilitation department of the Cli-
niques universitaires Saint-Luc in Brussels and were either
currently hospitalized or already discharged. Recruitment
took place from December 2022 to March 2024. The post-
stroke participants were selected using the following in-
clusion criteria: 1) adult participants (i.e., minimum age of
18 years old); 2) presence of an ischemic or hemorrhagic
first cortical and/or sub-cortical stroke, diagnosed by CT
or magnetic resonance imaging; and 3) a good understand-
ing of the task instructions. The exclusion criteria were:
1) uncorrected vision deficiencies; 2) MoCA32 score less
than 20 out of 30 points; 3) presence of other neurologi-
cal conditions (e.g., major neurocognitive disorder or ex-
trapyramidal disorders) that could bias the outcomes; 4)
medication-resistant epilepsy; 5) orthopedic dysfunction
that could influence upper extremity function and; 6) too
poor trunk control to sustain the trial. Points (5) and (6)
were clinically evaluated by a physical medicine and reha-
bilitation specialist in the week preceding the VR sessions.
The post-stroke group (N.=15; 14 males) had a mean age
of 58.4 years (SD=12.4; range: 21-71) and a mean height
of 175.5 cm (SD=6.5). Most participants were VR naive
(93%), 54% reported the less impaired hand (i.e., the re-
sponse hand) was their pre-stroke dominant hand. The
average time since stroke was 7 months (range: 1-132
months), 7 participants were in sub-acute phase (i.e., with-
in 6 months from the stroke) and 8 in chronic phase, with
12 ischemic and 3 hemorrhagic strokes. Lesions were lo-
cated on the right hemisphere in 9 participants and on the
left in 6, primarily affecting the Sylvian regions. The mean
MoCA score was 26.2 (SD=2.4; range: 20-30). Rehabilita-
tion status varied, with 8 participants still undergoing neu-
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ropsychological, occupational, and/or physical therapy at
the time of testing.

Healthy controls were recruited between November
2021 and March 2024 through the University of Louvain
participation panel and social media groups. The partici-
pants were selected using these inclusion criteria: 1) they
should have normal or corrected to normal vision; and 2)
no neurological, psychiatric or orthopedic disorders poten-
tially affecting compliance or limiting upper limb func-
tionality. Difficulty in understanding French (the language
of the task instructions) was an exclusion criterion.

The healthy control group (N.=15; 7 males) had a mean
age of 58.1 years (SD=14.4; range: 21-81) and a mean
height of 170.3 cm (SD=8.1), showing no significant age
and height differences to the control group. Although gender
ratio was different between groups, we expected no gender
effects for FIT (with males and females showing equal abil-
ity to inhibit visual distractors). Most participants were VR
naive (86%). Further details, including individual partici-
pant data, are provided in Supplementary Digital Material
1 (Supplementary Table I, Supplementary Table II). All the
participants volunteered to participate in the study, provid-
ing written informed consent before participation.

Materials

The “REAsmash” Serious Game (SG) was created us-
ing Unity 2019.3 software (in C# language). The REAs-
mash presented a visual display of 24 molehills displayed
in a cartoon-like garden (organized into 6 columns and 4
rows). The grid of molehills was aligned with an active
surface of 100 x 50cm in both the niVR and iVR devices.
The stimuli presented to participants was organized by 7
blocks of 24 trials (game levels). The participant was in-
structed to “smash” (hit) the target stimulus that pseudo-
randomly appeared from one of the 24 molehills, making
the 24 trials for each block/level. The target stimulus was a
mole wearing a red miner’s helmet. In the baseline level 1
trial block, no distractors were presented. In the remaining
trial block levels, distractors were presented with the tar-
get mole. The distractor moles wore different helmets and
were used to create high versus low saliency contrasts to
the target mole (creating a measure of distractor inhibition
demands). In the high saliency target-distractors contrast
condition, the target was presented with distractor moles
wearing blue helmets (miner’s or horned) (levels 2, 3 and
4). In the low saliency target-distractors contrast condi-
tion, the target was presented with distractor moles wear-
ing either blue miner’s or red horned helmets (levels 5, 6
and 7). In the high salience condition, the target differed
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from the distractors by color, whereas in the low salience
condition, the target differed from the distractors by a con-
junction of features (both color and helmet shape). In each
of the two target-distractor salience conditions, 11, 17 or
23 distractors accompanied the target, making stimuli sets
of 12, 18 and 24 stimuli (corresponding to levels 2, 3 and
4, and levels 5, 6 and 7; Figure 1).

