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Abstract
Background: Hemineglect (HN) is a post-stroke condition, frequently defined as an impairment in finding spatial targets
within an egocentric frame of reference, where the stimulus is coded relative to the self. However, the egocentric
reference frame can change with the presence of another person. Immersive virtual reality (IVR) offers several advantages
over paper-and-pencil tests typically used to assess HN, such as a realistic and controlled environment, standardised
stimulus presentation, and sensitive response acquisition. We developed a new serious game in IVR to assess HN. Here
we investigated (1) the feasibility and user experience of this serious game, and (2) the effect of the presence of an avatar
on HN.
Methods: We first tested a group of 61 control individuals (CI), followed by a group of post-stroke 11 individuals without
HN (SI:HN-), 6 with HN (SI:HN+), and 17 resampled age matched group of control individuals (CI). All participants
performed the “Peach test”, which required them to find and respond to a target presented among distractors, either
alone or in the presence of an avatar. We measured response time (RT) and omissions. The SI:HN- and SI:HN+ groups
also completed a paper-and-pencil test for HN and a user experience questionnaire.
Results: The first analysis of results with CI showed no differences in responding to the target when in ipsi- compared
to contra-lateral spaces, nor in peri- compared to extra-personal spaces. There were also no differences in responding to
the target in the no-avatar condition relative to the two avatars conditions. In the second analysis, SI:HN+were slower
than SI:HN- and CI. Although an interaction between group and Laterality was predicted, the results showed that there
was no Laterality effect for any of the groups. An interaction between group and proximity, showed that both SI groups
were slower in the extra- compared to peri-personal spaces. The user experience was globally positively rated by the SI.
Conclusion: We developed a serious game in IVR for the assessment of HN. Although most our findings were
inconclusive, the Peach test showed excellent user experience results.
Trial registration http://www.clinicaltrials.gov ; Unique identifier: NCT04694833, Date of registration: 11/24/2020.
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1 Introduction
Hemineglect (HN), also known as unilateral neglect, spatial neglect, or hemispatial neglect, is a complex disorder of
spatial cognition (perception and motor planning), attention (spatial and non-spatial; inhibition) and arousal, caused by
parietal-frontal damage of the superior longitudinal fasciculus.1–4 It is a condition characterised by a failure to attend or
respond to a stimulus or stimuli presented on the opposite side of space to a brain lesion (contra-lesional space), and
cannot be attributed to sensory or motor deficits.5,6 The estimated prevalence of HN ranges from 30% following stroke of
either or both hemispheres (Esposito, Shekhtman and Chen7 and 50% after a right-hemisphere lesion versus 30% after a
left-hemisphere lesion.8 In addition to lateralised attentional bias, HN can manifest differentially in peri-personal space
(i.e., space within reach) and extra-personal space (i.e., space outside of reach).9,10 For example, Van der Stoep, Visser-
Meily11 reported 109 stroke patients showing 47% had HN in both peri- and extra-personal spaces, 25% had HN only in
extra-personal space, with the remaining patients showing a mix of profiles depending on the task used for the assessment.

HN is typically assessed using paper-and-pencil tests (or more recently, digitised paper-and-pencil tests).12,13 Check-
etts, Mancuso14 administrated a survey examining the tools used for hemineglect cognitive assessment by 454 clinicians.
The results showed that most responders were psychologists and occupational therapists, and most reported using the
Behavioural Inattention Test battery15 (BIT) consisting of 15 sub-tests, including cancellation tests.14 In a similar survey,
Evald, Wilms and Nordfang16 reported that 49% of their respondents (psychologists, occupational therapists, and speech
therapists) used paper-and-pencil assessment, while few respondents used computerised tests. This latter finding is sur-
prising because computerised tests bring several advantages to HN cognitive assessment, mostly addressing weaknesses
in the use of conventional paper-and-pencil tests such as ecological validity, sensitivity, and standardisation.17–19 Comput-
erised tests, such as the Test Attentional Performance (TAP) battery,20 involves precise control of the stimuli presentation,
stimuli randomisation (increasing reliability), multiple response measures (omission, error, response time) with increased
accuracy (increasing test sensitivity and specificity) and automated score analyses and data comparison relative to control
participant performance (norms).21–23 One potential explanation for the slow adoption of computerised tests by clinicians
might be that the tests are often digitised forms of the paper-and-pencil tests, lacking ecological validity, and not bringing
significant advancement to justify changing their standard clinical routine.

HN is thought to result from impairment to the spatial coordinate systems and specific frames of reference used to code
the location of stimuli in space.24–26 Typically, HN is defined by an egocentric frame of reference, where the location of
a stimulus is spatially coded relative to the self27,28 (e.g., stimuli are typically neglected when presented on the contra-
lesional relative to ipsilesional side of space relative to body position). While eye movements can be used to evaluate
HN,29 making eye movements rarely influences HN, suggesting no impairment of the retinotopic frame of reference30–32

(i.e., moving the eyes does not reduce HN). The egocentric reference frame can change with the presence of another
person in the scene.33–37 When alone, environment spatial stimuli are coded with reference to an egocentric frame of
reference (own perspective). However, when another person is present, the viewer may spontaneously take the perspective
of the other person, representing spatial stimuli from the other’s perspective.38–40 This effect causes congruency conflicts
between peripersonal and extrapersonal space for the self-perspective compared to other-perspective (i.e., stimuli within
physical reach from the viewer become coded in extrapersonal space from the other person’s perspective, and vice versa).
Furthermore, stimuli presented on the egocentric left of the viewer becomes egocentric right when viewing the same
stimuli from the other’s perspective. These reversal effects present interesting opportunities that could be useful for better
understanding HN, as well as using the effects caused by the presence of another person (an avatar) to facilitate diagnosis.

