
 

1 

 

INNOVATIONS IN NEUROPSYCHOLOGY 

ASSESSMENT METHODS USING IMMERSIVE 

VIRTUAL REALITY 

 

  

Thèse présentée en vue de l’obtention du 

grade de Docteure en sciences 
psychologiques et de l’éducation 

Septembre 2023 

 

Khawla AJANA  





 

3 

 

Innovations in neuropsychology assessment 
methods using immersive virtual reality 

 

 
Khawla AJANA 

 

 

 

 

 

 

 

 

 

 
 Thèse présentée en vue de 

 l’obtention du grade de Docteur 
 en sciences psychologiques et 
 de l’éducation 

 

 

 

 

 
Promoteur   
  
Martin Gareth EDWARDS (UCLouvain)  
Thierry Lejeune (UCLouvain)  

  
 
 
 
Comité d’encadrement 
 

Prof. Michael ANDRES (UCLouvain) 
Prof. Gaëtan STOQUART (UCLouvain) 

 

 

 
 

Collection de thèses de l’Université catholique de Louvain, 201X 



 4 

Président 
 
Prof. Michael ANDRES 

 
 
Comité d’accompagnement et jury 

 
Prof. Nele DEMEYER  
Dr. Lars EVALD 
Prof. Valérie GOFFAUX 
Prof. Gaëtan STOQUART 
Prof. Marie VAN REYBROECK 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Presses universitaires de Louvain, 201x 

Dépôt légal : D/201x/9964/xx 

ISBN : 978-2-87588-xxx-x 

Imprimé en Belgique 

 

Tous droits de reproduction, d’adaptation ou de traduction, par quelque procédé que ce soit, 

réservés pour tous pays, sauf autorisation de l’éditeur ou de ses ayants droit. 

Couverture : Marie-Hélène Grégoire 

 

Diffusion : www.i6doc.com, l’édition universitaire en ligne 

Sur commande en librairie ou à 

Diffusion universitaire CIACO 

Grand-Rue, 2/14 

1348 Louvain-la-Neuve, Belgique 

Tél. 32 10 47 33 78 

Fax 32 10 45 73 50 

duc@ciaco.com 

 

 

 

 

 



 5 

Acknowledgments 
 

 

 
I started my PhD shortly before the outbreak of the Covid-19 pandemic, a period 

characterized by various challenges and marked by numerous uncertainties. 

Nevertheless, I have managed to come this far. This would not have been possible 

without the support of exceptional individuals whom I feel tremendously grateful 

to have encountered along this journey, and who continue to be a part of my life 

today. 

 

Firstly, I would like to express my gratitude to my PhD promoters. Professor 

Thierry Lejeune, for generously sharing his extensive academic knowledge and 

clinical experience, and for his guidance throughout the entire process. To 

Professor Martin Gareth Edwards, for his unwavering support, his 

compassionate and patient tutelage, and invaluable guidance: I am truly grateful for 

your mentorship, thank you for leading with kindness, thank you for believing in 

me when it was difficult to do so myself, and thank you for your dedication to my 

academic and personal growth. You inspire me to be a better researcher than I 

could ever have aspired to be! 

 

I would like to extend my sincere thanks to the members of the jury, to Professor 

Nele Demeyer, Doctor Lars Evald, Professor Valérie Goffaux, and Professor 

Marie Van Reybroeck for their insightful comments and thought-provoking 

questions. To Professors Michael Andres and Gaëtan Stoquart for their 

assistance through my doctoral studies and valuable feedback. Your suggestions 

have enhanced greatly the quality of this work.  

 

I would like to offer my special thanks to Région Wallonne, The SPW-Economie-

Emploi-Recherche and the Win2Wal program for funding this doctoral project. 



 6 

Furthermore, my PhD project is the culmination of a collaborative effort that 

involved the contributions and assistance of various individuals. My sincere thanks 

to Gauthier Everard, Stéphane Grade, Anthony Garcia, Camille Ganci, 

Gregorio Sorrentino and all the students who helped in the development of this 

project.  

 

A special appreciation goes to all the wonderful colleagues and members of the 

Institute of Psychological Institute, some of whom I proudly call my friends today: 

Silvana Romero Saletti, Veena Kamble, and Iqra Shahzad. I extend a heartfelt 

thanks to Martine Janssens, for her support and kind help that made the doctoral 

school easy to navigate.  

 

I would like to express my appreciation to the clinicians at Cliniques universitaires 

Saint-Luc: Mathilde Van Durme and Caroline Sencie. Without their kind 

assistance and collaboration, participants recruitment would have been a 

challenging task. Thank you for Professor Yves Vandermeeren and Eloise 

Gerardin for opening their laboratory doors to me. I am excited for future 

collaborations with you. Additionally, I want to extend my heartfelt thanks to all 

the participants who took part in my studies. Many thanks for willingly and 

generously dedicating their time and effort to further the progress of this project. 

 

This PhD journey, could not have been as meaningful without the constant 

presence of my friends and family. I would like to thank: Soccorsa, Malek, Sofia, 

Salma, Kirti, Delphine, Iris, Yasmina, Annelies and Yasmine. For patiently 

enduring my enthusiastic rambling about my research and for graciously listening 

to my occasional complaints along the way. A special thanks to my flatmate Safia, 

who consistently displayed interest for my work. My deepest thanks to Simon, my 

rock. I have been fortunate to have your unconditional support and faith in my 

abilities. You have been my source of strength and motivation. Weather by 

providing a listening ear during the challenging times, or by celebrating the 



 7 

smallest victories. I cannot express enough my gratitude for having you in my life. 

To my aunties, Khadija and Leila, for their support. Bouchra, Meriam, Zineb 

and Jamila for their encouragement. To all my extended family and my cousins, 

who put effort in understanding my research and the specifics of my work. Thank 

you to my siblings: Najwa and Reda, for their empathic support and for being a 

source of inspiration. Lastly, there is not enough words to convey my gratitude to 

my mother and father: my pride and joy. For their unconditional love and support, 

that have been the essence of my determination and resilience, their dedication to 

my education, for the values and principles that they have instilled in me, and that 

have shaped the person I am today. This thesis is dedicated to you.





 

9 

 

Table of contents 

 

Table of contents 9 

List of abbreviations 13 

Abstract - Résumé 14 

Prologue 15 

Chapter 1  General introduction 18 

1. A brief introduction to neuropsychological assessment 19 

2. Neuropsychological assessment measures 21 

3. Technological advances applied to neuropsychological assessment 24 

4. Virtual reality 26 
4.1 What is virtual reality? 26 
4.2 What does immersive virtual reality bring to neuropsychological assessment? 27 
4.3 Serious games in immersive virtual environments 31 
4.4 What challenges do serious games in virtual reality encounter? 32 
4.5 Summary 34 

5. Stroke: Definition and consequences on cognitive functioning 35 
5.1 Hemineglect: A complex condition 36 
5.2 Hemineglect: Different domains and frames of reference of a complex condition

 39 
5.4 Hemineglect: The impact of an avatar’s presence on a complex condition 41 
5.5 Hemineglect: Neuropsychological assessment of a complex condition 42 
5.6 Summary 43 

6. IVR Serious game approaches for hemineglect 44 

7. Outline of the thesis 45 

Chapter 2  An immersive virtual reality serious game set in a 3D kitchen environment 

for the clinical assessment of spatial attention impairment: Effects of avatars on 

perspective? 49 

1. Introduction 51 

2. Methods 57 
2.1 Participants 57 
2.2 Materials, stimuli, and experimental design 61 
2.3 Procedure 67 
2.4 Methods of data analyses 68 

3. Results 71 
3.1 Analysis: General effects for the large CI group 71 



 10 

3.2 Analysis: Group comparison study 73 
3.3 Analysis: Peach test user experience 75 

4. Discussion 77 

Chapter 3   A feature and conjunction visual search immersive virtual reality serious 

game for measuring spatial and distractor inhibition attention using response time 

and action kinematics 81 

1. Introduction 82 

2. Methods 86 
2.1 Participants 86 
2.2 Materials, stimuli, and experimental design 87 
2.3 Procedure 90 
4.1 Methods of data analyses 91 

3. Results 92 

4. Discussion 94 

Chapter 4   An immersive virtual reality serious game for the assessment of spatial 

attention and distractor inhibition in stroke individuals: A normative, validity, 

reliability and user experience study 99 

1. Introduction 100 

2. Methods 103 
2.1 Participants 103 
2.2 Materials, Stimuli and Experimental Design 109 
2.3 Procedure 112 
2.4 Methods of data analyses 113 

3. Results 115 
3.1 Analysis: CI group Replication analysis 115 
3.2 Analysis: CI Group REASmash Norms and SI:HN+ comparisons 119 
3.3 Analysis: REASmash SI concurrent validity 122 
3.4 Analysis: REASmash reliability and agreement 123 
3.5 Analysis: REASmash user experience 126 

4. Discussion 128 

Chapter 5 134 

Cognitive inhibition difficulties in individuals with hemiparesis: Evidence from an 

immersive virtual reality target-distractor salience contrast visual search serious 

game 134 

1. Introduction 135 

2. Methods 140 
2.1 Participants 140 
2.2 Materials, Stimuli and Experimental Design 143 
2.3 Procedure 145 



 11 

2.4 Methods of data analysis 146 

3. Results 147 

4. Discussion 153 

Chapter 6  General discussion 156 

1. Summary of the thesis 158 

2. Objectives of the thesis 162 
2.1 Enhancing the quality of neuropsychological assessment 162 
2.2 New insights into the understanding of post-stroke cognitive impairments 167 

3. Limitations and perspectives of the thesis 168 

Conclusion 173 

References 175 





 

13 

 

List of abbreviations 

 

 

 

 

Abbreviation Definition 

ANOVA Analysis of variance 

CI Control individuals 

CV coefficient of variance of speed 

Electroencephalography EEG 

HN Hemineglect 

IVR Immersive virtual reality 

MV Mean velocity 

OCS Oxford Cognitive Screen 

RT Response time 

SI Post-stroke individuals 

SI:HN+; SI:HP+HN Individuals with hemiparesis and with 

HN 
SI:HN-; SI:HP-HN Individuals with hemiparesis and 

without HN 
SI:HP Individuals with upper limb 

hemiparesis 
TAP Test of attentional performance 

 

 

 

 

 

 

 



 14 

Abstract - Résumé 

 

 
Neuropsychological assessment has undergone significant changes in response to criticisms 

of paper and pencil tests. These criticisms include practice effects and poor ecological 

validity and have prompted a need for transformative approaches. This urgency becomes 

more evident in the context of measuring stroke individuals' performance changes during 

neurorehabilitation programs, where practice improvements can confound treatment 

outcomes. Moreover, these traditional methods fail to capture the complexity of cognitive 

functioning, such as hemineglect. New technologies, such as immersive virtual reality have 

the potential to address these limitations. This thesis aims to contribute to enhancing the 

quality of neuropsychological assessment, and to bring new insights into understanding 

post-stroke cognitive impairment. Throughout this thesis, two novel serious games in 

immersive virtual environments were introduced. Each of these games was designed to 

assess distinct components of cognitive functioning. Additionally, this thesis investigated 

the feasibility, validity, and user experience for the two serious games. Finally, the 

advantages and limitations of our serious games, as well future perspectives are discussed. 

 

L’évaluation neuropsychologique a subi des changements significatifs en réponse aux 

critiques des tests papier-crayon. Ces critiques, qui portent sur l’effet d’entrainement et une 

faible validité écologique entre-autres, ont précipité l’adoption de nouvelles approches. 

Cette urgence est d’autant plus évidente dans le cadre de la prise en charge des troubles 

cognitifs chez des patients ayant survécu à un accident vasculaire cérébral. Ceci en raison 

de l’impact que l’évaluation initiale des troubles cognitifs peut avoir sur leur 

développement. De plus, ces méthodes traditionnelles ne parviennent pas à capturer la 

complexité du fonctionnement cognitif, comme dans le   cas d’une héminégligence. Les 

nouvelles technologies, telle que la réalité virtuelle immersive, sont une solution potentielle 

à ces limitations. Cette thèse a pour objectif de contribuer à l’amélioration de la qualité de 

l’évaluation neuropsychologique, et à la compréhension des troubles cognitifs dû à un 

accident vasculaire cérébral.  Deux nouveaux jeux sérieux en réalité immersive sont 

présentés dans cette thèse. Chacun de ces jeux a été conçu pour évaluer des composantes 

distinctes du fonctionnement cognitif. En outre, dans cette thèse la faisabilité, validité, et 

l’expérience utilisateur des deux jeux sérieux. Enfin, nous discutons les avantages et les 

limites de ces jeux sérieux, ainsi que les perspectives futures.
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Prologue 

 

 

Neuropsychology is relatively a young discipline, with less than 150 years of 

activity, which has undergone significant changes over this time course (Bilder & 

Reise, 2019). These changes have been driven by neuropsychologists who have 

continuously challenged the methods used for neuropsychological assessment in 

clinical and research settings (Miller & Barr, 2017; Valladares-Rodríguez et al., 

2016). Currently, there is an urgent need for new transformations that are 

motivated by criticisms that paper and pencil tests lack in reliability (showing 

practice effects) and show poor ecological validity (Howieson & Lezak, 2008; 

Plummer et al., 2003), among other criticisms. The issue of test reliability becomes 

increasingly important for measuring how stroke individuals’ performance changes 

in correspondence to neurorehabilitation programmes, whereby practice 

improvement effects confound improvements that result from the treatments. Poor 

ecological validity is where a test might accurately capture an impairment in stroke 

individuals (e.g., the line bisection test showing impaired spatial hemineglect; 

Edwards and Humphreys (1999)), but the measure being unrelated to any of the 

impairments that the patient reports as symptoms. Related to this point, a third 

criticism is that paper and pencil tests are often unable to detect the complexity of 

cognitive functioning, for example whereby a stroke individual reports difficulty in 

making dinner in a kitchen or walking down a street in a shopping area full of 

people. These difficulties are frequently reported by individuals with hemineglect, 

and these behaviours involve interactions between several cognitive functions 

including spatial attention, inhibition, executive function, and memory (etc.). 