The REAsmash-niVR ran on the REAtouch® (Axine-
sis®) interactive medical device. This was composed of a

SORRENTINO

Figure 1.—The REAsmash target-
distractor search stimuli.

Examples of stimuli settings. The
upper images show level 4 (high
salience) with 23 distractors wear-
ing horned or miner’s blue helmets.
The lower images show level 7
(low salience) with 23 distractors,
wearing red helmets with horns
and blue miner’s helmets The two
images on the left column repre-
sent the stimuli as they appeared
in the REAsmash-niVR version
of the SG, while the images on
the right are taken from the REAs-
mash-iVR SG.

touch-sensitive screen (43, 95x53 c¢m) incorporated in a
motorized structure that allowed customized screen lifting
and inclination tilting. The REAtouch® provides multisen-
sory and real-time performance feedback and is designed
to allow uni- or bi-manual interaction by direct hand-con-
tact with the screen. The hardware for the REAsmash-iVR
consisted of an immersive VR headset (Oculus Quest 2)
and one Oculus Quest motion controller. When the virtual
hammer hits the mole helmet, Oculus Quest 2 provides

B

Figure 2.—The non-immersiveVR and immersiveVR devices.

A) The REAtouch® (Axinesis®), a touch-sensitive 43” screen tablet with multisensory and real-time performance feedback. The height and inclina-
tion of the touch-sensitive screen can be adjusted. In the present study the inclination was the same as that presented here (i.e., 0°). B) The Oculus
Quest 2%, the immersive VR headset (with a per-eye resolution of 1832x1920, and a refresh rate of 120 Hz), and one Oculus Quest motion controller
(left or right according to the response hand), used for manual responses.
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a real-time performance acoustic feedback, and the re-
spond controller vibrates. The experiment was monitored
through a live stream from the Oculus App (Figure 2).

Procedure

The study was run in controlled laboratories at the Cli-
niques Universitaires Saint-Luc of Brussels (Belgium) and
at the University of Louvain (UCLouvain). All sessions
were conducted by a PMR specialist, who was the inter-
vention provider for the project. Before the study, partici-
pants were given instructions regarding the experimental
design, and they were invited to sign a consent form. They
were informed that they could withdraw from the study at
any time.

When playing the REAsmash-niVR SG, participants
were asked to sit on a chair positioned in front of the RE-
Atouch® and aligned with the central sagittal axis of the
interactive touch-sensitive screen (Figure 2), with their feet
placed on the ground. The screen was adjusted to a suit-
able height, allowing the participant to make responses to
all parts of the screen, and making their position comfort-
able for the experiment. The touch-sensitive screen was
presented at a horizontal angle of zero degrees relative to
the ground. Participants were instructed, by means of a su-
perimposed message on the playing field that was also ver-
bally spoken by the software, to touch the target as quickly
as possible with their playing hand. To begin each trial, the
participant had to touch an “X” stimulus that appeared at the
mid-lower edge of the touchscreen. This was used to pro-
vide a consistent starting point prior to each trial response.
After touching the start position, the trial would begin.

The format of the REAsmash-iVR SG experiment
matched that of the REAsmash-niVR SG. Participants
were invited to sit on a chair, wearing the iVR headset

Figure 3.—The starting position in
iVR.