The effect of perspective in the expression of HN has already been reported for representational (memory) HN.41,42

In Della Sala, Logie,42 patients with representational hemineglect viewed a visual scene and then recalled objects from
the scene, either from their own perspective, or from an opposite perspective (where they imagined themselves stood at a
different location in the room facing the direction of their physical position). The data showed that the patients failed to
recall stimuli presented on the contra-lesional side of space relative to their (own or opposite) perspective, demonstrating
that items were neglected based on the relative position of the stimuli. For example, when patients with a right lesion
causing left HN recalled stimuli using their own perspective, they neglected to recall stimuli to the left of their perspective.
However, when they used the opposite imagined perspective, they again neglected the stimuli to the left of the opposite
perspective (i.e., to the right of their physical position), and they recalled the stimuli to the right of the opposite perspective
(i.e., to the left of their physical position; the stimuli that they neglect from their own perspective). A similar study was
reported by Becchio, Del Giudice.43 They asked left HN patients to recall the positions of objects placed in a hidden
grid consisting of three rows and two columns, either from their own first-person perspective or from the perspective of
an avatar. Their findings demonstrated that objects presented on the left (contra-lesional) side were omitted when viewed
from their own perspective, but not when the same stimuli were perceived from the opposite avatar perspective, suggesting
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a strong effect of perspective on HN. The authors argued that the transformation of HN was caused by a remapping of
space with reference to the avatar’s frame of reference (e.g., an altercentric frame of reference).

Perspective taking has been systematically investigated by Samson, Apperly44 in a series of experiments in which
participants were asked to perceive environmental stimuli from their own perspective versus an avatar’s perspective. The
coloured stimuli where either congruent (the same) for the self (own perspective) and avatar perspective (e.g., two dots
placed in front of the avatar), or different (incongruent) for the self and avatar perspectives (e.g., one dot placed in front
of the avatar and one dot placed behind of the avatar creating a perception of two dots for the self and one dot for
the avatar perspective). The results showed that participants were slower and less accurate when perceiving the stimuli
from their own perspective, particularly in the incongruent condition. The authors proposed that the avatar’s perspective
automatically interfered with self-perspective, even when the avatar’s perspective was irrelevant to the task. In another
series of experiments, Cavallo, Ansuini45 tested right-handed participants that were asked to verbally report the location
of a stimulus presented on the right versus left, and near versus far space, from either their own perspective or from an
avatar’s perspective (present opposite). The results showed that when participants responded from their own perspective,
mean response time was faster when the stimulus was on the right than left, and in near than far space. However, the effect
reversed when participants responded from the perspective of the avatar, with faster responses now made when the stimulus
was on the left than right, and when in far than near space45 showing a remapping of space relative to perspective.39,46,47

Other research shows that perspective-taking can be modulated by numerous other factors (e.g., emotions,48,49 prosocial
behaviour,50 culture51), and social perception (i.e., the capacity to analyse the intentions and dispositions of others52).

Virtual reality is a sophisticated computerised technology and a promising solution to enhance the quality of cogni-
tive assessment.53,54 It is a combination of hardware and software allowing for the manipulation of objects,55,56 and the
monitoring of users’ performance and behaviour within a virtual environment.57 Thus, bringing all the advantages of com-
puterised tests with ecologically relevant stimuli. Here, we use the term “Immersive Virtual Reality” (IVR) to refer to
technology that allows users to immerse themselves into a three-dimensional simulation, giving the feeling of being situ-
ated within the virtual environment (i.e., sense of presence).58,59 The application of IVR to clinical assessment has been
the subject of several reviews.60–63 For example, Tsirlin, Dupierrix64 analysed the scientific literature and summarised
that IVR offers opportunities to display ecologically relevant and attractive stimuli within a controllable, safe, familiar
and meaningful context to users, increasing engagement. Engagement can be further gained through IVR-based serious
games,65–67 which can be defined as entertaining or fun exercises that motivate users to engage in performance or learning.
They can be theory-driven and based on existing psychometric tests, providing multisensorial feedback, and meaningful
gameplay through intriguing and enjoyable storytelling.67–70 Serious games can be designed to provoke users to perform
at their maximal level of ability (i.e., to achieve a high score; improving test/re-test reliability), as well as provide a means
to simulate everyday life situations that use the assessed cognitions. Several studies have already demonstrated the added
value that serious games bring for cognitive assessment.71–73

In the present paper, we present a new IVR-based computerised serious game (the “Peach test”), which combines the
assessment of egocentric, peri- and extra-personal HN, including perspective manipulation (self-versus other perspective;
and the inclusion of social manipulation within the avatar). The Peach test simulates a daily living (ecological) activity
involving a simple and playful storyline. The participant has to search for a target peach that is presented within a hidden
grid, allowing systematic manipulation of target spatial position, with equal presentation of the target on the ipsilateral
versus contralateral side, and peri- versus extra-personal distance across trials (randomised) (requiring similar behaviour
to cancellation tasks; the most frequently used HN assessment method).74,75 The task is performed three times, once with
no avatar, and twice with an avatar stood at the opposite side of the table to the participant’s viewpoint, one block with a
friendly avatar and one block with a non-friendly avatar.