 

In this PhD thesis, we focus on hemineglect, which is a syndrome that results from 

a stroke, and is expressed in different sensorial modalities, in different frames of 

reference, and in different spaces (Pizzamiglio et al., 1989; Vallar, 1998). It has a 

high prevalence among stroke survivors, and the functional consequences of 
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hemineglect significantly alter patients’ autonomy and every-day life activities  

(Azouvi, 1996; Husain, 2008). There have been several attempts to explain this 

condition, but most explanations have only been successful at describing 

components of impairment (Posner & Petersen, 1990; Takamura et al., 2021), and 

not how all these components work together (i.e. missing the complexity of the 

condition). This lack of explanation may be in part due to the tests used to evaluate 

hemineglect, that lack an integrative cognitive approach. Advances in technology 

bring new possibilities to tackle the criticisms of paper and pencil tests, with 

immersive virtual reality (IVR) and serious games allowing for the development of 

controlled integrative cognitive testing that can mimic realistic interactions, giving 

new promise to enhance the quality of neuropsychological assessment. We aim to 

use this new technology to develop tests that investigate complex cognitive 

behaviour for stroke individuals with hemineglect (and hemiparesis), using a rich 

three-dimensional ecologically valid environment, with naturalistic responses, 

experimental rigour and psychometric properties.  

 

In this PhD thesis, I will elaborate on the benefits of IVR and serious games in 

neuropsychological assessment, focusing on hemineglect. The first chapter, 

Chapter 1, will provide an overview of the relevant literature pertaining to 

neuropsychological assessment and associated technological methodologies. I will 

also provide a brief overview of the current understanding of hemineglect, although 

it should be noted that the aim of this PhD is not to add to the theoretical 

understanding of hemineglect (although at a later stage, the tests that we have 

developed during my PhD thesis may contribute to new understanding). Following 

Chapter 1, I present four empirical chapters (Chapters 2-5). These chapters are 

standalone papers intended for submission to international peer-reviewed journals. 

Chapter 3 is already published (Ajana et al. 2023), Chapter 5 published as a pre-

print (Ajana et al., 2023), and Chapters 2 and 4 are submitted and currently 

undergoing journal peer-review. As each of these Chapters are intended to be 

journal papers, each contains a detailed literature review, that may cause overlap / 
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redundancy between Chapters. Furthermore, Chapter 1 is reduced as each of the 

empirical Chapters 2-5 has a comprehensive introduction. The final chapter, 

Chapter 6, summarises the research findings of the PhD thesis in relation to the 

PhD thesis objectives and the current body of literature.  

 

It should be noted that this PhD thesis contains clinical research. It was initiated in 

November 2019, at the beginning of the COVID-19 pandemic period. Because of 

the measures taken in Belgium to restrict the spread of COVID-19, we had to adapt 

the research plan to accommodate the health restrictions, which included an initial 

inability to test any participants for research, and a much longer restriction for 

accessing hospital environments for research purposes. As a result, the first part of 

this doctoral research focused on developing immersive reality serious games. 

From an analysis of the literature, two virtual reality serious games were identified 

that would present test novelty and add to furthering the fundamental 

understanding of hemineglect. These serious games were named the Peach test, 

presented in Chapter 2, and the REASmash, presented in Chapters 3-5. The two 

tests were developed in parallel. The health restrictions were lifted during the mid-

phase of my PhD, first allowing for the testing of healthy aged participants, where 

we focused on testing the feasibility of the serious games. Towards the end of the 

mid-phase of my PhD, clinical testing restrictions were lifted, allowing me to test 

the validity of the REASmash serious game. We focused on the REASmash 

because the feasibility analyses showed better results than those for the Peach test 

(which did not show all the predicted effects with the aged healthy participants). A 

secondary problem to note was the relatively reduced numbers of individuals 

having stroke after the COVID-19 pandemic. Together, these issues explain the 

relatively low numbers of patients recruited for the studies.  
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Chapter 1 
 

General introduction 
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In this general introduction, I will perform a detailed review of current 

neuropsychological assessment and discuss the limitations with these current 

assessment methods. I will then introduce technology advances that can be applied 

to neuropsychological assessment, with a focus on virtual reality and serious 

games. I will then perform a brief review on Stroke, focused on hemineglect, 

followed by a review of Immersive Virtual Reality (IVR) and Serious Games (SG) 

for the neuropsychological evaluation of hemineglect. I will end with the PhD 

thesis objectives and outline of the thesis.  

 

1. A brief introduction to neuropsychological assessment  

 

 
Neuropsychology is a discipline that uses empirical-scientific methods to 

investigate correlates of brain, behaviour and cognition (Lezak et al., 2004; 

Vanderploeg, 2014). Traditionally, the discipline makes correlates between general 

brain conditions (e.g., dementia) or specific localised dysfunctional brain regions 

(e.g., inferior parietal damage) and behaviour / cognition (Costa, 1983; Howieson 

& Lezak, 2008; Vallar & Caputi, 2022). It traces its roots from the late 19th and 

early 20th centuries (Eling, 2019; Hartlage & DeFilippis, 1983) and includes 

research from prominent figures such as Paul Broca and Carl Wernicke who made 

significant contributions to the establishment of the field (Graves, 1997; McRae, 

2005). Specifically, they identified distinct brain areas associated to specific 

language components of production and language comprehension, dispelling the 

concept of a generalised ‘language area’ of the brain, and instead identifying 

different areas of the brain for specific cognitive processes that can be used for 

language (Damasio, 1992; Mohr et al., 1978).  

 

The development of neuroimaging techniques, such as electroencephalography 

(EEG) and functional magnetic resonance imaging (fMRI) diversified the domain 
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of neuropsychology by providing new methods to investigate correlates between 

functional brain region activity (in a healthy brain) with cognition and behaviour. 

These methods also brought new value to traditional neuropsychology by 

increasing the quality of measures for structural abnormalities of the brain, 

allowing for greater precision for understanding the neural correlates of cognitive 

and behavioural dysfunctions that occur during specific tasks (Bigler, 2017; Bilder 

& Reise, 2019). Neuropsychologists embraced this technical advancement and 

used it to examine, more comprehensively, the relation between cognitive 

dysfunction and brain injury (Bigler, 1994; De Zubicaray, 2006).  

 

Advances in neuropsychology assessment have also developed over the last 100+ 

years. One significant development in the discipline was created by the advent of 

standardized tests and assessment batteries (Casaletto & Heaton, 2017). This 

approach, that mainly relies on paper and pencil tests, is considered the common 

means for neuropsychological assessment (Rabin et al., 2016). It consists of 

administering a test to a representative sample of normative healthy participants 

within a population controlling for factors of age, sex, and other demographics 

(such as socio-economic status) that can influence cognition (confound variables). 

These data are then used to create norms that define the expected normal profile of 

performance for the given test. The norm is defined by a confidence interval of 

variance around the normative mean (for example, two-tail 95%), where upper and 

lower cut-off boundaries are defined. Individual scores (e.g., from a stroke 

individual) are then compared to these statistical norms to determine if the 

performance falls within the “normal” distribution, or outside of the cut-off 

boundaries, and indicating a statistically significant performance impairment.  

 

Using documented and clinically relevant interpretation of scores, the abnormal 

scores are subject to further investigation, often across combined with other tests 

measuring related cognitions, to obtain a precise diagnosis (Crawford et al., 2007; 

Kane, 1991; Shenal et al., 2001). The Wechsler Adult Intelligence Scale (WAIS), 
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and the Luria-Nebraska Neuropsychological Battery are examples of early 

neuropsychological assessment batteries (Golden & Freshwater, 2001; Wechsler & 

Kodama, 1949). The strength of the monothetic standardized test-based approach 

lies on its ability to identify individuals performing significantly below 

expectations based on objective norms. Furthermore, this approach can be used to 

monitor the evolution of the performance through a repetitive testing, to track 

improvements caused by spontaneous recovery or neurorehabilitation (Leposavić et 

al., 2010) (and compensating for practice effects by understanding the test-retest 

variability). Although, standardized paper and pencil tests are popular among 

clinicians, it is essential to recognize their limitations. In the following section, I 

will review the challenges and criticism that paper and pencil neuropsychological 

assessment methods have faced.   

  

2. Neuropsychological assessment measures 

 
Although the field of neuropsychology has evolved significantly over time, the 

main role of neuropsychologists is still related to detecting cognitive impairments 

and guiding differential diagnosis (Casaletto & Heaton, 2017). These tasks heavily 

rely on neuropsychology assessment measures that need to be carefully selected 

(Brooks et al., 2009). The weaknesses and strengths of these neuropsychology 

assessment measures, mostly related to their psychometric properties, direct the 

attractivity and practice choices of tests (Brooks et al., 2009; Sherman et al., 2011). 

The crucial psychometric properties for neuropsychological assessment are validity 

and reliability (Barr, 2001; Howieson, 2019; Sherman et al., 2011). Validity refers 

to the capacity of a test to measure the intended behaviour or cognition (Anastasi & 

Urbina, 1997). It encompasses various aspects of assessment validity, that can be 

classified into three broad categories: content-related, construct-related, and 

criterion-related (Anastasi & Urbina, 1997; Sherman et al., 2011). In this thesis, we 

investigated “concurrent validity”, which is defined as the degree to which results 
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of a newly developed test align with a gold-standard practice accepted measure, 

and considered as the most important aspect of validity (Sherman et al., 2011). It is 

usually tested using correlation coefficient (Helmerhorst et al., 2012). Reliability is 

the extent to which a test is capable of providing stable and consistent results 

(Anastasi & Urbina, 1997; Sherman et al., 2011). Similarly to validity, reliability of 

a test is determined through the evaluation of different aspects of reliability, 

including internal, alternate form, interrater reliability, and test-retest (Anastasi & 

Urbina, 1997; Sherman et al., 2011). In this thesis, test-retest reliability of the 

developed test was investigated. It is commonly estimated by calculating the 

correlation coefficient between scores of a test administered in two times with the 

same participants (Shou et al., 2022). Concurrent validity and test-retest reliability 

are considered as major influences in choosing which test to use in practice 

(Calamia et al., 2013; Dikmen et al., 1999) 

 

In the current clinical practice, most standard assessments of an individual’s 

cognitive functioning is made through conventional paper and pencil 

neuropsychological tests that are administered one-on-one (patient-clinician) in a 

clinical or a laboratory setting by a trained psychometrician (Rabin et al., 2016; 

Strauss et al., 2006; Sullivan & Bowden, 1997). Despite their popularity, 

standardised assessments have received several criticisms. For example, many of 

these tests are considered old, and in some cases, the original principles on which 

they were developed are now outdated (Kessels, 2019; Ratcliff & McKoon, 2022). 

It has also been suggested that some of these tests are becoming too familiar to the 

public, since they can be easily found on internet (Howieson, 2019), or their 

principals have been embedded into popular games (e.g., the card game Uno that 

uses similar principles to the Wisconsin card sorting test; Berg (1948)).   

Furthermore, many tests have been developed to assess severe cognitive 

dysfunction, for example following stroke, making them less sensitive to milder 

and widespread cognitive impairments (Horowitz et al., 2019; Merten et al., 2007; 
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Treviño et al., 2021). Indeed, neuropsychological tests have been facing issues of 

sensitivity and specificity (Parsons, 2011). 

 

In addition to the aforementioned limitations, the ecological validity of paper and 

pencil neuropsychology tests have been extensively discussed in the scientific 

literature (Howieson, 2019). Ecological validity refers to the extent to which an 

individual’s performance in neuropsychological assessment corresponds to their 

performance in real-world activities (Holleman et al., 2020; Schmuckler, 2001). 

Paper and pencil tests are considered to have limitations of ecological validity that 

arises from their often simplistic nature, and their controlled assessment deviating 

from the real-world demands (Howieson, 2019). Moreover, they are frequently 

administered to test one cognition at a time, and in isolation from other factors or 

distractors that are outside of the test demands (Sbordone, 2008). These controlled 

settings allow a standardized administration and scoring, but at the detriment of 

replicating the complexity of real-world cognitive functioning. Another factor that 

influences the paper and pencil tests ecological validity is related to the lack of 

consensus regarding the constructs measured by tests (Chaytor & Schmitter-

Edgecombe, 2003; Guilmette et al., 2020). Burgess et al. (2006) noted that 

traditional neuropsychological tests were designed to assess cognitive “constructs” 

such as cognitive flexibility, or inhibition response, without considering the 

capacity to predict real-world activities. Furthermore, disagreement on what the 

tests actually assess, and the labels applied to the cognitive functions pose 

problems on their utilization and scoring (Chaytor & Schmitter-Edgecombe, 2004; 

Spooner & Pachana, 2006). 

 

Another limitation of current neuropsychological assessment tests is that they are 

largely proposed in only few languages, and contain stimuli that can be specific to 

particular cultural codes, making them inaccessible to a wider and more diverse 

populations (Daugherty et al., 2017). The high cost of these tests can further limit 

their accessibility, specifically in resource-limited settings (e.g., small clinics, 
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regions with limited funding and/or healthcare services) (Fernández & Evans, 

2022). This high cost can be associated to the time and resources of administration. 

Conducting a neuropsychological assessment using paper and pencil tests can be 

time consuming (Collie & Maruff, 2003). The administration of the tests requires a 

trained specialized clinician to administer them on a one-to-one basis with the 

patient, and then score and interpret the data, as well as using a dedicated space and 

equipment to run the testing sessions (Camara et al., 2000). These costs of 

personnel time and facilities can pose serious challenges for less well funded health 

care systems.  

 

To summarize this section, traditional paper and pencil neuropsychological 

assessment tests have played a crucial role in evaluating the performance of 

cognitive functions in individuals, bringing benefits of good psychometric 

properties and statistical comparison to norms. However, these paper and pencil 

assessment have recently faced substantial criticisms regarding issues of validity 

(based on current understanding), ecological validity, a lack of sensitivity or 

complexity in evaluation, cultural specificity, and high resource demands (costs of 

test, time demands of specialised personnel and use of clinical space). Recent 

innovative assessment approaches and sophisticated technological advancement 

have allowed for many of these criticisms to be addressed. In the next section, I 

will present the literature about how new advancements benefit neuropsychological 

assessment, and what are some of the technologies that can be applied to the field 

of neuropsychology. 