When the cubes with the eye and
hammer pictogram turned from red
(left frame) to green (right frame),
both the position of the head and
the response hand were correctly
placed and the trial was initiated.
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and hold the controller in their response hand. Multimodal
(i.e., written and verbal) instructions were played at the
beginning of the SG, instructing the participants to hit
the target stimulus as fast as they could, using a virtual
hammer that was controlled with the iVR controller. As
in the case of niVR, the height of the playing field could
be adjusted for comfort, allowing participant to interact
with all parts of the display. Before each trial, to provide
a consistent starting point, two red squares were displayed
floating in front of the participants, aligned with the cen-
tral sagittal axis of the playing field and placed on the edge
nearest to the player (matching the location of the X in the
niVR display). One square had a pictogram of an eye, and
the second had a pictogram of a hammer. The participants
had to simultaneously fixate on the eye-square and place
the hammer on the hammer-square to initiate each trial.
When the participant’s head and virtual hammer positions
were correctly located, the two red squares turned green,
and the trial began (Figure 3). Note that the iVR used head
tracking to measure head rather than eye position.

In the case of participants in wheelchairs, the wheelchair
was appropriately positioned aligning the participants to
the same playing conditions as the other participants. A
10-trial practice session was used to familiarize partici-
pants with the devices before each session. A 20-second
rest period was provided between each game level. The
7 levels were run from easy to difficult (levels 1-7 in se-
quence).

All mole stimuli appeared for a maximum time of 7
seconds. If the participant made no response, the trial was
considered as an omission, while if they responded to a
distractor stimulus, the trial was considered as an error re-
sponse. If a correct response was made within 7 seconds,
the trial was terminated, and the next trial was initiated.
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The playing hand, in the case of post-stroke subjects
was the less impaired hand. In current clinical cognitive
diagnosis tests, post-stroke individuals are frequently
asked to use their less impaired (ipsi-lesional) hand for
making responses. This is carried out to reduce the influ-
ence that motor impairments have on the interpretation of
cognitive impairments.

Prior to the main experiment, we conducted a prelimi-
nary experiment on healthy participants to verify the hand
used had no effect on response times. In this preliminary
study, 10 healthy participants (average age 60 years, SD
10.6) performed the REAsmash with both hands, random-
izing the hand order. These data are presented in the Re-
sults section.

All participants performed the two versions of the
REAsmash (niVR and VR). The order of the two sessions
were randomized and took place with a maximum of one
week separation to minimize potential cross-platform
practice effects.

Outcomes

The following behavioral outcomes were measured in this
paper, constituting the dependent variables.

For the preliminary experiment, the primary outcome
was absolute mean response time (AT), consisting of the
mean response time between target appearance and manu-
al response (i.e., the virtual hammer hits the mole helmet)
in successful trials.

For the main experiment, we introduced relative mean
response time (RT) for successful trials. This outcome was
calculated by subtracting the mean response time of base-
line level (level 1) from the mean response times recorded
in levels 2 to 7. RT highlights the temporal cost of dif-
ferent task conditions, isolating the cognitive demands of
distractor inhibition from individual variability in absolute
response time. The dependent variables RT was introduced
to control for individual variability intra- and inter-group.

In both experiments, two further outcomes were collect-
ed: 1) Error Rate, defined as responses made to distractor
stimuli instead of the target; and 2) omission rate, defined
as the failure to respond to the target within the 7-second
time limit. Both error and omission rates were calculated
as proportions out of the total number of trials for each
condition.

Data analyses

Data analyses were performed using SPSS 27.0 (IBM®).
The normality of the data was investigated using the Shap-
iro-Wilk Test, and then repeated measures ANOVAs. Post-
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hoc analyses were performed with Bonferroni corrections
for multiple comparisons.

For the preliminary experiment on healthy participants
contrasting hand use, the dataset consisted of 3360 trials
(i.e., 7 levels x 24 trials x 10 participants for the dominant
and non-dominant hand) for each VR type. The indepen-
dent variables were hand (dominant vs. non-dominant) and
game level (7 levels), with a separate ANOVA for each VR
type (as the intention here was to isolate differences for
hand used).

For the main experiment, we focused on target-distrac-
tor saliency and number of distractors, comparing groups
and type of VR. Each participant group was composed of
a total dataset of 5040 trials (i.e., 7 levels x 24 trials x
15 participants x 2 VR type). The independent variables
were VR type (iVR vs. niVR), target-distractor saliency
(high vs. low), distractor number (11, 17 and 23) and group
(post-stroke vs healthy controls).