We performed three analyses of data. In the first analysis, we examined the feasibility of the “Peach test” with a large
group of healthy control individuals (CI). For the dependent measures of omissions and response time, we hypothesised
that (1) there would be no evidence of HN, showing no differences in target responses between ipsilateral compared
to contralateral space, and for response time; (2) an interaction between the avatar and proximity showing that for the
no avatar condition, slower response times to targets placed in extra- than peri-personal space, whereas in the avatar
condition, faster response times to targets placed in extra- than peri-personal space (showing a reversal) ((3) perhaps
further moderated by the social characteristics of the avatar). In analysis 2, we tested a group of stroke individuals with
hemineglect (SI:HN+), a group of stroke individuals without hemineglect (SI:HN-), and a re-sampled age-matched group
of healthy control individuals (CI) (selected from the previous CI group to match the SI groups). In addition to the same
hypotheses of analysis 1, we hypothesised that, (1) omissions would be greater and response time would be slower for
the SI:HN+ and SI:HN- groups relative to the CI group; (2) an interaction between group and Laterality showing that the
SI:HN+ group would be slower to respond to contralateral compared to ipsilateral targets (i.e., showing HN), whereas the
SI:HN- and CI would show no lateral differences; (3) an interaction between group, Laterality and avatar showing that
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for the SI:HN+ group, the no avatar condition would show more omissions and slower response times to contralateral
compared to ipsilateral targets (showing HN), but that in the avatar condition, the effect would be reversed, showing less
omissions and faster response times to contralateral compared to ipsilateral targets (a perspective shift). We predicted that
there would be no lateral effects for the SI:HN- and CI groups, and consequently, no reversal. (4) This interaction may be
further moderated by the friendliness of the avatar. Finally, in the third analysis, we evaluated the user experience in the
two SI groups.

2 Methodology

2.1 Participants
We tested 61 healthy control individuals (CI) (32 females, 3 left-handed; aged between 30 and 77 years, M= 55, SD= 10.6)
and 17 post-stroke individuals (SI) (3 females, 9 left-handed (less-affected); aged between 46 and 79 years, M= 60,
SD= 10). The CI were recruited using convenience sampling from the University of Louvain participation panel and
social media groups. The inclusion criteria were: (1) corrected-to-normal vision, and (2) a good understanding of the task
instructions. They were excluded if they reported a history of neurological conditions. The first analysis considered all
61 participants of the CI group, whereas the second analysis involved the 17 SI and a selection of 17 CI from the 61
participants that were matched by age to the SI participants. The SI were recruited from the physical medicine and reha-
bilitation department of the Cliniques universitaires Saint-Luc in Brussels. The inclusion criteria were: (1) presence of an
ischaemic or haemorrhagic first stroke according to the World Health Organisation, with lesions confirmed by medical
imagery, (2) clinical diagnosis of HN and HP from a clinical neuropsychological or physical medicine evaluation report,
and (3) a good understanding of the task instructions. They were excluded if they (1) presented other neurological or
orthopaedical conditions (such as dementia) that would interfere with the use of IVR, or (2) had uncorrected vision. All
the SI participants had a hemiparesis, and 6 SI additionally had a clinical diagnosis of HN documented in an evaluation
medical report (SI:HN+) (see Table 1 for precise details of each anonymised post-stroke individual). The SI:HN+ and
SI:HN- groups were contrasted to the re-sampled age-matched CI group. The three groups (SI:HN+, SI:HN- and CI)
consisted of 6, 11 and 17 participants (SI:HN+: 0 females, 3 left-handed post-stroke; aged between 49 and 67 years,
M= 59, SD= 7.01; SI:HN-: 3 females, 6 left-handed post-stroke, aged between 47 and 79 years, M= 60.5, SD= 12.01).
A t-test showed no differences between groups for age (t (32)= -0.069, p= 0.95). All procedures were approved by the
Saint–Luc UCLouvain-Hospital–Faculty Ethics Committee, and registered on clinicaltrial.org (NCT04694833). All par-
ticipants volunteered to participate, and provided written informed consent prior to the experiment. The third analysis of
user experience was tested only with the SI groups.

2.2 Materials, stimuli and experimental design
We used a VR headset (Oculus Quest 2) and one Oculus Quest motion controller. The visual display presented to partici-
pants was monitored by the experimenter through live stream of the Oculus App on a digital tablet (Huawei MediaPad T,
model AGS2-W09). The virtual environment was built with Unity 2019.3 software (in C # language), using virtual objects
purchased in Unity Asset Store. We purchased two 3D avatars, consisting of middle-aged male and female humanoids
(Figure 1(d)). The avatar animations (e.g., head movements, eye blinks, speech) were performed using SALSA Lip Sync2.
The IVR simulated a 3D kitchen environment consisting of worktops, wall cupboards, a cooker, fridge-freezer, and a table
(Figure 1(a)), on which a hidden grid (6 columns and 4 rows; 24 cells) was placed. The table dimensions were 120 cm (L),
120 cm (W), and 73 cm (H), and the cells of the hidden grid measured 20 cm (L) and 20 cm (W). The target stimulus was
a Peach (presented in 3D), and the distractor stimuli were different fruits and vegetables (all presented in 3D). The target
Peach was developed in-house using Blender. The distractor fruit objects were taken from two Unity Asset Store packages
that we purchased: Food Pack Mixed and Modern Supermarket.76,77 All stimuli were placed within the centre of each cell,
with the target stimulus appearing in each of the 24 cells (randomly) across the trial set. The distractors were presented in
the other 23 cells, with random allocation on every trial (Figure 1(b)).

The CI held the controller in their dominant hand, and the SIs held the controller in their less-affected hand. Before
each trial, a red basket was displayed floating in front of the participant, positioned along their sagittal axis, at the level of
the table (Figure 1(b)). To initiate a trial, the participant had to fixate the red basket (alignment measured with the Oculus
head position tracker). Once the head position was correctly located, the basket turned green, and the stimuli appeared.
This fixation procedure assured a central fixation starting point for each trial. The participants were instructed to push
on a button of the Oculus Quest motion controller when they saw the target stimulus (Figure 1(c)). All the trial stimuli
appeared for 7000 milliseconds maximum, and if the participants made no response during target presentation trials, the
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Figure 1. (a) The 3D simulation of the kitchen where the participants were immersed. The kitchen contained a table on which the
stimuli appeared. (b) Before each trial, the participant had to fixate the red basket to regulate the eye starting position for each trial.
When fixated, the basket turned from red to green. (c) The target Peach and the controller button for responding (shown as an
animated gif). (d) the selection of either the female or male avatar. (e) An example of the avatar presented within the kitchen scene
(see coloured version online).

serious game registered an omission (failure to find the target). On 5 additional trials (randomly presented within the 24-
target trial set), no target was presented (catch trials; on these trials, 24 distractors were presented). The participant was
instructed to make no response, but if a response was made, a false-positive error was recorded.