 

3. Technological advances applied to neuropsychological 

assessment  

 
The modern society is immersed in rapid technological advances (Horst, 2020; 

Livari et al., 2020; Rosenberg et al., 2009). For example, 25 years ago, it was rare 
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that individuals owned a personal computer or a mobile telephone. Today however, 

individuals are surrounded by new technologies, such as advanced smart phones, 

tablets, multiple computer technologies, and artificial intelligence, which are 

undeniably present and used in most daily life activities (Abbasi et al., 2021; 

Beauvisage, 2009; Zhang & Lu, 2021). This ongoing and rapid technological 

progress has been enthusiastically embraced by several sectors (Alam, 2021; 

Mishra et al., 2022). For example, in medicine, many different diagnosis equipment 

now runs on integrated digital platforms. Moreover, technologies such as virtual 

and augmented reality are expanding, and have been applied to many different 

fields such as anatomical and physiological education (Kamphuis et al., 2014; 

Maramba et al., 2019). Technology advancement has also enhanced neuroscience 

methods, with advances in brain imaging measurements, which have led to many 

further innovations, such as the development of brain computer interfaces that can 

be used to operate wearable or integrative robotic devices (Mudgal et al., 2020).  

 

In neuropsychology, an increasing number of researchers and clinicians have been 

adopting new technological approaches to neuropsychological assessment. This 

started with computerised assessment, which brought advances in validity (with 

tests based on current scientific understanding), reliability (with test stimuli 

randomised, reducing practice effects) and cost-effectiveness (with less need for 

official paper score sheets and because computerised tests can self-score and 

analyse data, reducing the work of the clinician) (Germine et al., 2019; Marques-

Costa et al., 2022; Parsey & Schmitter-Edgecombe, 2013). The advantages of using 

technology in neuropsychological assessment have been demonstrated and 

discussed in several studies (Bauer et al., 2012; Spreij et al., 2020). Furthermore, 

the development and use of recent affordable virtual reality methods have added to 

these advancements, with additional benefits provided by increasing task 

complexity and improving ecological validity (Neguț et al., 2016; Parsons, 2011; 

Pieri et al., 2023). In the following section we discuss the use of virtual reality in 
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neuropsychological assessment, and demonstrate its role in addressing the 

limitations of the traditional paper and pencil neuropsychology assessment tests.   

 

4. Virtual reality  

 

4.1  What is virtual reality? 

 

 
Virtual reality (VR) refers to a computer-generated immersive experience, that 

simulates two-dimensional (2D) or three-dimensional (3D) environments 

(Alqahtani et al., 2017; Wohlgenannt et al., 2020). The virtual environment can be 

explored using visual presentation (2D stimuli) or a head-mounted display devices 

(3D stimuli) (Buttussi & Chittaro, 2017; Havig et al., 2011). Interactions can also 

be generated through audio and haptic feedback, increasing the sense of presence 

and engagement with the task (Coelho et al., 2006; Mach et al., 2019). Computer-

generated environments can replicate real-world settings and interactions, where 

users can navigate through the space, interact with various objects, and engage in 

different activities (Dionisio et al., 2013; Zheng et al., 1998). 

 

VR can be categorized into two main types: Immersive VR (IVR) and non-

immersive VR (non-IVR) (Suh & Lee, 2005). In IVR, users are fully immersed in 

the generated-environment. It typically involves wearing head mounted display that 

contains two slightly offset screens, one for each of the user’s eyes, and blocks any 

physical surrounding or distractions. The user uses controllers to directly interact 

with stimuli in the virtual environment (Jennett et al., 2008; Sveistrup, 2004). Users 

can experience a full immersion and a sense of presence through synchronisation of 

visually and audibly rich environments (Walsh & Pawlowski, 2002). The 

difference for non-IVR from IVR, is that the virtual experience is not fully blocked 

from the physically surrounding, so that users remain aware of their real 
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environment while engaging with the virtual content. Also, non-IVR can only 

currently use 2D stimuli, whereas IVR can consist of 2D or 3D stimuli (by use of 

the offset screens). In non-IVR, the virtual content is usually displayed on screen, 

and the users interact with it through a peripheral keyboard, mouse, or joystick 

device (Bevilacqua et al., 2019), whereas in IVR, the use can interact with the 

actual stimuli. In this thesis, we focused on the application of IVR to 

neuropsychological assessment, driven by several advantages over paper and pencil 

methods of evaluation. We will elaborate these issues in the next section.    

 

4.2  What does immersive virtual reality bring to 

neuropsychological assessment? 

 

 
IVR holds the potential to enhance the quality of neuropsychological assessment 

and address many of the shortcomings of paper and pencil tests (Diaz-Orueta et al., 

2020; Gómez-Cáceres et al., 2022; Khan et al., 2003; Rizzo et al., 2004). It allows 

the simulation of real-world environments, using objective behavioural measures 

that can be challenging, yet presented in a safe, ecologically valid context (Bashiri 

et al., 2017; Rizzo & Buckwalter, 1997). Using IVR, researchers and clinicians can 

recreate complex and dynamic scenarios that simulate real-world interactions, 

thereby assessing cognitive functions in complex environments reflecting everyday 

life cognitive demands, while maintaining experimental control over the stimuli 

and measures (Pratt et al., 1995; Schultheis & Rizzo, 2001). These controlled 

stimuli can be presented in several sensorial modalities (e.g., haptic, visual, or 

auditory) (Parsons & Duffield, 2020).  

 

A growing body of evidence suggest the roles that IVR could play in improving 

neuropsychological assessment ecological validity (Campbell et al., 2009; 

Kothgassner & Felnhofer, 2020; Parsons, 2011; Spooner & Pachana, 2006). This is 

due to the capacity of IVR technology to create situations that more closely 
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resemble real-world interactions, with precise stimuli, and dynamical control 

modalities, as discussed above (Parsons, 2011, 2015). Additionally, IVR increases 

motor activation, as users can interact with the surrounding virtual environment 

and objects (Bohil et al., 2011). These features result in creating “a sense of 

presence” that has been shown to improve ecological validity (Kothgassner & 

Felnhofer, 2020; Long et al., 2023). 

 

It is essential to reiterate our ecological validity definition used here in this thesis. 

In general, we define ecological validity as the extent to which an outcome 

obtained in a controlled experimental setting corresponds to the outcomes observed 

in a naturalistic environment (Holleman et al., 2020; Tupper & Cicerone, 1990). 

Within the neuropsychological assessment context, our definition of ecological 

validity corresponds to the extent to which performance in a test corresponds to 

real-world environment performance (Holleman et al., 2020). IVR allows the 

development of assessment settings for measuring performance replicable of real-

world situations (Parsons, 2015). These IVR settings therefore simulate actual real-

world environments, such as a supermarket (Grewe et al., 2013; Zygouris et al., 

2015), classrooms (Rizzo et al., 2009), kitchens (Allain et al., 2014; Giovannetti et 

al., 2019), or farms (Eisapour et al., 2020). However, the setting aspect is 

considered secondary to the tasks performed within the virtual setting, with the 

similarity between performance responses being the more important factor of 

ecological validity. Rizzo et al. (2004) argues that the “ecological value” of an 

IVR-based test comes from its tasks that must require the same performance as in 

real-world functioning. In this thesis, we developed IVR serious games tests that 

involve tasks similar to real-world activities (i.e., visual search and responding 

directly to the target in the REASmash), in environments close to real-world 

settings (i.e., kitchen and a garden). 

 

IVR devices incorporate various sensors that enable the acquisition of different 

measures, thereby facilitating more precise and comprehensive behavioural 
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analyses (Pieri et al., 2023; Rizzo et al., 2004; Seo et al., 2017). For instance, the 

controllers within IVR setup allow direct responses to stimuli, and the tracking of 

these interactions extends to the measurement of motion data (e.g., head orientation 

and hand position tracked over time) (Barnard, 2019). Studies demonstrated that 

movements performed within a virtual environment exhibit kinematic resemblance 

to those executed in real-world scenarios, thus highlighting the usefulness of IVR 

for clinical assessment (Arlati et al., 2022; Viau et al., 2004). The potential of IVR 

to yield kinematic measures represent a significant advancement, as it can provide 

distinctive “motion signatures” of performance or digital biomarkers (Miller et al., 

2020). These biomarkers can be used to identify specific cognitive impairments, 

thereby augmenting the diagnostic precision and scope of neuropsychological 

assessment (Cavedoni et al., 2020).  

 

Furthermore, this confluence of IVR and kinematic analysis brings increased test 

validity to diagnosis evaluations, with for example, hemineglect defined by 

congruent effects in omissions, response time and performance kinematic variables 

(Broeren et al., 2007; Montedoro et al., 2018). In this thesis, we measured two 

kinematic variables: (1) mean velocity (MV) and (2) coefficient of variance of 

velocity (CV). Mean velocity refers to the average speed at which an action is 

performed over a specific time interval. It was measured in this thesis by dividing 

the total distance travelled by the time taken to cover that distance. Coefficient of 

variance of velocity indicates the relative variability or dispersion of speeds within 

a set of data. It was calculated in this thesis by dividing the standard deviation of 

the instantaneous speed values by the mean speed. The coefficient of variance of 

speed provides insights into the extent of variability in speed values for a given 

response, and helps to quantify how much the speed deviated from the mean speed  

(Alt Murphy & Häger, 2015; An, 1984). These kinematic analyses can provide 

important insights for diagnosing neuropsychological deficits (Garre-Olmo et al., 

2017; Scherder et al., 2008). For example, Seo et al. (2017) tested a group of 

healthy individuals and individuals with mild cognitive impairment on two daily 
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living tasks in a virtual environment, and measured their behavioural kinematic 

performance (i.e., body movement trajectory, time to completion and speed), and 

on conventional neuropsychological tests. They demonstrated that the inclusion of 

kinematic measures significantly enhanced the differentiation between healthy 

individuals and those with mild cognitive impairment when compared to using 

only neuropsychology test scores. 

 

Having control over virtual stimuli and the flexibility of the environment can be 

considered as a major advantage of IVR (Rizzo et al., 2009). Indeed, it allows the 

researchers or clinicians to customize the measurements and stimuli presentation 

according to the patients’ cognitive abilities and needs (Bohil et al., 2011; Jin et al., 

2020). This can be very beneficial, for example by incrementing the difficulty and 

challenge of the tasks within the virtual assessment tests. This modularity allows 

the personalization or individualization of tests that match the ability of the 

individual, while maintaining consistency in diagnosis measures (Neguț et al., 

2016; Schultheis & Rizzo, 2001; Schultheis et al., 2002). This allows the same test 

to be used with acute stroke individuals with major impairments, and later, with the 

same individuals in the chronic phase, following significant recovery, and perhaps 

having some minor impairment remaining.  

 

Another big advantage of IVR is that the cost of the equipment is decreasing, and 

readily available in high street shops (Hamad & Jia, 2022). In this thesis, we used 

the Oculus Quest 2, running from a tablet (with no computer needed). The 

equipment costs were approximately 600 euro, and after more than three years of 

testing, the devices remain fully functional. This places the cost of the technology 

at a significantly lower level than traditional paper and pencil tests, allowing many 

clinics and healthcare facilities to purchase this new technology (Weiss & Katz, 

2004). Furthermore, as the Oculus Quest 2 and tablet runs off a battery (lasting for 

at least 4 hours of testing), the clinical tests can be used in the ‘field’ (outside of 
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clinic), making these tests even possible to use in remote areas such as in central 

Africa where electricity supply can be variable. 

 

A final advantage of IVR is the potential to enhance the motivation of the users, 

and their engagement with the evaluation procedures, thereby improving the 

neuropsychological assessment reliability and validity (Bell et al., 2020). This is 

made possible through the implementation of video games elements that we 

discuss in the next section. In the scientific literature, this approach is commonly 

referred to as “serious games” (Doumas et al., 2021b; Dubbels, 2013; Krath et al., 

2021).   

 

4.3  Serious games in immersive virtual environments   

 

Serious games, also described as “gamified tasks”, are defined as interactive 

computer-based software that has the intention to facilitate “serious” learning, in 

addition to entertainment (Lumsden et al., 2016; Ritterfeld et al., 2009). They 

embody elements inherited from entertaining games, such as featuring challenging 

objectives, presented within fun and enjoyable scenarios, and in an engaging 

environment. They may additionally incorporate scoring mechanisms to enhance 

the interactive and motivational experience (Bergeron, 2006; Wattanasoontorn et 

al., 2013), with better performance leading to increased points / prizes. Importantly, 

by facilitating the motivation of the user, they encourage user engagement with 

learning material while the game is played (Jenkins et al., 2009).  

 

Serious games are very popular in several fields, such as education (Zhonggen, 

2019), medicine (Graafland et al., 2012; Olgers et al., 2021), and rehabilitation 

(Doumas et al., 2021b). Their use has recently been expended to 

neuropsychological assessment (Mezrar & Bendella, 2022; Tong et al., 2016; 

Valladares-Rodríguez et al., 2016). They are regarded as a means which can 
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prevent dropout and support compliance with the assessment procedures (Shute & 

Rahimi, 2017). They can be programmed and integrated within different 

technologies, for example in IVR (Kato & de Klerk, 2017). 

 

4.4  What challenges do serious games in virtual reality 

encounter?  

 
Notwithstanding the various advances that IVR brings to neuropsychological 

assessment, there remains several limitations (Jin et al., 2020). These limitations 

confront reluctance in terms of technology acceptability from neuropsychology 

clinicians (Schmand, 2019). It has been reported that neuropsychologists are slow 

to adapt new technology into their practices, and have historically showed a strong 

preference for conventional paper-and-pencil tests (Miller & Barr, 2017; Parsons, 

2011). The technical complexity required to build virtual environments is 

considered as one main limitation of IVR (Hamad & Jia, 2022; Huang & Alessi, 

1998). Indeed, the development of virtual environments rely on skilled computer 

programmers and complex 3D modelling software, both of which can be regarded 

as costly (Huang & Alessi, 1998). Additionally, despite the sophistication of the 

existing software, certain virtual interactions remain constrained, and the graphic 

realism has not yet been fully realized (Gandhi & Patel, 2018; Pieri et al., 2023; 

Ruthenbeck & Reynolds, 2015).  