Availability of data and materials

The datasets used during the current study are open-
ly available in the open data archive of University
of Louvain (https://dataverse.uclouvain.be/dataset.
xhtml?persistentld=doi:10.14428/DVN/OMOTIM).

Results

The post-stroke group included 1 female, and all partici-
pants were right-handed, with an average age of 58.4 years
(SD 12.4). The control group included 8 females and 4
left-handed participants with an average age of 58.1 years
(SD 14.4) (Supplementary Digital Material 1: Supplemen-
tary Table I and Supplementary Table II). The post-stroke
and control groups were mean age matched, with a #-test
showing no significant difference in age between the two
groups (t (28)=-0.125, P=0.902).

No participants withdrew before the end of the study.
No adverse events occurred during the experiment. The
sessions were well tolerated and overall described as non-
stressful and engaging. No participants asked to stop the
experiment prematurely or to extend the rest periods.

The preliminary experiment testing hand differences in
healthy participants

Concerning the preliminary experiment, the niVR dataset,
there were 12 omissions (0.3%), 11 errors (0.3%), 5 antici-
patory responses (0.1%) (i.e., responses imitating in less
than 250 ms) and 48 outliers (1.4%) (defined by a three
standard deviation confidence interval). In the iVR data-
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set, there were 24 omissions (0.7%), 19 errors (0.6%), 0
anticipatory responses and 67 outliers (2%).

The ANOVA on AT for the niVR dataset showed a
significant main effect of game level, F (6.54)=300.7,
P<0.001, 12=0.97, but no significant main effect of the re-
sponse hand F (1.9)=0.235, P=0.639, n2=0.03, and no in-
teraction between level and response hand F (6.54)=0.340,
P=0.913, n2=0.04. Similarly, the ANOVA for the iVR da-
taset showed a significant main effect of game level, F
(6.54)=238.347, P<0.001, 12=0.96, but no significant ef-
fect for response hand F (1.9)=0.001, P=0.982, 12=0.000,
and no significant interaction F (6.54)=0.364, P=0.899,
n2=0.04. Therefore, these data showed that starting from
a consistent central position, the response showed no dif-
ferences between hand used to respond to a spatial target.

IMMERSIVE AND NON-IMMERSIVE VERSION OF THE REASMASH SG

The main experiment

For the post-stroke group, in niVR, there were 71 omis-
sions (1.4%), 10 errors (0.2%) and 4 anticipatory respons-
es (0.07%), and in iVR, there were 89 omissions (1.8%),
30 errors (0.6%) and O anticipatory responses. For the
healthy control group, in niVR, there were 9 omissions
(0.2%), 7 errors (0.1%), 5 anticipatory responses (0.1%)
and 37 outliers (0.7%), and in iVR, they made 29 omis-
sions (0.6%), 15 errors (0.3%), 0 anticipatory responses
and 51 outliers (1%).

The ANOVA for RT showed significant main effects
of target-distractors saliency F (1.28)=630.15, P<0.001,
1n2=0.96, distractor number F (2.56)=82.62, P<0.001,
n2=0.75, VR type F (1.28)=99.18, P<0.001, n2=0.78 and
group F (1.28)=12.25, P=0.02, 12=0.96). Multiple inter-
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actions were also statistically significant: 1) saliency and
distractor number, F (2.56)=79.26, P<0.001, n2=0.74; 2)
VR type and saliency, F (1.28)=58.19, P<0.001, n2=0.68;
3) VR type and distractor number, F (2.56)=8.31, P<0.001,
1n2=0.23; and 4) VR type, saliency and distractor number
F (2.56)=7.13, P=0.002, n2=0.20 (Figure 4). No signifi-
cant interaction was found between VR type and group
F (1.28)=2.19, P=0.150, n2=0.07, and there were no other
significant interactions.