There were three blocks of trials, with each block composed of 29 trials (24 target trials and 5 catch-trials). In the control
condition, no avatar was presented (the participant was the only person in the virtual room). In the avatar conditions, one of
two avatars entered the virtual kitchen and stood facing the participant, at the opposite side of the table (the virtual distance
between the participant and the avatar was 1m40) (Figure 1(e)). The sex of the avatar was selected by the participant before
the experiment, and the two avatars were of the selected sex. In one block, the selected avatar acts as the friendly avatar,
it positively interacted with the participant by giving verbal and physical encouragement, while in a second block, the
avatar that was not chosen acts as the non-friendly avatar, it does not interact with the participant (no display of verbal
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and physical encouragement). The order of these three blocks were randomised across participants (see Table 2 for a
summary of the Peach test scenario and task). Before each trial block, written and audio instructions were played, and the
participants were consistently instructed to respond as fast as they could to the target Peach.

The performance was logged and stored in “CSV” format in the headset storage. This contained various standard data
entries including participant (anonymised) ID, trial number, and block number. Target and Catch Trials were registered,
and depending upon the participant’s response, the result of the response was recorded (i.e., correct response to the target;
omission - failure to respond to the target; error - response to a distractor; correct non-response to a catch trial, and a false
positive error to a catch trial). The row and column coordinates of the target location were registered. Response time was
recorded in milliseconds.

We used the Apple Test,78 a standardised hemineglect diagnostic test, to assess the visuo-spatial attention performance
of SIs. It is a cancellation test involving marking up to 50 apples from 100 distractors consisting of incomplete apples.
The complete and incomplete apples were equally distributed across an invisible grid constituted of 5 columns and 2 rows.
The analysed measure included the total omissions (independently of the space) and the omission asymmetry between the
contra- and the ipsi-lateral spaces (e.g., the difference of omissions committed between the two contra-lateral columns and
the two ipsi-lateral columns).

To evaluate users’ experience, we used the User Experience Questionnaire (UEQ) considering hedonic and pragmatic
measures,79 represented by 6 scales with twenty-six items in total: (1) Attractiveness: refers to the overall impression of
the serious game (Do users like or dislike it?); (2) Perspicuity: refers to how easy it is to get familiar with the serious
game (Is it easy to understand?); (3) Efficiency: refers to the ease with which interactions can be conducted within the
serious game (Is the interaction efficient and fast?); (4) Dependability: refers to the sentiment of control over the serious
game (Does the user feel in control of their interactions?); (5) Stimulation: refers to the motivation and pleasure that the
user experience when using the serious game (Is it exciting and motivating to use the serious game?); (6) Novelty: refers
to the novelty of the serious game (Is the serious game novel and creative?).79,80 The Attractiveness scale correspond to
6 items, whereas all the other scales correspond to 4 items. The items format consisted of semantic differential with a
7-points Likert scale. The questionnaire is accessible and available for free in multiple languages, and a data analysis tool
is provided to facilitate the evaluation.

2.3 Procedure
The study was conducted in controlled laboratories based at the Institute of Psychological Sciences Research Institute,
University of Louvain and in the Cliniques universitaires Saint-Luc, Brussels. The experiment session lasted one hour. At
the beginning of the session, the participants were instructed on the experimental design, and they were invited to sign a
consent form. They were then invited to sit on a chair at the edge of a physical table, wearing the IVR headset and holding
the controller in their dominant (Less-affected) hand. They were then immersed in the virtual environment. They were
told a back story of a pastry chef that needed help to make a peach pie. To assist the pastry chef, the participant had to
collect as many peaches as they could during the game. They were also told that they would sometimes be accompanied
by a sous-chef (the avatar). They were immersed in the virtual environment and invited to select their sous-chef avatar
by pressing on a button (i.e., allowing the selection of a male or female avatar) (see Figure 1; each having the friendly
and non-friendly versions). Once their choice was made, they were instructed to push on a start button allowing them to
enter the virtual kitchen containing the virtual table that corresponded in position to the physical table. The participants
could view and visually explore the kitchen and the empty table (containing no stimuli). Written and auditory instructions
were then displayed to the participant, and they were invited to push on a button to initiate a training session containing
12 trials (including 2 catch-trials). The objective of this training session was to confirm that the participants understood the
instructions, that they could correctly identify the target, and that they engaged and experienced the immersion of the task.
At the end of this training session, they were then invited to again push a button to initiate the experiment (three blocks
of 29 trials) (see Table 2 for the sequence of the serious game). After completing the three blocks of the Peach test, the
patients were then asked to complete UEQ. At the end of the session, the participants were thanked for their participation,
and the CI received a payment of 10 EUROS for their participation. All participants completed the experiment.

2.4 Methods of data analyses
For analyses 1 and 2, a Shapiro-Wilk normality test indicated that the data were normally distributed (W (25)= 0.92,
p> 0.05). Therefore, the data were analysed using repeated measures ANOVAs (using SPPS IBM). The choice of ANOVA
was deemed appropriate for analysing the data, as it can handle multiple independent variables and their interactions.
The independent variables were Group (CI, SI:HN+, SI:HN-), Laterality (ipsilateral vs contralateral space relative to
the dominant hand in CI/ non-HP hand in SI), Proximity (peri-personal vs extra-personal space), and Avatar (no avatar,
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Table 2. A summary of the Peach test sequence. The participant was exposed to a series of visual scenes, in which the participant
performed a task.

Scene Content Task Interactions and software

1 The study begins with the
experimenter using the Oculus
Quest 2. A simple user interface
(UI) containing the title of the
serious game and a dialog box is
presented: “Enter the participant’s
ID”.