 

Current application of IVR technology into clinical practice lacks standardization, 

and few guidelines exist (LaRocco, 2020; Timmerer, 2017). This is problematic as 

developers currently interact with different interfaces with specific functionalities, 

making transferability of IVR applications between devices technically difficult 

and time-consuming (Hamad & Jia, 2022; Krauß et al., 2021). This can affect the 

user experience, insofar as end-users may find it challenging to switch between 

devices due to the differences in interaction paradigms (Men et al., 2017). 

Furthermore, the lack of guidelines makes it difficult to troubleshoot bugs and 
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obtain support in case of an issue during the development or usage of IVR 

applications (Hamad & Jia, 2022).  

 

Another technical issue of IVR to consider is related to the field of view covered 

by the headset (Kishishita et al., 2014). Field of view is defined by the size of a 

visual field processed instantly, and it is expressed in degrees (Jang et al., 2016). 

The current headsets can cover 20 to 180 degrees of horizontal field of view 

(Ragan et al., 2015). The Oculus Quest 2 that was used in this thesis covers 97 

degrees of horizontal and 93 degrees of vertical field of view (Quest, 2023). This 

may be considered as very narrow when compared to the human visual system that 

involves a binocular field of view exceeding 210 degrees horizontally and 150 

degrees vertically (Strasburger, 2020). Therefore, the IVR headsets do not fully 

cover the human field of view and only allow the display of information in part of 

the periphery (Trepkowski et al., 2019). This limited visual field in IVR may have 

an impact on tests of spatial attention, as exploratory behaviour in hemineglect is 

known to be modulated by the size of the visual field (Karnath & Niemeier, 2002). 

 

Psychometric rigor is another limitation that neuropsychological tests in IVR face 

(Borghesi et al., 2022; Morel et al., 2015; Pieri et al., 2023). While it has been 

demonstrated that IVR-based assessment tests have high construct validity 

(Armstrong et al., 2013; Borgnis et al., 2022; Ouellet et al., 2018; Plotnik et al., 

2017), there are number of other important psychometric issues that are not often 

addressed. These include reliability (test-retest), accuracy (sensitivity), and user 

experience (Borgnis et al., 2022). Reliability is an important psychometric 

component, as clinicians monitor the longitudinal progress of patients (Urbina, 

2014; Yen & Lo, 2002). Therefore, it is essential for these tests to yield excellent 

result consistency on the same sample across different points in time (Guttman, 

1945). For example, a systematic review focusing on VR-based tests designed for 

the evaluation of executive functions (Borgnis et al., 2022), found that among one 
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hundred studies, only one included a test-retest reliability measure (Plotnik et al., 

2021).  

 

The second psychometric component is accuracy, relying on sensitivity/specificity 

indexes (Lezak, 1995; Urbina, 2014). When choosing a neuropsychology test, it is 

important to consider these indexes to ensure that individuals with a cognitive 

condition are accurately identified (sensitivity), while those without the condition 

are not subject to an unnecessary neuropsychological intervention (specificity) 

(Glaros & Kline, 1988; Lalkhen & McCluskey, 2008). However, a meta-analytic 

review investigating IVR-based assessment test sensitivity revealed that although 

tests did display sensitivity, the level of sensitivity was only moderate, and 

frequently, there was no measure of specificity (Neguț et al., 2016).  

 

The last critical component that presents an additional challenge for IVR-based 

neuropsychology assessment tests is the user experience (Borghesi et al., 2022). 

Several studies have highlighted the importance of evaluating user experience 

when developing IVR-based tests to establish a framework that ensures usability, 

usefulness, and positive interactions between the user and the IVR interface 

(Pedroli et al., 2013; Sauer et al., 2020; Spreij et al., 2022; Tuena et al., 2020). 

However, only few studies include user experience measurements into their 

protocols (Borgnis et al., 2021; Shen et al., 2020; Voinescu et al., 2019), sustaining 

the belief that IVR may not be suitable for some participants, most typically aged 

participants. 

 

4.5  Summary 

 

 
The use of IVR and serious games bring several advantages compared to paper and 

pencil tests. They can bring improved ecological validity and reliability, different 

and sensitive measures, and interactive and simulating environments, improving 
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the clinical and research evaluation methods of neuropsychology. In recent years, a 

growing number of researchers have begun exploring the application of serious 

games in IVR for the neuropsychological assessment with individuals having 

cognitive dysfunctions due to stroke. 

 

5. Stroke: Definition and consequences on cognitive 

functioning 

 

 
Stroke has been clinically defined as the sudden emergence of symptoms indicating 

localized neurological dysfunction that lasts more than twenty-four hours 

(Coupland et al., 2017; Hankey, 2017). It occurs when the blood supply to the brain 

is disrupted, either due to a blockage (ischemic stroke), or bleeding (haemorrhagic 

stroke) (Grysiewicz et al., 2008; Shiber et al., 2010). Several risk factors can 

increase the likelihood of experiencing a stroke, including non-modifiable risks 

such as heredity factors, age, or gender, and modifiable risks, such as smoking, 

physical inactivity, and diabetes (Boehme et al., 2017; Elkind & Sacco, 1998). 

 

According to Feigin et al. (2021), stroke remains the second leading cause of death 

and disability, and can cause a combination of motor and cognitive impairments 

(Mansfield et al., 2018; Rimmele & Thomalla, 2022). For example, it has been 

reported that 24% to 96% of post-stroke individuals can experience cognitive 

impairments (Douiri et al., 2013; Pérez et al., 2011). Clinical studies have indicated 

that attention, executive function, and speed processing are the most prevalent 

cognitive impairments (Aam et al., 2020; Cumming et al., 2013; Nys et al., 2007). 

Moreover, the disturbance of spatial attention causes a condition known as 

hemineglect, which can be observed in approximatively 23% of first stroke acute 

patients (Heilman et al., 1987; Kamtchum Tatuene et al., 2016; Pedersen et al., 

1997). Hemineglect can also be associated with a non-spatial (distractor inhibition) 

deficits (Robertson, 2001; Takamura et al., 2021). 
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5.1  Hemineglect: A complex condition 

 
Hemineglect, also referred to as hemispatial neglect, neglect, or unilateral spatial 

neglect, is a neuropsychological disorder following a unilateral brain lesion 

(Heilman et al., 1987; Vallar, 1998). Individuals who suffer from hemineglect have 

difficulties attending or responding to stimuli presented in the space opposite or 

contralateral to their lesion (Buxbaum et al., 2004; Demeyere & Gillebert, 2019; 

Kerkhoff, 2001). It frequently manifests following a right-hemisphere stroke 

(though a left-hemisphere stroke can also cause hemineglect) (Husain, 2008).   

 

Hemineglect has been explained by several hypotheses, one of which suggests that 

hemineglect follows a disturbance in directing spatial attention (Corbetta et al., 

2005; Vallar, 1998). Spatial attention is defined as the process that allows the 

selection of a stimulus on the basis of its spatial location (Vecera & Rizzo, 2003). 

Individuals suffering from hemineglect may fail to disengage attention from 

ipsilesional space and shift it contralesionally to the neglected space (Bartolomeo 

& Chokron, 2002b; Losier & Klein, 2001). Posner and Petersen (1990) explained 

this phenomenon through a model that suggest that spatial attention can be 

separated into three steps: (1) alertness, (2) disengagement from the current target, 

and (3) engagement to a new target. Anecdotally, Posner et al. (1984) studied the 

influence of peripheral uninformative and central informative cues on the detection 

of peripheral targets on the left and right side of the visual field in parietal post-

stroke individuals. They showed that these individuals were slower to responded to 

a target in the contralateral compared to ipsilateral side of space when preceded by 

an ipsilateral cue. This indicated that the parietal post-stroke individuals were 

unable to disengage their attention from the ipsilateral space (Posner et al., 1984).   

 

An alternative explanation of hemineglect by Kinsbourne (1970) suggests that the 

attentional bias, with excessive orientation towards the ipsilesional space, is due to 

an imbalance in the interplay of two opposing mechanisms controlled by the right 
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and left hemispheres. Each of these mechanisms directs attention towards the 

opposite side of surrounding space (Karnath, 2015; Kinsbourne, 1970; Koch et al., 

2008). In hemineglect, where there is an impairment in the activation of one 

hemisphere, the direction of attention is shifted, causing a focus on the ipsilesional 

space (Karnath et al., 1998; Kinsbourne, 1970). Complementary to this proposal, 

Heilman et al. (1994) proposed that each hemisphere has an independent 

attentional system. The right hemisphere is dominant and guides attention towards 

both sides of space, whereas the left hemisphere influences attention specifically to 

the right side of space (Heilman et al., 1993; Heilman et al., 1994). In case of a 

right hemisphere lesion, left hemineglect occurs. This is due to the left 

hemisphere’s inability to compensate for the difficulty in directing attention 

towards the left side of space. Conversely, a left lesion is less likely to result in 

right hemineglect, as the right hemisphere remains functional and capable of 

orienting attention towards the right side of space (Heilman et al., 1994; Smania et 

al., 1998).    

 

Independent of the attentional theory of hemineglect, all models have predicted that 

an increase in attentional load would lead to a performance deterioration among 

hemineglect individuals (Heilman et al., 1984; Kinsbourne, 1987). Several studies 

demonstrated the impact of factors such as target saliency (Aglioti et al., 1997; 

Kaplan et al., 1991; Weintraub & Mesulam, 1988), distractor similarity (Riddoch 

& Humphreys, 1987) and distractor number (Chatterjee et al., 1999; Neppi-

Mòdona et al., 2002) on hemineglect. This combination of spatial and non-spatial 

deficits appears to be present and common in many individuals with hemineglect 

(Buxbaum et al., 2004; Chechlacz et al., 2016). The lesion sites underlying 

hemineglect involve several brain regions including non-spatial networks (Lemée 

et al., 2018). This is corroborated by rehabilitation studies, which have shown that 

interventions solely focused on spatial attention in hemineglect do not achieve 

complete success, whereas programs that addressed the spatial and non-spatial 



 38 

attention processes were more successful at restoring the perceptual bias observed 

in hemineglect (Manly et al., 2002; Striemer et al., 2013).  

 

Takamura et al. (2021) investigated the pathological structure of hemineglect using 

multivariate analysis and machine learning algorithms and demonstrated that 

hemineglect constituted four principal aspects: arousal and attention state, 

exogenous attention, spatial working memory and attention bias. These different 

roles have already been explained in the literature by different models of 

hemineglect. The role of arousal was explored and defined by Heilman et al. 

(1978), the role of sustained attention was explored and defined by Robertson et al. 

(1997) and Rengachary et al. (2011), and the role of spatial working memory was 

explored and defined by Toba et al. (2018). There have also been studies proposing 

exogenous attention as a component of hemineglect (Behrmann & Moscovitch, 

1994; Losier & Klein, 2001). These non-spatial components of hemineglect have 

been said to explain its persistence and severity (Corbetta & Shulman, 2011; 

Robertson, 2001).  

 

It is noteworthy to state that the nomenclature of non-spatial attention has 

extensively been discussed in the scientific literature (Chechlacz et al., 2016; Dale 

et al., 2008; Husain, 2008). A consensus suggests that non-spatial attention 

encompasses a set of general mechanisms that regulate the dynamics of cognition 

and action (Diamond, 2013; Miyake & Friedman, 2012). These include: (1) 

inhibitory control, (2) working memory, and (3) cognitive flexibility (Diamond, 

2013; Miyake & Friedman, 2012). In this thesis, we focused on the inhibitory 

control process, specifically “distractor inhibition”. We defined this as the ability to 

control attention, being able to attentionally select the target, and inhibit attention 

to the irrelevant (distractor) stimuli (Posner & DiGirolamo, 1998; Theeuwes, 

2010).   
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To sum up, hemineglect is a complex condition that encompasses heterogenous 

symptoms, and has a high prevalence rate. The doctoral studies presented here will 

focus on the expression of spatial attention deficit in hemineglect within the peri- 

and extra-personal spaces (Chapter 2), as well as the expression of both spatial and 

non-spatial (distractor inhibition) attention in hemineglect (Chapters 3, 4 and 5).   

 

5.2  Hemineglect: Different domains and frames of 

reference of a complex condition 

 
Hemineglect is a heterogenous syndrome that can be expressed in different 

sensory, representational, and motor domains (Vallar, 1998). Sensory hemineglect 

refers to the difficulty to respond to stimuli presented in the contralateral space to a 

lesion that does not involve deafferentation or focal cortical sensory damage 

(DeVore et al., 2017). It can occur in all the sensory modalities (visual, auditory 

and tactile) (Plummer et al., 2003). Representational hemineglect is defined as a 

mental imagery deficit, and is thought to be caused by an impairement of the 

attentional-exploratory process (Bartolomeo et al., 2005; Bartolomeo & Chokron, 

2002a; Guariglia et al., 2005). It is uncovered by asking patients to explore and 

mentally describe a given space (i.e., such as a town square) (Bisiach & Luzzatti, 

1978). According to Guariglia et al. (2013), this deficit is more frequent than 

previously reported. A lack of reliable assessment has contributed to the challenge 

of promptly identifying representational hemineglect (Guariglia et al., 2013; 

Salvato et al., 2014).   

 

Motor hemineglect can be characterized by the underuse of the contralateral limb 

to the brain lesion (Bartolomeo, 2021). The failure to generate a movement is not 

considered a result of a motor deficit, as when solicited, the patient can move the 

limb (Rode, Pagliari, et al., 2017). Coulthard et al. (2008) suggested that it could be 

a consequence of the lateralized inhibition deficit, causing a deficit in the selection 

of the limb to make the response. Further literature suggests that motor 
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hemineglect can be distinguished into two types of manifestations (Sampanis & 

Riddoch, 2013). In first type, as described above, motor heminegelct is considered 

unrelated to deficiencies in strength, reflexes, dexterity, or sensory perception 

(Laplane & Degos, 1983). It can be characterized by a non- or weak-participation 

of the contralesional limb in bimanual tasks, by an absence of hand spontaneous 

gesturing while speaking, an absence of arm swinging while walking, a lag in leg 

movement while walking, and finally, by the absence of spontaneous placing 

reaction (Laplane & Degos, 1983; Sampanis & Riddoch, 2013). The second type, 

known as premotor hemineglect and directional hypokinesia, refers to defected 

movement of an ipilesional body part to the impaired hemispace (Saevarsson, 

2013). It is distinguished by impaired kinematics, such as delayed movement 

initiation, slowness in movement execution (i.e., movement time, peak velocity), 

reduced spatial exploration and amplitude, and an inability to sustain action 

(Saevarsson, 2013; Sampanis & Riddoch, 2013; Siekierka-Kleiser et al., 2006).   