We first focus on the interaction between target-distractor
saliency and distractor number. To analyze the interaction,
we ran two separate ANOVAs for each target-distractor
saliency condition (high and low). As predicted, the high
saliency condition showed no significant differences for
numbers of distractors F (2.56)=0.07, P=0.935, 12=0.002,
whereas for the low saliency condition, there was a signifi-
cant effect F (2.56)=86.198, P<0.001, 2=0.755, with RT in-
creasing with increased numbers of distractors (M=1081.54
ms, SD 46.86; M=1340.18 ms, SD 58.80 and M=1565.73
ms, SD 50.65 with 11, 17 and 23 distractors respectively).

We next focus on the three-way interaction between
VR type, target-distractor saliency and distractor number
(i.e., the FIT effect versus VR type), which encompasses
the interaction effects between VR type and saliency, and
VR type and distractor number. Separate ANOVAs were
run for each saliency condition, testing distractor num-
ber and VR type. For the high saliency target-distractors
condition there was a significant effect of VR type (F
(2.28)=24.95, P<0.001, n2=0.471), with slower responses
for iVR relative to niVR. No other statistically significant
results were found for high saliency condition. For the
low saliency target-distractors condition, there was a sig-
nificant effect of numbers of distractors F (2.56)=86.20,
P<0.001, n2=0.75 (showing increased RT with increased
numbers of distractors) and VR type F (1.28)=112.05,
P<0.001, n2=0.80 (showing slower relative response
time for iVR than niVR), as well as a significant inter-
action between VR type and numbers of distractors F
(2.56)=8.90, P<0.001, n2=0.241. We further separated the
low saliency condition by distractor number and found
significant main effects of VR type in all the three dis-
tractor conditions (F (1.28)=41.63, P<0.001, 12=0.598;
F (1.28)=74.88, P<0.001, n2=0.728 and F (1.28)=117.94,
P<0.001, n2=0.808 for 11, 17 and 23 distractors respec-
tively) with longer RT in iVR than niVR (M=860.80 ms,
SD 47.17 vs. M=1302.27 ms, SD 67.15; M=1045.53 ms,
SD 53.69 vs. M=1634.83 ms, SD 79.70 and M=1201.75
ms, SD 56.64 vs. M=1929.71 ms, SD 64.57 with 11, 17
and 23 distractors in niVR relative to iVR respectively).
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Discussion

From a general perspective, this paper adds new under-
standing on the use of VR in SG for improving the cogni-
tive diagnosis of distractor inhibition, for which there is
currently no objective clinical diagnosis test used in clini-
cal practice.

Firstly, the preliminary study on 10 healthy participants
confirmed that the design of our SG and the choice of in-
troducing a consistent neutral and central starting position
in both types of VR minimized differences between the
hand used for the task. This was demonstrated by the data
showing no performance difference between use of the
dominant compared to non-dominant hand. However, the
potential problem with this decision is that some patients
will make responses with their pre-stroke dominant hand,
whereas others will now make responses with their pre-
stroke non-dominant hand, potentially causing differences
in response efficacy. To improve diagnosis tests requiring
manual responses, we suggest that a consistent starting po-
sition is necessary to eliminate subjacent differences that
are not stroke-related, such as making responses with the
former dominant compared to former non-dominant. Such
differences of hand dominance are removed with the cen-
tral starting position.

The main objective of this paper was to verify the trans-
fer of the FIT effect between iVR and niVR versions of
the SG, contrasting post-stroke participants with healthy
age-matched controls. For this purpose, we used the de-
pendent variable of RT. This modified measure (relative
to the usual AT) adds a second new value to the diagnosis
literature proposing a strategy to minimize potential dif-
ferences introduced by different VR devices, where one
requires direct hand interaction, and the other uses an iVR
controller.