The experimenter indicates the
participant’s (anonymised) ID (for
data logging).

Interactions with the UI are
made using a virtual laser
controlled using the Oculus
controller (implemented using
a prefab of the Oculus library;
UIHelpers).

2 The participant is now wearing the
Oculus. A gif animation shows
which controller button must be
pressed to respond to the target,
accompanied by written and
auditory instructions. They are
then invited to “Press the button to
start”.

The participant listens to the
instructions and then presses the
virtual button to initiate the
study.

The written and audio
instructions are presented.
The audio was recorded using
iOS Voice Memos.To press
the virtual button, the same
laser-based control is used to
interact with the UI.

3 A second set of written and
auditory instructions are
presented with the same gif as
the previous scene. They are
requested to click “continue” to
move forward.

The second set of instructions
explain that the participant can
choose the gender of the avatar
(“sous-chef” in the SG storyline).

The same laser-based button is
used to interact with the UI
and move to the next screen.

4 Pictures of the two avatars and
their names are presented
(Figure 1(d)), along with a
“continue” button.

The participants chose one of the
avatars by clicking on the button
to select the gender of their
“sous-chef” avatar.

The laser-based button is aimed
to one of the avatar pictures.
A visual feedback is shown to
indicate selection. They then
press continue.

5 The participants enter the virtual
3D visual kitchen. They are
situated in front of a wooden
table, with a semi-transparent
grey screen hanging in front of
them, on which written and
illustrated instructions are
displayed. A “continue” button is
also presented.

The text-audio instructions are
displayed explaining the storyline
to the participants (“A Pastry Chef
needs help to make a Peach Pie”).
They must gather peaches as fast
as they can. They will be
accompanied by their chosen
sous-chef, and by a second
sous-chef (i.e., the avatar that
they did not choose).The
participant needs to press
“continue” button to move
forward.

The audio is presented in a male
or female voice based on the
choice of avatar (i.e., Philippe
vs Françoise).The same
laser-based button is used to
interact with the UI.

6 Another instruction is displayed on
the semi-transparent screen using
image and audio. It shows a red
basket turning green, and a 2D
illustration of the target Peach. A
“continue” button is also
presented.

Participants are instructed to fixate
the red basket until it turns green
to launch the serious game.They
need to press “continue” button
to move forward.

To detect if the participants is
looking at certain objects in
the virtual environment, the
Unity function Raycasting is
used (a virtual ray from the
headset central camera to the
basket).

7 A tutorial is launched after pressing
a “continue” button UI.The
tutorial is composed of 12
sample trials. The table is first
presented with the red basket, at
the level of their hand. After
fixation, the stimuli appear on the
table (1 target and 23 distractors,
and no avatar).

Before each trial, participants fixate
the red basket, and upon turning
green, the trial begins.
Participants are requested to
search and respond to the target
Peach presented among other
fruits and vegetables by pressing a
button when they see the target
(responding as fast as they can).

The participant has up to 7000
ms to respond to the target,
otherwise the trial ends and
another red basket fixation
task appears.The target
appears in every cell of the
hidden grid, in every block.

(continued)
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Table 2. Continued.

Scene Content Task Interactions and software

8 A final text-audio instruction is
displayed, with a “continue”
button.Once the serious game is
launched, three consecutive
blocks are displayed. A break is
provided between blocks, to
allow the change of avatars and
for participant rest.

Participants launch the serious
game by pressing the “continue”
button when they feel ready.

The presentation of the stimuli
is similar to the tutorial, but
additionally containing catch
trials (no target) and trial with
the presence of the avatar.The
animations of the avatars were
taken from Mixamo data base,
and the facial expressions
were created using Blend
Shapes Editor in Unity.

9 Once the three blocks are
complete, the participant is
presented with an empty table,
with the semi-transparent screen
giving written-audio instructions.

The text-audio instructions inform
the participant that they gathered
enough peaches, and that this is
the end of the game. The
instruction thanks the participant
for their participation.

This is the end of the
experiment. The participant
removes the headset.

friendly avatar, non-friendly avatar). The targets were semi-randomly presented across a 6 column and 4 row hidden grid.
Targets presented in columns 1–3 and columns 4–6 were defined as ipsi- or contra-lateral space relative to the dominant
hand. For right-handed participants (SI with a left HP), contralateral space corresponded to targets displayed in columns
1–3 and ipsilateral space corresponded to targets displayed in columns 4–6, whereas for left-handed participants (SI with
a right HP), contralateral space corresponded to targets displayed in columns 4–6 and ipsilateral space corresponded to
targets displayed in columns 1–3. For proximity, peri-personal space corresponded to targets presented in rows 1 and 2,
and extra-personal space corresponded to targets presented in rows 3 and 4 (see Figure 1(b)). The dependant variables
were the number of omissions for target trials (i.e., a failure to respond to the target by pressing the button when the
target stimulus appeared) and mean response time (RT) to correctly respond to target stimuli (i.e., the time between the
presentation of the target stimuli and the moment the participant correctly pressed the button; measured in milliseconds),
and the number of omissions for target trials (i.e., a failure to respond to the target by pressing the button when the target
stimulus appeared). Post-hoc analyses were performed using Bonferroni correction.

In the first analyses, all response to catch trials (i.e., 3 blocks or 5 trials x 61 CI participants, 915 trials) were removed
from the total data set (i.e., 3 blocks of 29 trials x 61 participants; 5307 total trials). All the data from three participants
were excluded as they pressed the response button when no target stimulus was presented for more than 6/15 catch trials.
From the remaining 4176 total trials (58 participants), omissions (38 trials) and abnormal responses (< 250 ms) (2 trials)
were removed. Outlier data were identified numerically using a confidence interval of three standard deviations above and
below the mean, causing a further 92 trials to be deleted. The analysis was performed on the remaining data set of 4044
trials.