 

Hemineglect can manifest in distinct spatial domains (Pizzamiglio et al., 1989). 

Most frequently, the hemineglect occurs within the immediate proximity of the 

patient, in their peri-personal space (Thomas & Sunny, 2017; Vallar, 1998). In this 

context, hemineglect patients suffer an impaired awareness and inattention in the 

contra-lesional side of space within reach, resulting in difficulties in tasks requiring 

interactive responses to the presented stimuli (Caggiano et al., 2014; Varnava et al., 

2002). Conversely, hemineglect can also extend outside of the immediate reach of 

the patients, encompassing what is termed as extra-personal space (Vallar, 1998). 

This form of hemineglect involves an impaired awareness and inattention to stimuli 

presented in the contra-lesional side of a more distant space (Bisiach et al., 1986; 

Vallar, 1998). Patients with extra-personal space hemineglect might face 

difficulties in activities such as navigation, and exploration of surroundings located 

in their neglected extra-personal space (Bjoertomt et al., 2002; Husain, 2008; 

Pizzamiglio et al., 1989). 
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Hemineglect can also simultaneously or independently disturb different spatial 

reference frames (Farah et al., 1990; Plummer et al., 2003; Rode, Fourtassi, et al., 

2017). Patients with hemineglect can face difficulties perceiving stimuli in their 

contra-lesional space in reference to their viewpoint (Mozer, 2002a; Vallar, 1998). 

This viewer-based or egocentric frame of reference is determined by the mid-

sagittal plane of the gaze, head orientation, and/or torso (Bisiach et al., 1997; Farah 

et al., 1990). Hemineglect can also be expressed in relation to objects. In this 

object-centric or allocentric frame of reference, the frames are coded in respect of 

the object features (Rorden et al., 2012; Vallar, 1998), with the patient neglecting 

to perceive the contra-lesional side of each object.  

5.4  Hemineglect: The impact of an avatar’s presence  

on a complex condition 

 
The spatial environment is typically coded with respect to an individual’s own 

perspective or point of view (i.e., egocentric reference). However, in situations 

involving others, individuals tend to favour the perspective of those around them 

when describing a scene (Mainwaring et al., 2003; Samson et al., 2010).  Even 

without direct communication, the mere presence of another person can lead to a 

shift in perspective towards the other (Tversky & Hard, 2009). 

 

Research shows that hemineglect can be influenced by these shifts in perspective. 

Bisiach and Luzzatti (1978) demonstrated that two individuals with hemineglect 

were unable to recall details from the left side of a familiar environment when 

asked to remember from memory. However, when these two individuals changed 

their imagined perspective to the opposite position of where they stood, they were 

then able to recall and describe the left-sided details that they could not remember 

initially. In a similar study, Della Sala et al. (2004) showed that individuals with 

representational hemineglect, who were instructed to recall stimuli from a scene 

from both their own perspective and from an opposite perspective, struggled to 

remember stimuli presented on the side of the visual field that was opposite to their 
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chosen perspective (either own or opposite). This indicated that their hemineglect 

could be related to the spatial positioning of the stimuli relative to their represented 

perspective. In this thesis, we aimed to investigate this effect using the presence of 

an avatar, which we predicted would prompt a shift of perspective, impacting the 

hemineglect (Chapter 2).   

 

5.5  Hemineglect: Neuropsychological assessment of a 

complex condition 

 
A precise and valid assessment of hemineglect is important, as it orients clinicians 

towards the most appropriate treatment methods for patients, and has an influence 

on prevalence estimation, functional outcome estimation and likely neural 

correlates. Given that hemineglect is a complex heterogenous syndrome, a 

thorough assessment is needed to define the degree of severity and exhibited sub-

types (Azouvi et al., 2002; Evald et al., 2021; Plummer et al., 2003). There is no 

single gold-standard assessment used for the diagnosis of hemineglect, but instead, 

at least 60 different measures can be used for diagnosis of the different sub-forms 

of the condition (Bowen et al., 1999; Menon & Korner-Bitensky, 2004).  The most 

common hemineglect assessment methods used in clinics involve paper and pencil 

tools. For example, the various forms of the line bisection test requires the 

estimation and indication of the midpoint of a horizontal line presented on a piece 

of paper placed in front of the participant (Friedman, 1990). If the participant 

marks the line biased towards the ipsilateral side from their lesion, they are 

‘neglecting’ the contralateral extent of the line and perceiving the line to be shorter 

in length.  

 

A second popular method of assessment is cancellation tests. They involve the 

participant searching for several targets presented among distractors on a piece of 

paper. They are instructed to mark the targets. There are several versions of these 

cancellation tests that manipulate the distractor types to modify test difficulty. Most 
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of these tests’ diagnosis egocentric hemineglect. However, some tests can 

simultaneously diagnose the egocentric (space) and allocentric (object) forms of 

hemineglect (e.g., the apples test (Bickerton et al., 2011) and the broken hearts test 

(Demeyere et al., 2015)). For example, in the broken hearts’ test, full heart targets 

are placed among broken heart distractors, some broken on the left side and some 

broken on the right side. If a patient has a right lesion and correctly finds the 

targets on the right side of space, but less so on the left side of space, and they do 

not mark the distractors, they are diagnosed with egocentric spatial hemineglect. 

However, if they mark all the targets, and distractor items containing a gap on the 

left side, they are diagnosed with allocentric (object based) hemineglect. Another 

common test involves figure drawing or copying, such as clocks, or geometric 

shapes (Friedman, 1991). Evaluation of the drawings lack sensitivity, reliability 

and ecological validity (Bailey et al., 2004; Plummer et al., 2003), but they can be 

used to show egocentric and allocentric forms of hemineglect by qualitative 

assessment (e.g., with the contralateral side of the drawing or the contralateral side 

of each object neglected and not copied). 

 

5.6  Summary 

 
In conclusion, stroke is a leading cause of worldwide disability that causes several 

complex cognitive impairments, including spatial and non-spatial (distractor 

inhibition) attention deficits associated with the condition of hemineglect. 

Although there are several clinical tests that are used for diagnosis, these tests are 

mostly paper and pencil tests, and they suffer from the problems discussed in 

Section 2 of this introduction. This highlights an urgent need for innovations in 

neuropsychological assessment methods, using new technology such as IVR to 

combat the current diagnosis test limitations. In the subsequent section, we 

highlight studies that have contributed to the development of new assessment 

methods using IVR serious games. 
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6. IVR Serious game approaches for hemineglect 

 

Researchers have now recognized the advantages that IVR serious games bring to 

the assessment of hemineglect within the field of neuropsychology, with the 

number of studies exponentially increasing on this subject over the past twenty 

years (Pieri et al., 2023). Valladares-Rodríguez et al. (2016) denoted four 

approaches to developing serious games in IVR for neuropsychological 

assessment. The first approach consists of adapting an existing game to 

neuropsychological measurement. Measures are embedded in the parameters of the 

existent game that can be used to identify the neuropsychological condition (e.g., 

hemineglect). For example, Tong et al. (2016) modified the well-known ‘whac-a-

mole’ fairground game to measure changes in spatial cognitive responses by 

implementing a calibration system and measuring response accuracy, response time 

and motor coordination. According to Valladares-Rodríguez et al. (2016), this 

approach demands a good recognition of the cognitive processes involved in the 

existent game features.  

 

The second approach proposes a computerized modification of existing tests, such 

as a digital translation of a classic paper and pencil test into a computerised virtual 

environment. For example, Fordell et al. (2011) proposed a VR-test battery 

composed of digitalized tests for hemineglect (e.g., line bisection, virtual star 

cancellation, etc.). The third approach consists of developing a scenario based on 

classic neuropsychological assessment, implement in a fun game. For example, 

Huygelier and Gillebert (2020) developed an IVR serious game for the evaluation 

of hemineglect, contrasting contralateral and ipsilateral stimuli (relative to the 

lesion) and salient informative cues, where users engaged in a challenging and 

enjoyable scenario. Finally, the fourth approach involves the replication of real-

world activities in IVR. Here, cognitive processes are measured in a virtual 

environment that simulates a familiar everyday activity. For example, Kim (2010) 
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created a 3D IVR task involving street crossing to assess extra-personal 

hemineglect.  

 

In this thesis, we adopted approaches 1, 2 and 3. The Peach Test of Chapter 3 

modified a cancellation test, albeit containing one distractor, and combined the test 

with gaming features. The REASmash of Chapters 4 and 5 was based on an 

existing game (the whac-a-mole) and on the Feature Integration Theory for the 

assessment of distractor inhibition.  

 

7. Outline of the thesis 

 
The main objectives of this PhD thesis are (1) to contribute to the development of 

improved methods of neuropsychological assessment using interactive 3D IVR that 

(2) bring new insights of understanding for post-stroke cognitive impairments. This 

thesis is composed of 6 chapters. Following this Chapter 1 (General Introduction), 

Chapter 2-5 present standalone empirical papers that I explain below. These 4 

chapters are followed by Chapter 6 (General Discussion), where I will discuss the 

findings of my research, the limitations and perspectives for the future.    

 

 

In Chapter 2, we proposed a new IVR serious game for the assessment of 

hemineglect, named the Peach test. The serious game consisted of a target search 

test combining the assessment of contra- versus ipsi-lateral and peri- versus extra-

personal spaces, in the presence or absence of avatars. Participants were required to 

play three randomized conditions of the Peach test (no avatar, friendly avatar, non-

friendly avatar), where they had to find a peach among other fruits and vegetables 

as fast as possible. The target was systematically and randomly presented across a 

hidden grid, with random distractors placed in the other cells than that of the target. 

We examined the feasibility and user experience of Peach test with a group of post-
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stroke individuals with hemiparesis and hemineglect and a group with hemiparesis 

and without hemineglect, which showed positive results. We also investigated the 

effect of the presence of an avatar on hemineglect, and whether this presence 

caused an automatic perspective shift. Unfortunately, these latter results were 

inconclusive, and we discuss the possible reasons for these null effects. 

 

In Chapter 3, we developed another IVR new serious game for the assessment of 

spatial and non-spatial (distractor inhibition) attention, named the REASmash. The 

test was based on Feature Integration Theory (Treisman & Gelade, 1980) and 

contrasted 6 levels of search task.  Participants had to find a specific target 

presented among distractors and directly respond by touching the target with a 

virtual hammer. Three of the levels promoted parallel search using targets that 

showed high salient differences between the target and distractors. Each level (1-3) 

had increasing numbers of distractors (11, 17 and 23). The other three levels 

promoted serial search, with low salient differences between the target and 

distractors, again with increasing numbers of distractors for levels 4, 5 and 6. We 

tested healthy aged control individuals and replicated the Feature Integration 

Theory, showing that for parallel search, there was no change in performance for 

distractor number. However, for serial search, the number of distractors 

significantly reduced performance, demonstrating that the test can be used to 

evaluate distractor inhibition cognition. In addition, we also demonstrate the use of 

IVR technology for kinematic measures. 

 

In Chapters 4 and 5, we extended Chapter 3. In Chapter 4, we investigated the 

psychometric properties of the REASmash. Firstly, we replicated the findings of 

Chapter 3 with a new group of control individuals. We then performed a multiple 

case study with 9 post-stroke individuals diagnosed with hemineglect. We then 

examined the validity, reliability, and user experience of the REASmash with a 

group of post-stroke individuals (with and without hemineglect) and a group of 

healthy controls. The replication and the results of the validity, reliability, and user 
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experience were all positive. Furthermore, the case analyses showed some 

interesting results, but we were cautious in the interpretation of these results, and 

instead recommend the collection of more data.  

 

In Chapter 5, we used the REASmash to investigate whether post-stroke 

individuals with hemiparesis, who were not diagnosed with cognitive impairment, 

could have non-spatial (distractor inhibition) deficits. We tested a group of twenty 

individuals with hemiparesis (the same group of hemiparesis individuals included 

in Chapter 4) and twenty control individuals (new participants distinct from the 

groups reported in Chapters 3 and 4). The results confirmed this prediction, 

suggesting a need to perform thorough neuropsychological assessments for all 

stroke survivors, even if they do not display obvious cognitive deficits. We showed 

evidence of significant distractor inhibition impairments, and based on prior 

literature, we know that these significant subtle impairments moderate clinical 

neurorehabilitation success of their hemiparetic limb.  

 

In Chapter 6, we discussed the findings of the thesis with reference to our two 

main objectives presented in this chapter (Chapter 1). We discuss the contribution 

of this research and the limitations. Finally, we discuss potential future 

perspectives that can extend the findings of the PhD thesis.  

 

 
It is noteworthy to mention that all individuals (controls and post-stroke 

individuals) who participated in these studies, participated voluntarily. To select 

the controls individuals, we followed a two-stage sampling process.  Firstly, a call 

for participation was sent through the University of Louvain participation panel 

and social media groups. Secondly, we used a quota inclusion / exclusion criteria 

sampling technique to select a representative group. To avoid selection bias, the 

following inclusion criteria were defined across all studies: corrected-to-normal 

vision, and no reported history of neurological or psychiatric disorders or motor 
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dysfunction. However, depending on specificities of studies and their objectives, 

other inclusion/exclusion criteria were determined. The control individuals sample 

reported in each study was unique, and these participants were not included in 

other studies. For the post-stroke individuals, we followed a convenience sampling 

method. Participants were pre-selected through their hospital-based 

neurorehabilitation clinician using pre-defined inclusion criteria. The post-stroke 

individuals with hemiparesis included in the study reported in Chapter 4 were also 

included in the study reported in Chapter 2 and 5.  
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Chapter 2 
 

An immersive virtual reality serious game set 

in a 3D kitchen environment for the clinical 
assessment of spatial attention impairment: 

Effects of avatars on perspective?  