For the main objective of the study, the contrast be-
tween types of VR (iVR vs. niVR), we found a signifi-
cant main effect of VR type, with RT slower in iVR than
niVR. We also found interactions between VR type and the
FIT effect. The interaction is likely explained by increas-
ingly greater F ratios, all being significant, with increas-
ing numbers of distractors in low saliency condition for
both VR types. Post-hoc analyses demonstrated the FIT
effect in both types of VR, as explained above, but also
a consistent effect of slower RT for iVR than niVR for
contrasts in saliency and distractor number, with none of
the interactions showing more effects. These results sug-
gest that the degree of VR immersion has increased cogni-
tive cost. Currently, there is no literature comparing the
same cognitive inhibition task in different degrees of VR
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immersion. However, our results are in line with Makran-
sky et al. 3334 who demonstrated reduced performance in
immersive compared to non-immersive environments, ar-
guing that immersive VR adds extraneous cognitive load
(i.e., increased task demands relative to the individual’s
cognitive capacity33). This may be explained by the iVR
creating a more absorbing experience than niVR.

A final interesting value of the present study was the sig-
nificant effect of group, but with no interactions between
group and the other variables. Although the purpose of this
article was not to validate the REAsmash as an assessment
tool, this result is particularly interesting in this respect.
The REAsmash seems able to maintain the FIT charac-
teristics in high and low cognitive load VR environments,
replicating results from healthy participants. The stability
of the FIT effect, irrespective of the speed of response,
the two devices, and for different populations, makes the
REAsmash an ideal candidate for a clinical evaluation
tool. Overall, these results support the ability to transfer
diagnosis tests between two different devices. This consis-
tency in diagnostic characteristics allows a strategy where
one could use niVR in the acute to sub-acute phase post-
stroke, transitioning to iVR in the sub-acute to chronic
phase. This allows for increased neurorehabilitation pos-
sibilities for post-stroke individuals, potentially extending
rehabilitation to telemedicine methods, and use of iVR in
the home or in outpatient settings. In the case of extended
neurorehabilitation, the REAsmash can be used as an inde-
pendent test to verify progress in treatment.

Limitations of the study

The present study has some limitations. The preliminary
study conducted on 10 healthy participants provides lim-
ited evidence, and its findings should not be generalized to
the broader population without further validation. Addi-
tionally, while the results suggest that the starting position
effectively reduces variability related to handedness in this
specific task, contrasting findings in the literature warrant
caution in extending these conclusions beyond the context
of this study.

We decided not to segregate participants by post-stroke
phase, resulting in a single group of post-stroke partici-
pants in different recovery phases (from one month to 11
years since the stroke). Since the results suggest a high-
er cognitive load in iVR than niVR, further research on
REAsmash should investigate differences caused by post-
stroke phase (sub-acute vs chronic), to verify whether
niVR is more suitable for the sub-acute phase.

The absence of proper haptic and force feedback in
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the iVR setting is a limitation, particularly for the stroke
group, where the lack of feedback may have influenced
task performance by reducing sensory-motor integration
demands. Future iterations of this study could explore the
inclusion of haptic technologies in iVR, which might bet-
ter leverage the immersive medium’s capabilities and pro-
vide additional insights into user responses.

This study did not match participants by gender as no
effects for the primary task based on FIT have been re-
ported in the literature, demonstrating that cognitive and
attentional processes are unlikely affected by gender dif-
ferences.28 Therefore, controlling gender was considered
unnecessary for the scope of this research. Nonetheless, we
acknowledge that gender differences might provide valu-
able insights for other contrasts, such as use of technology.
Future research should balanced gender representation to
better understand cognitive performance and task engage-
ment.

Another limitation is that we included both VR naive
and non-naive participants. As our study used a cross-
sectional clinical design, not having prior experience with
VR might have influenced the outcome results.2! Future
studies which aim to clinically validate the REAsmash as
a diagnostic tool should take this into account.

Observation during the sessions led to the realization
that trunk control, especially in iVR, played an important
role in task execution. The iVR sessions induced the par-
ticipant to maintain postural control of the response upper
limb. As there is no true contact between the hammer and
mole’s helmet, no external forces stopped the movement
once the helmet had been hit. The participant therefore
had to actively control the movement throughout the entire
trial. Even when the response hand was the less impaired
(as in our experiment), the trunk played an important role
in balancing forces and stabilizing posture, but also in the
execution of the movement, which includes torsion move-
ments of the trunk to reach the furthest targets. Future
studies on the REAsmash would benefit from the introduc-
tion of a trunk control measure, such as a rating scale (e.g.,
the Trunk Impairment Scale36 37) or an objective motion
tracking measure of trunk movement, integrated into the
assessment.