In the second analyses, all response to catch trials (i.e., 15 trials x 34 participants, 510 trials) were removed from
the total data set (i.e., 3 blocks of 29 trials x 34 participants; 2958 total trials). From the re-sampled CI data set (i.e.,
82 trials x 17 CI; 1224 total trials), 15 omission trials were removed (and there were no abnormal responses,< 250 ms).
From the SI:HP- groups (i.e., 82 trials x 11 SI:HN-; 627 total trials), 32 omission trials and 2 trials showing abnormal
responses (< 250 ms) were removed. From SI:HN+ data set (i.e., 82 trials x 6 SI:HN+; 432), 24 omissions (see Table 1)
and 13 abnormal responses (< 250 ms) were removed. Outliers were identified using a three standard deviation confidence
interval above and below the mean, causing a further 26 trials to be delated in CI group data. The analysis was performed
on the remaining 2336 data set (see Table 3).

The UEQ was completed by the SI only, as they are the end-users. Their scores were analysed using the data analysis
tool (an excel sheet) provided by the authors.79 The results were encoded in the tool, then an automatic transformation
was performed, scaling the items from −3 to +3. Then, the mean and standard deviation of each scale were computed.
Scores ranging from −1 to 1 indicate a neutral evaluation of the corresponding scale, scores below −1 indicate a negative
evaluation, and scores above 1 represent a positive evaluation of the corresponding scale. These results were compared
to a classification benchmark value, containing 468 evaluation study (i.e., these studies concern various products, such as
software, web shops and websites). The evaluated product (here, Peach test) was classified, based on the benchmark, into
5 categories per scale: Excellent, Good, Above average, Below average, and Bad.81,82
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Table 3. The number of omissions made by the SIs.

Omissions in Omissions Omissions
Total ipsi- and in near and with Omissions with non-
number of (contra-) (far) friendly with no friendly

ID omissions lateral space space avatar avatar avatar

In
di

vi
du

al
s

w
ith

H
P

an
d

N
o

H
N

(S
I:

H
N

-)

SI01 0 0 (0) 0 (0) 0 0 0
SI02 0 0 (0) 0 (0) 0 0 0
SI05 0 0 (0) 0 (0) 0 0 0
SI06 2 1 (1) 0 (2) 2 0 0
SI07 2 1 (1) 1 (1) 0 1 1
SI09 26 11 (15) 6 (20) 5 11 10
SI12 2 1 (1) 0 (2) 0 1 1
SI13 0 0 (0) 0 (0) 0 0 0
SI15 0 0 (0) 0 (0) 0 0 0
SI16 0 0 (0) 0 (0) 0 0 0
SI17 0 0 (0) 0 (0) 0 0 0

In
di

vi
du

al
s

w
ith

H
P

an
d

H
N

(S
I:

H
N
+

) SI03 13 6 (7) 1 (12) 5 3 5
SI04 7 6 (1) 2 (5) 1 1 5
SI08 2 1 (1) 2 (0) 0 0 2
SI10 0 0 (0) 0 (0) 0 0 0
SI11 1 1 (0) 0 (1) 1 0 0
SI14 1 1 (0) 0 (1) 1 0 0

3 Results

3.1 Analysis 1: General effects for the large Ci group
The analysis of mean RT showed no main effects for Laterality, F (1, 57)= 2.29, p= 0.14, 𝜂

2= 0.04, Proximity,
F (1, 57)= 0.12, p= 0.74, 𝜂2= 0.002, and Avatars, F (2, 114)= 0.27, p= 0.76, 𝜂2= 0.005. There were also no signifi-
cant interactions between Laterality and Avatars, F (2, 114)= 2.04, p= 0.13, 𝜂2= 0.034, Proximity and Avatars, F (2,
114)= 1.34, p= 0.27, 𝜂2= 0.02, and the three-way interaction between Laterality, Proximity and Avatars, F (2114)= 0.48,
p= 0.62, 𝜂2= 0.008. However, there was a significant interaction between Laterality and Proximity, F (1, 57)= 8.08, 𝜂2,
p< 0.001, 𝜂2= 0.12 (Figure 2(a)). A separate ANOVA was run for each proximity space. As hypothesised, this showed no
significant effect of Laterality in both the peri-personal space, F (1,57)= 3.70, p= 0.06, 𝜂2= 0.06 and extra-personal space,
F (1, 57)= 1.65, p= 0.20, 𝜂2= 0.03 (Figure 2(b)).

3.2 Analysis 2: Group comparison study
Table 3 shows the total omission scores. As omissions were too few, analyses by ANOVA were not possible. The anal-
ysis of mean response time showed no main effect of Laterality, F (1, 31)= 1.62, p= 0.21, 𝜂2= 0.05, or for Avatars,
F (2, 62)= 0.81, p= 0.45, 𝜂2= 0.02. There were no significant interactions between Avatars and Group, F (4, 62)= 0.68,
p= 0.61, 𝜂2= 0.04, Avatar and Laterality, F (2, 62)= 0.01, p= 0.99, 𝜂2= 0.00, Avatar and Proximity, F (2, 62)= 0.87,
p= 0.42, 𝜂2= 0.03, and Proximity and Laterality, F (1, 31)= 0.48, p= 0.49, 𝜂2= 0.01. There were also no significant
three-way interactions between Avatars, Laterality, and Group, F (4,62)= 1.00, p= 0.41, 𝜂2= 0.06, Avatars, Proximity,
and Group, F (4,62)= 0.56, p= 0.69, 𝜂2= 0.03, and Avatars, Laterality, and Proximity, F (2,62)= 0.02, p= 0.98, 𝜂2= 0.00.