 

 

 

Background: Hemineglect (HN) is commonly defined as an impairment in identifying 

spatial targets from an egocentric frame of reference, where the stimulus is coded relative to 

the self. Interestingly, this 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, 

standardized stimulus presentation, and sensitive response acquisition. In this study, we 

developed a new serious game “Peach test” in IVR to assess HN. Here we investigated (1) 

the feasibility and user experience of this serious game. We made the hypothesis that 

individuals with HN would perform worse than individuals without HN, and that the presence 

of an avatar would reverse the HN caused by a shift in perspective taking. 

Methods: We first tested a group of 60 control individuals (CI), followed by a group of post-

stroke 11 individuals with hemiparesis without HN (SI:HP-HN), 6 with hemiparesis and HN 

(SI:HP+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. Response time (RT) 

and omissions were measured. The SI: HP-HN and SI: HP+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 contra- compared to ipsi-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:HP+HN were slower than 

SI:HP-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.
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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 (Barrett et al., 2006; Duncan et al., 

1999; Mesulam, 1999; Vallar, 1998). It is a condition characterized 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 (Buxbaum et al., 2004; Heilman et al., 1987; Kerkhoff, 2001). The 

estimated prevalence of HN ranges from 30% following stroke of either or both 

hemispheres (Esposito et al., 2021) and 50% after a right-hemisphere lesion versus 

30% after a left-hemisphere lesion (Chen et al., 2015). 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) (Butler et al., 

2004; Ten Brink et al., 2019). For example, Van der Stoep et al. (2013) 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) (Bailey et al., 2000; Grattan & Woodbury, 2017b). 

Checketts et al. (2021) 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 battery (Wilson et al., 1987) (BIT) consisting of 

15 sub-tests, including cancellation tests (Checketts et al., 2021). In a similar 

survey, Evald et al. (2021) reported that 49% of their respondents (psychologists, 

occupational therapists, and speech therapists) used paper-and-pencil assessment, 
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while few respondents used computerized tests. This latter finding is surprising 

because computerized 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 standardization (Azouvi, 2017; 

Capitani, 1997; Reynolds & Mason, 2009). Computerized tests, such as the Test 

Attentional Performance (TAP) battery (Zimmermann & Fimm, 1995b), involves 

precise control of the stimuli presentation, stimuli randomization (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) 

(Kane & Kay, 1992; Parsey & Schmitter-Edgecombe, 2013; Rengachary et al., 

2009). 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. 

 

Virtual reality is a sophisticated computerised technology and a promising solution 

to enhance the quality of cognitive assessment (Riva, 2009; Rizzo et al., 2004). It is 

a combination of hardware and software allowing for the manipulation of objects 

within a virtual environment (Anthes et al., 2016; Kalawsky, 1996), bringing all the 

advantages of computerized 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 situated within the virtual environment (i.e. sense of presence) (Kardong-

Edgren et al., 2019; Ryan et al., 2019). The application of IVR to clinical 

assessment has been the subject of several reviews (Garrett et al., 2018; Massetti et 

al., 2018; Pourmand et al., 2017; Rizzo & Koenig, 2017). For example, Tsirlin et 

al. (2009) analysed the scientific literature and summarized that IVR offers 

opportunities to display ecologically relevant and attractive stimuli within a 

controllable, safe, familiar and meaningful context to users, increasing 
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engagement. Engagement can be further gained through IVR-based serious games 

(Burke et al., 2009; Feng et al., 2018; Ma & Zheng, 2011), 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 (Alankus et al., 2010; Burke et al., 2009; Mubin et al., 

2022; Tong & Chignell, 2014). 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 

(Fordell et al., 2011; Huygelier et al., 2022; Knobel et al., 2020; Tanaka et al., 

2005).  

  

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 

(Behrmann & Moscovitch, 1994; Farah et al., 1990; Mozer, 2002b). Typically, HN 

is defined by an egocentric frame of reference, where the location of a stimulus is 

spatially coded relative to the self (Calvanio et al., 1987; Driver & Pouget, 2000; 

Pouget & Driver, 1999) (e.g., stimuli are typically neglected when presented on the 

contralesional relative to ipsilesional side of space relative to body position). While 

eye movements can be used to evaluate HN (Kaiser et al., 2022b), making eye 

movements rarely influences HN, suggesting no impairment of the retinotopic 

frame of reference (Chokron, 2003; Ladavas, 1987; Stein, 1992) (i.e. moving the 

eyes does not reduce HN). The egocentric reference frame can change with the 

presence of another person in the scene (Kampis & Southgate, 2020; Southgate, 

2020; Vogeley & Fink, 2003; Wang et al., 2020; Zaehle et al., 2007). 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 
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stimuli from the other’s perspective (Mainwaring et al., 2003; St. Jacques & Iriye, 

2022; Tversky & Hard, 2009). 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 (Bisiach & Luzzatti, 1978; Sala et al., 2004). In 

Sala et al. (2004), 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 et al. (2013). 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 
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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 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 et al. (2010) 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 

faster and more accurate when perceiving the stimuli from the avatar’s perspective 

relative to when perceiving it 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 et al. (2017) 

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 space (Cavallo et al., 2017) 

showing a remapping of space relative to perspective (Frith & Frith, 2010; Tosi et 

al., 2020; Tversky & Hard, 2009). Other research shows that perspective-taking 

can be modulated by numerous other factors (e.g., emotions (Bukowski & Samson, 
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2016; Yang et al., 2010), prosocial behaviour (Carlo et al., 1999), culture (Wu & 

Keysar, 2007)), and social perception (i.e. the capacity to analyse the intentions and 

dispositions of others (Allison et al., 2000)).  

 

In the present paper, we present a new IVR-based computerized 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 (randomized) (requiring similar 

behaviour to cancellation tasks; the most frequently used HN assessment method) 

(Bowen et al., 1999; Golisz, 1998). 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. Participants responded to the target by making a rapid key press 

when they saw the peach target.  

 

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 
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group of stroke individuals with hemiparesis and hemineglect (SI:HP+HN), a 

group of stroke individuals with hemiparesis, but without hemineglect (SI:HP-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:HP+HN and SI:HP-HN groups relative to 

the CI group; (2) an interaction between group and laterality showing that the 

SI:HP+HN group would be slower to respond to contralateral compared to 

ipsilateral targets (i.e. showing HN), whereas the SI:HP-HN and CI would show no 

lateral differences; (3) an interaction between group, laterality and avatar showing 

that for the SI:HP+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:HP-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. Methods 

 

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 
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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 rehabilitation department of the Cliniques 

universitaires Saint-Luc in Brussels. Clinicians introduced our experiment to their 

patients. If the patients expressed willingness to be contacted, we would then 

connect with them through phone or in person to provide an explanation of the 

experiment's objectives and procedure. If they agreed to participate to the study, an 

appointment was scheduled. The inclusion criteria were: (1) presence of an 

ischemic or haemorrhagic first stroke according to the World Health Organization, 

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:HP+HN and SI:HP-HN 

groups were contrasted to the re-sampled age-matched CI group. The three groups 

(SI:HP+HN, SI:HP-HN, and CI) consisted of 6, 11 and 17 participants 

(SI:HP+HN: 0 females, 3 left-handed post-stroke; aged between 49 and 67 years, 

M = 59, SD = 7.01; SI:HP-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 participants 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.  
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Table 1: The demographic characteristics of the post-stroke individuals (SI groups) 
 

SI = Post-stroke individuals; F = Female; M = Male; SD = Standard deviation; (note 1) Hemineglect was determined by clinical evaluation during the acute 

phase post-stroke; (note 2) At the time of the present study, patients were evaluated using the Apple Cancellation Test to assess hemineglect status on the day 

of the experiment 

 Id Gender Age Stroke site Stroke type Months post-

onset 

Diagnosed 

Hemineglect (side 

L/R) (note 1) 

Asymmetry 

Apples Test 

(note 2) 

In
d

iv
id

u
al

s 
w

it
h
 H

P
 a

n
d

 N
o
 H

N
 

(S
I:

 H
P

-H
N

) 

SI01 F 51 Left middle cerebral artery ischemic 3,5 No (L) 0 

SI02 M 56 Right thalamus ischemic 1,5 No (R) 0 

SI05 M 69 Left paramedian pontine ischemic 38 No (L) 1 

SI06 M 46 Left middle cerebral artery ischemic 22,8 No (L) 0 

SI07 M 62 Right lacunar internal capsule ischemic 18 No (R) 0 

SI09 F 79 Left posterior capsulo-thalamic ischemic 1,6 No (L) 0 

SI12 M 74 Right posterior branch of the right sylvian artery ischemic 10 No (R) 2 

SI13 M 73 Right sylvian fissure ischemic 2 No (R) -1 

SI15 M 47 Left temporal lobe ischemic 0,2 No (L) -1 

SI16 M 47 Left lenticulostriate artery haemorrhagic 7 No (L) 0 

SI17 F 62 Right sylvian fissure ischemic 20 No (R) 0 

In
d

iv
id

u
al

s 
w

it
h
 

H
P

 a
n

d
 H

N
 

(S
I:

 H
P

+
H

N
) 

SI03 M 49 Left middle cerebral artery ischemic 15 Yes (L) 1 

SI04 M 64 Left parietal intraparenchymal haemorrhagic 13 Yes (L) 0 

SI08 M 52 Right superficial and deep sylvian and secondary 

occipital 

ischemic 17,5 Yes (R) 0 

SI10 M 61 Left capsulo-thalamic haemorrhagic 4,6 Yes (L) 1 

SI11 M 61 Right superficial middle cerebral vein ischemic 5,8 Yes (R) 0 

SI14 M 67 Right sylvian fissure ischemic 19,4 Yes (R) 3 

         

 Mean All (SD) 60 (10.30) 
  

11,75 (10.12) 
 

 

 Mean SI: HP-HN (SD) 60.54 (12.01)   11.32 (12.02) 
 

 

 Mean SI: HP+HN (SD) 59 (7.01)   12.55 (6.10)   
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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 participants 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 1d). 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 1a), on which a hidden grid (6 columns and 4 rows; 24 cells) was 

placed. The table dimensions were 120cm (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 

(Technologies, n.d.-a, n.d.-b). 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 1b).  

 

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 1b). 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 1c). All the trial stimuli 

appeared for 7000 milliseconds maximum, and if the participants made no response 

during target presentation trials, the serious game registered an omission (failure to 

find the target). On 5 additional trials (randomly presented within the 24-target trial 
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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 1e). 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 and physical encouragement). The order 

of these three blocks were randomized 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.  
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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 1d), 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 

The text-audio 

instructions are 

displayed explaining 

The audio is presented in a male or 

female voice based on the choice of 

avatar (i.e. Philippe vs Françoise). 
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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 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 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 

The participant has up to 7000ms 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. 
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vegetables by 

pressing a button 

when they see the 

target (responding as 

fast as they can). 

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. 

 

 

 

 

 

 

 

     

 

 

 

 

 

 

Figure 1a: The 3D simulation of the kitchen where the 

participants were immersed. The kitchen contained a 

table on which the stimuli appeared. 
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Figure 1b: 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. 

Figure 1c: The target Peach and the controller button for responding (shown as an 

animated gif). 

Figure 1d: the selection of either the female or male avatar 



 67 

 

 

 

 

 

 

 

 

 

 

 

 

To evaluate users’ experience, we used the User Experience Questionnaire (UEQ) 

considering hedonic and pragmatic measures (Laugwitz et al., 2008a), 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?) (Laugwitz et al., 2008a; Schrepp et al., 2014). 

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 

Figure 1e: An example of the avatar presented within the kitchen scene. 
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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 independent variables 

were Group (CI, SI:HP+HN, SI:HP-HN), Laterality (ipsilateral vs contralateral 

space relative to the dominant hand in CI/ non-HP hand in SI), Proximity (peri-
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personal vs extra-personal space), and Avatar (no avatar, 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 1b). 

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). 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-HN groups (i.e. 82 trials x 11 SI: HP-HN; 

627 total trials), 32 omission trials and 2 trials showing abnormal responses (< 250 

ms) were removed. From SI:HP+HN data set (i.e. 82 trials x 6 SI: HP+HN; 432), 
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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). 

 

 

Table 3: The number of omissions made by the SIs. 

 

 

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 

(Laugwitz et al., 2008a). 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 

 ID Total 

number  

Ipsi- and 

(contra-) 

lateral 

space 

Near and 

(far) 

space 

 With  

friendly 

avatar 

With no 

avatar 

With 

non-

friendly 

avatar 

S
I:

H
P

-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 

S
I:

H
P

+
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 
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corresponding scale. These results were compared to a classification benchmark 

value, containing 468 evaluation study. 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 (Schrepp, 2015; Schrepp et al., 

2017). 

3. Results 

 

3.1  Analysis: 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, η2 = 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 significant 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 (2,114) = 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 2a). A separate ANOVA was run 

for each proximity space. As hypothesized, 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 2b).  
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Figure 2a: 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. 

Figure 2b: 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. 
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3.2  Analysis: Group comparison study    

 

Table 3 shows the total omission scores. As omissions were too few, analyses by 

ANOVA were not possible. The analysis 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, η2 = 

0.40. This showed that the SI: HP+HN group was the slowest, then the SI: HP-HN 

group, and that both SI groups were slower than the CI group (SI: HP+HN: M = 

2961.26, SD = 247.17; SI: HP-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, η2 = 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: HP-HN, 

F (1,10) = 0.44, p = 0.52, η2 = 0.04, and; SI: HP+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: HP-HN, F 

(1,10) = 7.74, p < 0.001, η2 = 0.43, and SI: HP+HN group, F (1,5) = 7.27, p < 

0.001, η2 = 0.59. Both analyses showed that the SI: HP+HN and SI: HP-HN were 

slower in extra-personal (SI: HP+HN: M = 3251.76, SD = 289.97 vs. SI: HP-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). 
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Figure 3a: Violin plots with boxplots illustrating mean response time 

(milliseconds) to the Peach (target) in contra- and ipsi-lateral space in SI: 

HP+HN, SI: HP-HN and CI groups. 