Conclusions

As we hypothesized, and in accordance with what has
been theorized in the literature, we demonstrated that
while the type of VR immersion influenced response
time, the diagnostic criteria of the REAsmash test was
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unaffected by type of VR. To successfully evaluate cog-
nitive performance across different post-stroke phases,
it is important to develop measures that are transferable
between test devices, providing diagnostic compatibility
from hospital to outpatient settings (for example, from
bulky niVR to wearable and more ecological iVR devic-
es). Our results demonstrated that the diagnostic proper-
ties of REAsmash were consistent across the two types
of VR, as well as within both groups of participants. The
REAsmash is a useful new assessment tool able to sys-
tematically evaluate distractor inhibition attention in both
niVR and iVR. Future SG with search tasks should con-
sider the transferability of the test diagnostic criteria for
different types of VR immersion, providing more value to
patient clinical care.
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SUPPLEMENTARY DIGITAL MATERIAL 1

Supplementary Table .—The demographic characteristics of the post-stroke subjects.

Was the response hand the | Months between Brain Brain MoCa Current
ID |Sex |Age (years) | Height (cm) | VR naive dominant one before the stro.ke and VR Stroke type lesion side lesior.l score Rehabilitation
stroke? sessions location
P1 |M |69 172 Yes Yes 7 Hem Right Sylv+Deep |26 Nps+OT+PT
P2 (M |65 176 Yes No 3 Isch Left MCA 25 Nps+OT +PT
P3 |M |62 183 Yes Yes 1 Isch Right MCA 26 Nps+OT+PT
P4 (M |53 173 Yes No 4 Isch+Hem |Left Sylv 20 Nps
P5 (M |65 180 Yes No 132 Isch Left MCA 26 Finished
P6 |F 52 166 Yes No 19 Isch Left Sylv 26 PT
P7 (M |52 178 Yes Yes 32 Isch Right Sylv 28 Finished
P8 |M |62 164 Yes No 16 Hem Left MCA 25 Finished
P9 |M |64 181 Yes Yes 75 Isch Right Sylv 27 PT
P10 |M |54 180 Yes Yes 48 Isch+Hem | Right Sylv 30 Finished
P11 |[M |21 172 No Yes 7 Hem Right Sylv 28 Nps+OT+PT
P12 |[M |60 182 Yes Yes 2 Isch Right Sylv 26 Nps+OT+PT
P13 |IM |71 173 Yes No 2 Isch Left MCA 30 PT
P14 |[M |66 178 Yes Yes 1 Isch Right MCA 27 Nps+OT+PT
P15 |M |60 184 Yes No 5 Isch Left Sylv 27 Nps+OT+PT

F = Female, M = Male; Isch= Ischemic, Herm= Hemorragic; MCA= Middle cerebral artery, Sylv= Sylvian Segment of MCA; MoCA=Montreal Cognitive

Assessment?’; Nps= neuropsychological therapy, OT= Ocupational therapy, PT = Physiotherapy.




Supplementary Table II.—The demographic characteristics of the healthy controls.

F = Female, M = Male.

Height Dominant

ID Sex Age (cm) VR naive |hand
HS1 M 48 180 No Right
HS2 F 21 168 Yes Left

HS3 M 45 178 Yes Left

HS4 F 54 166 Yes Left

HSS5 F 67 174 Yes Right
HS6 F 69 160 Yes Right
HS7 M 51 181 Yes Right
HS8 M 75 178 Yes Left

HS9 M 65 173 Yes Right
HS10 F 55 164 Yes Right
HSI11 M 61 180 Yes Right
HS12 F 64 165 Yes Right
HS13 F 64 163 Yes Right
HS14 F 81 164 Yes Right
HS15 M 52 184 No Right



https://www.researchgate.net/publication/389633756