As predicted, there was a main effect of Group, F (2,31)= 10.49, p< 0.001, 𝜂
2= 0.40. This showed that the

SI:HN+ group was the slowest, then the SI:HN- group, and that both SI groups were slower than the CI group (SI:HN+:
M= 2961.26, SD= 247.17; SI:HN-: M= 2290.36, SD= 182.55; CI: M= 1691.17, SD= 146.84). Also, as predicted, there
was a main effect of Proximity, F (1,31)= 22.44, p< 0.001, 𝜂2= 0.42, with all participants being slower in extra-personal
compared to peri-personal space (Peri-personal space: M= 2164.87, SD= 100.13; Extra-personal space: M= 2463.66,
SD= 133.18). There were significant interactions between Group and Laterality, F (2,31)= 3.28, p< 0.001, 𝜂2= 0.17,
and Group and Proximity, F (2,31)= 8.57, p< 0.001, 𝜂

2= 0.36 (Figures 3). Separated ANOVAs were run for each
Group. For each of the three groups, there was no effects of Laterality for CI, F (1,16)= 0.03, p= 0.86, 𝜂2= 0.00;
SI:HN-, F (1,10)= 0.44, p= 0.52, 𝜂2= 0.04, and; SI:HN+, F (1,5)= 0.4.41, p= 0.09, 𝜂2= 0.47. For proximity, the CI
group showed no effects, F (1,16)= 0.33, p= 0.57, 𝜂2= 0.02, but there were significant effects for both SI groups: SI:HN-,
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Figure 2. (a) Violin plots with boxplots illustrating mean response time (milliseconds) to the peach target in ipsi- and contra-lateral
spaces, and in peri- and extra-personal spaces. (b) Boxplots illustrating mean response time (milliseconds) to the Peach in ipsi- and
contra-lateral spaces, and in peri- and extra-personal spaces, in the three avatar conditions.

F (1,10)= 7.74, p< 0.001, 𝜂2= 0.43, and SI:HN+ group, F (1,5)= 7.27, p< 0.001, 𝜂2= 0.59. Both analyses showed that
the SI:HN+ and SI:HN- were slower in extra-personal (SI:HN+: M= 3251.76, SD= 289.97 vs. SI:HN-: M= 2460.09,
SD= 214.16) than in peri-personal (SI: HP+HN: M= 2670.77, SD= 218.02 and SI: HP-HN: M= 2120.62, SD= 161.02).

3.3 Analysis 3: Peach test user experience
The analysis of the 17 SI responses to the UEQ showed that overall, the Peach test had positive evaluations. For all the eval-
uated dimensions, our results were in the positive range (Figure 4(a)). The highest values obtained were on the Perspicuity
dimension (M= 2.69; SD= 0.24), indicating that the Peach test is clear, very easy to understand and participants easily
learn how to perform the tasks. The Attractiveness dimension showed a positive rating (M= 1.88; SD= 1.62), showing
that the Peach test was enjoyable and attractive, and gave an excellent overall impression. On the Efficiency dimension
(M= 1.84; SD= 0.72), participants found the interaction with the test to be efficient and fast. On the Stimulation dimension
(M= 1.38; SD= 1.83), participants thought that the Peach test was exciting, motivating, and fun to use. On the Novelty



12 Technology and Health Care 0(0)

Figure 3. (a) Violin plots with boxplots illustrating mean response time (milliseconds) to the peach (target) in ipsi- and contralateral
space in SI:HN+, SI:HN- and CI groups. (b) Violin plots with boxplots illustrating mean response time (milliseconds) to the Peach
(target) in peri- and extra-personal spaces in SI:HN+, SI:HN- and CI groups.

dimension (M= 1.37; SD= 1.95), participants found the Peach test to be innovative and creative. Finally, on the Depend-
ability dimension (M= 1,29; SD= 0.95), participants reported a feeling of safety, and control of their interaction with the
virtual environment.

Based on the UEQ Data Analysis tool, a benchmark was conducted, comparing the Peach test to the 468 products
included in the data set. The results demonstrated that Peach test had an excellent mean value on the Attractiveness and
Perspicuity dimensions (M= 1.88, & M= 2.69, respectively), meaning that Peach test lies in the range of the 10% best
results. It has a good mean value on the Efficiency, Stimulation, and Novelty dimensions (M= 1.84, M= 1.38, & M= 1.37,
respectively), meaning that 10% of the products included in the benchmark data set have better results than Peach test, and
75% of these products have worst results. The analysis also showed an above average mean value on the Dependability
dimensions (M= 1.29), meaning that 50% of the products included in the benchmark data set had better results than the
Peach test, and 25% of these results had worst results (Figure 4(b)).
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Figure 4. (a) A graphical representation of the UEQ dimension values given by the SIs. (b) A graphical representation of the
benchmark on Peach test.

4 Discussion
In this paper, we presented a new IVR serious game to evaluate spatial attention by contrasting responses to targets
presented in ipsi- versus contra-lateral, and peri- versus extra-personal spaces. The assessment used an interactive serious
game, where participants were immersed in a kitchen simulation, and requested to perform a simple visual search task in
the presence of avatars. Our first objective was to evaluate the feasibility and user experience of this serious game. For this,
we tested a group of sixty healthy control individuals. We hypothesised that the CI would show no Laterality effect, but
show a proximity effect, and that there would be an interaction between avatar and proximity. Our findings indicated no
significant differences when responding to a target presented in the different space contrasts (ipsilateral / contralateral, and
peri-personal / extra-personal spaces), and no significant differences in responding to the target presented in the peri- and
extra-personal spaces in the no-avatar and the two avatar conditions for both omissions and response time. These results
were surprising, because there is a substantial body of evidence showing that perspective taking of a third person presented
in front of a participant can automatically influence response performance.83–86 Further, several papers have demonstrated
evidence that participants spontaneously took the spatial perspective of another’s perspective causing reversal effects for
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right/left or near/far spaces.39,44,45,87 Despite these null effects, the advantage is a stable data profile on which to contrast
patients.