Figure 3b: Violin plots with boxplots illustrating mean response time (milliseconds) 

to the Peach (target) in peri- and extra-personal spaces in SI: HP+HN, SI: HP-HN 

and CI groups. 
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3.3  Analysis: 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 evaluated dimensions, our results were in the 

positive range (Figure 4a). 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 dimension (M = 1.37; SD = 1.95), 

participants found the Peach test to be innovative and creative. Finally, on the 

Dependability dimension (M = 1,29; SD = 0.95), participants reported a feeling of 

safety, and control of their interaction with the virtual environment. 

 

 
Figure 4a: A graphical representation of the UEQ dimension values given by the SIs. 
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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 4b). 

 

 

 

 

 

 

 

Figure 4b: A graphical representation of the benchmark on Peach test. 
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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 hypothesized 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 (Freundlieb et al., 2017; Gunalp et al., 2019; Surtees et al., 2013; von 

Salm-Hoogstraeten et al., 2020). Further, several papers have demonstrated 

evidence that participants spontaneously took the spatial perspective of another’s 

perspective causing reversal effects for right/left or near/far spaces (Cavallo et al., 

2017; Furlanetto et al., 2013; Samson et al., 2010; Tversky & Hard, 2009). 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 hypothesized that SI: HP+HN would show a laterality effect, 

whereas SI: HP-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: HP+HN being the 

slowest group, but that there was no significant effect of laterality in the SI: 

HP+HN group for both omissions and response time measures, thereby not 
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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 standardized test 

(e.g., Apples test (Bickerton et al., 2011)). 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: HP+HN for perspective was not found. 

This reversal effect may have been better demonstrated in neurological patients 

showing representational hemineglect (Becchio et al., 2013; Bisiach & Luzzatti, 

1978; Della Sala et al., 2004), 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 

(Cole et al., 2016; Cole & Millett, 2019; Santiesteban et al., 2014).  

 

In traditional neuropsychology assessment, omission measures are currently the 

standard metric to assess asymmetry bias in spatial attention (Basagni et al., 2017; 

Demeyere et al., 2019; Plummer et al., 2003; Rorden & Karnath, 2010). 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 (Montedoro et al., 2018; 
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Zimmermann & Fimm, 1995b). 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 (Azouvi et al., 2002; Ogden, 1985; Smania et al., 1998; Vallar, 

1998; Vallar et al., 1995). Furthermore, HN can differentially moderate in peri-

personal and/or extra-personal space (Aimola et al., 2012; Ten Brink et al., 2019). 

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 (Laugwitz 

et al., 2008a). 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 implementing a clear and fun 

storyline, that they engaged with. This is 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 (Bauer et al., 2012; Krohn et al., 2020; 

Lumsden et al., 2016). Our results suggest that aged 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 

(Cavedoni et al., 2022). 

 

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. Additional improvements could be implemented to the 
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Peach test, such as 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 personalizing the adaptation of the assessment to a treatment 

based serious game for patients (Bilder & Reise, 2019; Brooks et al., 2009).  

 

To sum up, we have used IVR to develop a novel serious game for the assessment 

of spatial attention and hemineglect. Although our findings were inconclusive, the 

Peach test showed excellent usability and acceptance by SI. The serious game 

comprehended 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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Chapter 3  
 

A feature and conjunction visual search 
immersive virtual reality serious game 

for measuring spatial and distractor inhibition 
attention using response time and 

action kinematics 

 

 

 

Background: Treisman and Gelade (1980) proposed that visual-spatial attention to targets 

presented with distractors involves parallel and serial cognition. When the target is different 

from distractors by a single feature, the number of distractors does not influence search speed 

(parallel). However, when the target is different from the distractor by a conjunction of 

features, increased numbers of distractors increase task difficulty (serial). Here, we 

developed a serious game in immersive virtual reality (IVR) for evaluating spatial and 

distractor inhibition attention.  

Methods: We tested 60 healthy participants. They performed the serious game in which they 

had to find a target mole wearing a red miner’s helmet. In the single feature parallel 

conditions, the distractor moles wore blue (miner’s or horned) helmets, and in the conjunction 

feature serial conditions, the distractor moles wore blue miner’s helmets or red horned 

helmets. There were 11-17-23 distractors. Responses were made with the dominant hand by 

hitting the target with a virtual hammer. We measured mean response time (RT), mean 

velocity (MV) and coefficient of variation of speed (CV). 

Results: Participants were significantly slower (RT and MV) and showed greater CV when 

responding to targets in conjunction compared to single feature search tasks. Further, 

participants were slower (RT and MV) and showed greater CV when the number of 

distractors increased. A significant interaction between search tasks and distractors showed 

that RT and CV only increased with distractor number for the conjunction search tasks. MV 

decreased with distractor number for both single and conjunction tasks, with a stronger 

decrease for conjunction relative to single feature search. 

Conclusion: The results replicated previous findings, providing support for the use of 

immersive virtual reality technology for the simultaneous evaluation of spatial and distractor 

inhibition attention using complex 3D objects. 

Reference: Khawla Ajana, Gauthier Everard, Thierry Lejeune & Martin Gareth 

Edwards (2023): A feature and conjunction visual search immersive virtual reality serious game for 

measuring spatial and distractor inhibition attention using response time and action kinematics, 

Journal of Clinical and Experimental Neuropsychology, DOI: 10.1080/13803395.2023.2218571 
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1. Introduction  

 

In 1980, Triesman and Gelade reported the results from a series of visual search 

experiments that lead to the definition of “feature integration theory” (Treisman & 

Gelade, 1980). In the visual search task, a display was presented to participants 

containing a target stimulus and several distractor-stimuli. The participant was 

instructed to find the target, responding rapidly and accurately, and their response 

time (RT) was measured (Duncan & Humphreys, 1989; Treisman & Gelade, 1980). 

They systematically moderated the feature similarity between the target stimulus 

and distractor stimuli. The target could have a distinct single feature shared with 

the distractors or a conjunction of features shared with the distractors. When the 

target stimulus was distinguished from distractor stimuli by a single feature (e.g., 

colour or shape; a red circle target presented with blue circle distractors), Triesman 

and Gelade defined the search as conducted in parallel. They proposed that 

attention was divided between the target stimulus and distractor stimuli, and the 

visual features were automatically registered at a pre-attentional level of 

processing. This phenomenon is now described as the “pop-out effect”. A 

participant can spontaneously locate the target stimulus as it ‘pops-out’ from the 

distractor stimuli. Triesman and Gelade showed that when the number of 

distractors was manipulated in single feature search, the response time was not 

moderated by the number of distractor stimuli. For example, in a visual field 

containing a red circle target presented among increasing numbers of blue circle 

distractors, attention is automatically and rapidly captured by the red circle target 

relative to the blue distractor circles as the unique feature defining the target from 

distractors is colour.  

Importantly, Triesman and Gelade (1980) proposed that when a target-stimulus is 

defined by a conjunction of two or more features with the distractor stimuli, the 

search is conducted in serial. Attention is focused on the stimuli features and acts 

as a “spotlight” that shifts successively to the different stimuli locations in the 

visual field to process the features one at a time. This attentional processing is slow 

and effortful and requires memory of which spatial areas have already been 

searched and spatial planning for which areas of space need to be searched next 

(i.e. executive function). Treisman and Gelade (1980) showed that this type of 

visual search was moderated linearly by the number of distractors. For example, in 
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a visual field containing a red circle target presented with a blue circle and red 

square distractor stimuli (i.e. where the target shares two features with the 

distractor stimuli), attention is focused on the colour and shape conjunction of the 

stimuli to find and select the target stimulus from the distractor stimuli, and 

increased numbers of distractors slow RT as more search is required (Duncan & 

Humphreys, 1989; Treisman & Gelade, 1980; Wolfe et al., 1989). Feature 

integration theory has since been criticized and challenged by several research 

groups (for example, (Driver, 2001; Duncan & Humphreys, 1989; Prinzmetal, 

1981; Wolfe et al., 1989)).  

Proficiency in visual search can be reduced following brain damage, for example in 

patients with hemineglect (Milner & McIntosh, 2005). Clinical assessment of 

visual-spatial search typically presents the patient with a paper or a computer 

screen, and an array of stimuli containing one or several targets and several 

distractors (e.g., the Bells test by Gauthier et al. (1989) or the hearts cancellation 

test by Demeyere et al. (2015)). In these tasks, the patient is asked to mark a line 

through or point to the targets using a pencil or digital pen, often within a fixed 

time limit. Patients typically show lateralized impairments by omitting to respond 

to the target or finding the target more slowly when presented in contralesional 

relative to ipsilesional space, and in contrast to non-brain-damaged participants 

(who show no lateralized differences) (Montedoro et al., 2018).  

 

Patients with impairments in spatial search frequently have additional impairments 

in non-spatial or inhibition attention (Husain & Rorden, 2003; Huygelier & 

Gillebert, 2020; Pisella & Mattingley, 2004). However, routine clinical assessment 

of spatial attention rarely includes measures of distractor inhibition (i.e. by 

systematic manipulation of distractor properties). Furthermore, current clinical 

assessments are frequently criticized for their limited ecological validity, their lack 

of coherent measures (e.g., only reliant on omissions), and their lack of detailed 

modelling of patient performance (Azouvi, 2017; Howieson, 2019; Lezak, 2000). 

Recent technology-based assessment tools such as Immersive Virtual Reality 

(IVR) and serious games overcome these limitations (Kato & de Klerk, 2017; 

Neguț et al., 2016; Rizzo et al., 2004). Tests using IVR significantly reduce 

external distraction (which is particularly important when testing patients in a 

clinical setting), and responses made with the IVR controllers are very accurate, 

providing response time, as well as virtual object interaction and action kinematic 
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measures (which are necessary to better understand interactive behaviour and 

potential compensation, therefore providing additional data on which to develop 

efficient clinical interventions). Serious games provide a motivating task that 

drives the patient to perform at their best ability, increasing test/re-test reliability 

by reducing variance in performance across different test sessions within a patient. 

Several studies have used IVR to assess visual search impairment in patients, 

demonstrating that IVR-based technology could be more sensitive than paper-and-

pencil tests, and facilitate patients’ motivation and participation (e.g., Jannink et al. 

(2009), and Knobel et al. (2020)).  

 

Based on recent calls in the literature to improve neuropsychological evaluations 

using new technologies, our objective was to extend the effects reported by 

Triesman and Gelade (1980) using a novel 3D immersive virtual reality display and 

3D target interaction. The principal goal was to build a new serious game that 

simultaneously evaluated spatial and distractor inhibition attention using measures 

of omissions (as in classic paper and pencil tasks), response time (as in new 

computerized evaluations) and using movement kinematics (novel and currently 

not possible in the clinic). The additional kinematic measures bring novelty to the 

paradigm, as well as add multiple measures to potentially improve diagnostic 

criteria (with the diagnosis of hemineglect based on omissions, reaction time and 

kinematic variables). Our test extends the paper of Erez et al. (2009) who proposed 

a (non-immersive) computerized visual search test that involved finding a two-

dimensional simple visual red circle target presented among a set of visual blue 

circle distractors for the single feature search, or blue circle and red square 

distractors in the conjunction search task. They evaluated the response performance 

of a group of patients with a right hemisphere lesion showing left-hemineglect, 

compared to three groups all without hemineglect: patients with a right hemisphere 

lesion, patients with a left hemisphere lesion, and age-matched healthy participants. 

Participants had to search for the red circle target that could randomly appear in 

one of 25 fixed locations and presented with between 3 and 23 distractors 

randomly presented across trials. The results showed that right hemisphere 

hemineglect patients showed less correct hit-rate and slower response time for 

responses to contra- compared to ipsi-lesional targets, whereas healthy control 

participants showed no lateral differences. All four participant groups showed 

slower response time for conjunction relative to single feature search, but the 
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analyses did not consider if the differences in conjunction relative to single feature 

search were greater between groups, and there were no analyses of the interaction 

between search and distractor number, making it difficult to interpret the effect of 

inhibition attentional load on the results.  

 

We extend the paper of Erez et al. (2009) by using three-dimensional animated 

virtual stimuli, by having participants directly respond to the stimuli rather than 

making a button press, and by measuring omissions, response time and action 

kinematics. Our objective was to create a clinical diagnostic test based on a well-

replicated paradigm that can systematically measure spatial and distractor 

inhibition attention. As in Erez et al. (2009), we defined spatial attention based on 

the participant’s ability to find a spatial target presented amongst distractors, 

contrasting performance laterality in left versus right spatial fields. Using the 

Triesman and Gelade paradigm, we defined distractor inhibition attention by 

contrasting the interaction between search type (single feature versus conjunction 

search) and the number of distractors (with increased numbers of distractors 

causing reduced performance in conjunction search because of increased distractor 

inhibition demands). The paradigm was embedded in an IVR serious game, with 

3D dynamic stimuli (providing novelty). In the present paper, we describe the 

technical implementation and the feasibility of this serious game with a group of 

healthy-aged participants. The rationale for making a feasibility study was that it 

was not sure that the implementation of 3D animated stimuli presented within an 

IVR serious game environment, and using direct target responses would replicate 

the effects demonstrated with simple 2D stimuli. However, based on Zhang and 

Pan (2022), we were confident that profiles of attention could transfer between 2D 

computer displays and 3D dynamic IVR displays. They performed two studies 

evaluating the effects of perspective, memory, and dynamic displays on spatial 

search. The stimuli were Lego brick configurations presented in 2D or 3D on a 

screen (Experiment 1) or in IVR (Experiment 2). Participants had to search for a 

target stimulus that matched a referent presented in the middle of the display 

(where the referent remained visible during the task, or disappeared, requiring 

memory). The distractor stimuli differed by shape (all different to the target), 

evoking a serial search (albeit, not based on conjunction features), and the number 

of distractors was manipulated. The target could appear in one of 16 possible 

spatial locations, with the stimuli set presented within concentric rings. Participants 
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responded by pressing a key on a QWERTY keyboard to indicate the presence or 

absence of the target. Experiment 1 contrasted spatial search for 2D versus 3D 

objects (0 degrees vs 35 degrees of declination). The results relevant to the present 

paper showed no differences in accuracy (correct trials) and reaction time measures 

between the search for 2D versus 3D stimuli but showed that with increased stimuli 

sets, accuracy was reduced and reaction time increased. Experiment 2 created 3D 

stimuli (35 degrees), and this time contrasted whether the display was static or 

dynamic, where the concentric stimuli set rotated on a virtual turntable. They 

showed no differences in accuracy and reaction time results between Experiments 

1 and 2 for the static 3D stimuli (screen vs IVR), and no differences in Experiment 

2 between the static and rotating stimuli sets. These data suggest that spatial serial 

search to complex 3D animated IVR stimuli should replicate search results 

demonstrated by simple 2D static stimuli.  