In the second analysis of this paper, we contrasted results from a group of post-stroke individuals with hemiparesis
without hemineglect, a group of post-stoke individuals with hemiparesis and hemineglect, and a resampled selection of
age-matched controls. We hypothesised that SI:HN+would show a Laterality effect, whereas SI:HN- and CI would not
show Laterality effects, and further, that there would be an interaction between group, Laterality and avatar. Our findings
indicated that both SI groups were slower than CI, with SI:HN+ being the slowest group, but that there was no significant
effect of Laterality in the SI:HN+ group for both omissions and response time measures, thereby not supporting our
hypotheses. This lack of lateralised effect can likely be explained by the SI no longer showing HN at the time of testing,
evaluated by standardised test (e.g., Apples test78). Despite these inconclusive results for the SI groups, the present Peach
test could still be used to detect spatial attention impairments from omission and response time measures, contrasting
target ipsi- and contra-lateral spaces as well as peri-personal and extra-personal spaces. The predicted hypotheses may
have more likely demonstrated significant results with acute patients who showed HN at the time of testing.

Our results showed an effect of proximity for both SI groups, with slower responses to the target presented in extra-
compared to the peri-personal space. However, there were no interaction effects between group, proximity and avatar, and
between group, Laterality and avatar. This suggest that there was no shift in the proximity effects for both SI groups with
the presence of the avatar, and that the predicted shift for Laterality with the SI:HN+ for perspective was not found. This
reversal effect may have been better demonstrated in neurological patients showing representational hemineglect41–43 or
as proposed earlier, with patients having HN at the time of testing. It is possible that acute HN individuals would have
shown a lateral bias without the avatar, and a reversal lateralised effect with the presence of the avatar. The same argument
can be made for responses to targets in peri- and extra-personal spaces, with the effect for proximity with the SI groups
not showing reversal effects with compared to without the avatar due to the SI not being acute. Alternatively, this result
may indicate that the avatars were not suitable to provoke reverse effects. Clearly, more studies are needed to test whether
the presence of animated 3D avatars can cause perspective taking shifts. These additional studies would add to growing
evidence and challenges for the perspective taking paradigm.88–90

In traditional neuropsychology assessment, omission measures are currently the standard metric to assess asymmetry
bias in spatial attention.91–94 When combined with response time, the test diagnostic sensitivity to detect spatial attention
impairment is increased, by providing more measures to distinguish between patients with and without hemineglect.20,95

HN is a heterogenous syndrome that is more frequent and/or severe after a right lesion, but there is also evidence of right
HN after a left lesion.2,96–99 Furthermore, HN can differentially moderate in peri-personal and/or extra-personal space.9,100

It is possible that these different sub-types of HN are not systematically evaluated with the current tools used in the clinics.
Our peach test can be used to detect biases in responding to ipsi- and contra-lateral space, and it can also simultaneously
assess peri- and extra-personal spaces, thus increasing future clinical utility with a broader post-stroke population. An
important advantage of using IVR here was that it allowed for the use of large virtual spaces that simulate real-world
environments, which can lead to a more ecological task performance.

We evaluated the user experience of the post-stroke patients using UEQ.79 These results showed that the Peach test
was easy to understand and use, due to clear and intuitive interactions. The post-stroke individuals, as the end-users, were
able to perform the serious game fully without aid from the experimenter. The overall experience was rated positively, and
both SI groups enjoyed the serious game and were motivated by the implementation of a clear and fun storyline, that they
engaged with. This aligns with Ong, Weibin and Vallabhajosyula,101 who suggest that the use of serious games increases
patients’ satisfaction with neuropsychological assessment. It is also compatible with several recommendations that support
the development of ecologically relevant and entertaining neuropsychological measures to enhance the adherence of the
participants and present usable and efficient devices.102–104 These results suggest that post-stroke individuals can easily
interact with sophisticated technologies, enjoying the experience, thereby confirming the usability of the Peach test as a
viable concept for assessment of SI.

This paper had several limitations that need to be addressed in future studies. Testing the feasibility of the Peach
test with neurological patients showing HN at the time of testing is needed, demonstrated using standardised measures.
These neurological hemineglect patients must show lateral bias effects in order to test if the presence of an avatar causes
reversal effects. It could also be that a larger sample of patients are tested, perhaps showing differences for the avatar
perspective taking effects. Another limitation in this paper is related to the statistical analysis performed. A repeated
analysis of variance (ANOVA) was performed on the dataset, and outliers were removed from the CI dataset using a
normal distribution method. While this is a common practice in the field, there may be better statistical method that
allow for more effective contrast between clinical and control participants. Future studies should consider the use of an
alternative methods, such as Mixed-Effects Models, which are more robust in dealing with sphericity violations and can
handle unbalanced data and missing values.105 Additional improvements could be implemented to the Peach test, such as



Ajana et al. 15

replacing the key-button response by a more naturalistic interaction with the targets, dispensing the need for catch trials.
For this, the inclusion of hand tracking that is available with the head mounted display could be more efficient and useful,
since it would enhance the user-experience and provide with action metrics. The compromise will be that the test can
only be performed in peri-personal space. Another improvement could be to vary the difficulty of the task to increase
test sensitivity for different severities of patients, allowing detection of HN in chronic patients. Moreover, the presence of
different difficulty levels could help personalising the adaptation of the assessment to a treatment based serious game for
patients.106,107

5 Conclusion
To sum up, we have used a novel serious game in IVR for the assessment of spatial attention in hemineglect. Although
our findings were inconclusive, the Peach test showed excellent usability and acceptance by SI. The serious game compre-
hended a scenario where participants interacted with avatars. Future studies should focus on investigating the impact that
the presence of an avatar has on spatial attention performance, and clinical validity and reliability of Peach test should be
studied to allow the use of this virtual test in clinical settings.
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