 

Consistent with the current literature, we hypothesized : (1) response performance 

to find the target will be better in the single feature than conjunction feature search 

tasks (quicker response time and mean velocity, and less coefficient of variance of 

speed; CV); (2) an interaction between search tasks and the number of distractors 

will show that for the single feature search task, there will be no change in response 

time, mean velocity and CV for increased numbers of distractors, whereas, for the 

conjunction search task, increased numbers of distractors will cause a significant 

increase in response time, mean velocity and CV; (3) no differences in response 

performance to find the target on the ipsilateral versus the contralateral side of 

space.  

 

2. Methods 

 

2.1  Participants  

 
Sixty participants took part in the study aged between 21 and 83 years (M = 48.03, 

SD = 17.74; 30 females, 11 left-handed). They were recruited through the 

University of Louvain participation panel and social media groups. The inclusion 

criteria were: (1) corrected-to-normal vision, (2) a good understanding of French 
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(the language of the task instructions), and (3) no reported history of neurological 

or psychiatric disorders or motor dysfunction. The exclusion criteria were errors in 

data capture. Two participants were removed from the full data set for errors in 

kinematics data. All procedures were approved by the Ethics Committee of the 

Cliniques Universitaires Saint-Luc, Brussels. Participants received information and 

gave their informed consent prior to the experiment. No participants withdrew. 

 

2.2  Materials, stimuli, and experimental design  

 

 
The hardware used in this study consisted of a VR headset (Oculus Quest 2) and 

one Oculus Quest motion controller. A digital tablet (Huawei MediaPad T, model 

AGS2-W09) was used by the experimenter to monitor the experiment through a 

live stream from the Oculus App. The serious game was developed using Unity 

2019.3 software (in C# language) and the 3D object models were developed using 

the modelling software Blender (GPL). The IVR environment consisted of a 

simulated cartoon-like garden displaying a patch located in front of a fence and 

composed of twenty-four molehills (4 x 6 grid; see Figure 1a). The three-

dimensional position of each molehill was defined in the software. The stimuli 

were moles that appeared from the molehills (through animation). The target was a 

stylized mole wearing a red miner’s helmet and distractors were stylized moles 

wearing different coloured and style helmets (a blue miner’s helmet, a red helmet 

with horns, and a blue helmet with horns). The participant held a virtual hammer in 

their dominant hand, operated with the Oculus Quest motion controller (with 

synchrony between the movement of the virtual hammer and hand controller). The 

software tracked the position of the virtual hammer and the headset (70hz), and 

responses were defined by the position of the virtual hammer terminating at the 

position of a molehill. For each trial, the software defined the molehills from which 

the targets and distractors appeared. Multimodal visually written and spoken verbal 

instructions were played at the beginning of the serious game, instructing the 

participants to hit the target with the virtual hammer. 

 

Before each trial, two red cubes were displayed floating in front of the participants, 

positioned along their mid-sagittal axis as shown in Figure 1b. One was positioned 

on the same level as the participant’s eyes and had an illustration of an eye on the 
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cube, and the second was positioned on the level of the participant’s arms and had 

an illustration of a hammer on the cube. The participants had to simultaneously 

fixate on the eye-cube and place their hammer on the hammer-cube to initiate each 

trial. Fixation was defined by head position recorded from the Oculus headset. The 

two red cubes turned green when the participant’s head position and virtual 

hammer were correctly located on the two cubes assuring alignment of their 

attention and action to the sagittal axis of the stimulus display. This was done to 

ensure a central fixation and starting position for each trial. 

The participants were instructed to respond as fast as they could to the target stimulus 

(red-helmet mole) and to not respond to the distractor stimuli. All the 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 distractor stimuli, the 

trial was considered a failed response. If a correct response was made within 7 

seconds, the trial was terminated, and the next trial was initiated. There were six 

levels, with each level consisting of 24 trials (i.e. the target appearing from each 

molehill in the 6x4 array). The levels were blocked because the test is later intended 

to be used with patients for cognitive attention diagnosis, and for some patients, the 

more difficult levels will not be possible. The three first levels involved the feature 

search task where the target stimulus was presented with 11, 17, and 23 blue-helmet 

moles (random equal distribution of moles wearing a miner’s helmet or a helmet 

with horns; levels 1, 2, and 3 respectively). The latter three levels involved the 

conjunction search task where the target stimulus was presented with 11, 17, or 23 

moles wearing either a blue miner’s helmet or a red helmet with horns (random equal 

distribution; levels 4, 5, and 6 respectively) (Figure 1c). Once the participant finished 

the game, two ‘CSV’ (comma-separated values) text files were registered on the 

headset. The first contained the summary measures (i.e. the target position, the level, 

whether the response was correct, an omission or an error, and for correct responses, 

the time to reach to the target; the response time). A correct response was defined by 

the virtual hammer ‘colliding’ with the position of the molehill from which the target 

stimulus appeared. The second file contained the raw 3D kinematic data for the 

controller (i.e. X, Y, Z coordinates at 70 frames a second).  
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Figure 1a: The mole target and distractor stimuli were presented within a 4 x 6 grid of 24 

molehills from which they could appear; three columns in the contralateral space and three 

columns in the ipsilateral space, relative to the dominant hand of the participant. 

Figure 1b: Before each trial, the participants viewed the 24 empty molehills and two reference cubes, 

one with an image of an eye that they had to fixate (aligned with head tracking), and one with an 

image of a hammer, on which they placed their virtual hammer (aligned with the VR controller). This 

enabled a consistent starting point for each trial. 
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2.3  Procedure 

 

The study was run in a controlled laboratory at the Psychological Sciences 

Research Institute of the University of Louvain and in the Cliniques universitaires 

Saint-Luc, Brussels. The total test session lasted one hour. Before the study, 

participants were given instructions regarding the experimental design, and they 

were invited to sign a consent form. Next, they were invited to sit on a chair at the 

edge of a table, wearing the VR headset and with the controller in their hands. The 

participants were then immersed in the simulation, viewing the garden containing 

molehills. Instructions were displayed and the participant pushed on a virtual start 

button to initiate a training session containing 10 trials. At the end of this training 

session, the participant again pushed on a virtual start button to initiate the 

experiment (a total of 144 trials). Each participant completed the 6 levels 

Figure 1c: The target stimulus was a mole wearing a red miner’s helmet. The distractor stimuli were blue-

helmet moles (miner’s helmet and a helmet with horns) for the single feature task, or moles wearing a blue 

miner’s helmet or a red helmet with horns for the conjunction task. The example display shows the target 

with 23 random distractors, with 4 stimuli in each column. 
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consecutively, with a 60-second break after the completion of every level. At the 

end of the experiment, the participants were thanked for their participation, and 

they received a payment of 10 EUR for their participation. All participants 

completed the experiment. 

 

4.1  Methods of data analyses 

 

Data analyses were performed using SPSS 27.0 (IBM) and repeated measures 

ANOVAs. The independent variables were search task (feature vs conjunction 

search), distractors (11, 17, and 23), and laterality (ipsilateral vs contralateral space 

relative to the dominant hand response). Ipsilateral space was defined by the target 

stimuli being presented in the three columns on the same side as the participant’s 

dominant hand and contralateral stimuli were defined by target stimuli being 

presented in the three columns on the opposite side of space as the participant’s 

dominant hand.  

 

For correct responses only, the dependent variables were ‘means’ for the measures 

of response time (RT) (the time between the presentation of the target stimulus and 

the moment the hammer hit the target; measured in milliseconds), mean velocity 

(MV) (the distance covered by the virtual hammer action divided by the response 

time; measured in meters per second) and coefficient of variation of speed (CV) (the 

standard deviation of the virtual hammer velocity divided by mean velocity). The 

kinematic variables were analysed from the three-dimensional X, Y and Z positions 

of the virtual hammer / hand controller extracted from ‘CSV’ files registered to the 

hard drive of the headset for each participant. Analysis of kinematic metrics was 

made using software developed in Python. Before the analysis, the noise was reduced 

using a Butterworth 10Hz cut-off frequency filter. Three-dimensional controller 

positions were then plotted by time to visually ensure that data had been correctly 

acquired. 

 

From the total data set (i.e. 144 trials x 58 participants; 8352 trials), 195 error 

responses to distractor stimuli (2.3%) and 265 trials showing omissions (3.2%) 

were removed. A further 13 trials were removed because they showed abnormal 

response times (< 250 ms) or trials with null kinematic values. Outlier data was 
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defined using a confidence interval of three standard deviations applied to the mean 

response time of the remaining data, causing a further 98 trials to be deleted from 

the total dataset (these trials were removed for all dependent variables). No outlier 

filter was applied to the kinematic dependent variables. 

 

3. Results 

 

 
The analysis of response time (RT) showed a main effect of search task, F (1,57) = 

1803.23, p < 0.001, η2 = 0.97, where RT was significantly faster in the single (M = 

1713.65, SD = 28.67) compared to conjunction search task (M = 2636.50, SD = 

32.74). It showed a main effect of distractors, F (2,114) = 103.23, p < 0.001, η2 = 

0.64, where RT was faster to a target presented with 11 distractors than 17 or 23 

distractors, and faster to a target presented with 17 distractors than 23 distractors 

(M = 2045.57, SD = 31.25; M = 2188.46, SD = 30.93; and M = 2291.18, SD = 

29.17 for 11, 17 & 23 distractors respectively). There was no effect of laterality, F 

(1,57) = 0.05, p = 0.83, η2 = 0.001. As predicted, there was a significant interaction 

between search task and distractors, F (2,114) = 117.58, p < 0.001, η2 = 0.67 

(Figure 2a). A separate ANOVA was run for each search task. This showed that the 

effect of distractor number was not significant in the feature search task, F (2,114) 

= 2.01, p = 0.14, η2 = 0.034, but it was significant in the conjunction search task, F 

(2,114) = 149.16, p < 0.001, η2 = 0.72. A Bonferroni post hoc analysis showed that 

RT increased as a function of the increased number of distractors in conjunction 

search task (M = 2357.61, SD = 40.08; M = 2667.22, SD = 36.77 and; M = 

2884.66, SD = 34.63 for 11, 17 & 23 distractors respectively). There were no other 

significant effects. 

 

The analysis of mean velocity (MV) showed a main effect of search task, F (1,57) 

= 386.40, p < 0.001, η2 = 0.87, where MV was faster for actions made in single 

feature (M = 0.50, SD = 0.010) compared to conjunction search (M = 0.38, SD = 

0.008). It showed a main effect of distractors, F (2,114) = 47.70, p < 0.001, η2 = 

0.46, where MV was faster for actions made to a target presented with 11 than 17 

or 23 distractors, and faster for actions made to a target presented with 17 than 23 

distractors (M = 0.46, SD = 0.010; M = 0.44, SD = 0.009; and M = 0.42, SD = 

0.008, for 11, 17 & 23 distractors). It also showed a main effect of laterality, F 
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(1,57) = 27. 21, p < 0.001, η2 = 0.32, where MV was faster for actions made in 

contralateral (M = 0.46, SD = 0.010) compared to ipsilateral space (M = 0.42, SD = 

0.009). The analysis of MV showed a significant interaction between search task 

and distractors, F (2,114) = 11.28, p < 0.001, η2 = 0.16 (Figure 2b). A separate 

ANOVA was run for each search task. This showed that the effect of distractor 

number was significant in single feature task, F (2,114) = 4.79, p < 0.001, η2 = 

0.08, and significant in conjunction task, F (2,114) = 61.16, p < 0.001, η2 = 0.52 

(with the interaction likely explained by the difference in the F ratio). A Bonferroni 

post hoc analysis showed that in both the single and conjunction search tasks, MV 

decreased (became slower) as a function of the increased number of distractors 

(single feature search: M = 0.51, SD = 0.012; M = 0.51, SD = 0.011; and M = 0.49, 

SD = 0.01; conjunction search: M = 0.42, SD = 0.01; M = 0.38, SD = 0.009; M = 

0.35, SD = 0.008, with significant differences between MV for 11, 17 & 23 

distractor levels). There were no other interactions. 

 

The analysis of the coefficient of variation of speed (CV) showed a main effect of 

search task, F (1,57) = 51.46, p < 0.001, η2 = 0.47, where CV was higher for 

actions made in conjunction (M = 1.52, SD = 0.04) compared to single feature 

search (M = 1.32, SD = 0.028). It showed a main effect of distractors, F (2,114) = 

37.15, p < 0.001, η2 = 0.39, where CV was higher for actions made to a target 

presented with 23 distractors than 17 or 11 distractors, and higher in actions made 

to a target presented with 17 than 11 distractors (M = 1.35, SD = 0.03; M = 1.43, 

SD = 0.032; and M = 1.47, SD = 0.035, for 11, 17 & 23 distractors). The analyses 

also showed a main effect of laterality, F (1,57) = 7.13, p < 0.001, η2 = 0.11, where 

CV was higher for actions made in ipsilateral (M = 1.44, SD = 0.034) compared to 

contralateral space (M = 1.40, SD = 0.03). The analysis of CV also showed a 

significant interaction between search task and distractors, F (2,114) = 24.60, p < 

0.001, η2 = 0.30 (Figure 2c). A separate ANOVA was run for each search task. 

This showed that the effect of distractor was not significant in single feature task, F 

(2,114) = 1.74, p = 0.18, η2 = 0.03, but it was significant in conjunction search, F 

(2,114) = 53.70, p < 0.001, η2 = 0.48. A Bonferroni post hoc analysis showed that 

in conjunction search, CV increased as a function of the increased number of 

distractors (M = 1.41, SD = 0.037; M = 1.52, SD = 0.041; and M = 1.63, SD = 

0.046; with significant differences between each distractor level). There were no 

other interactions. 
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Figure 2: (a) Mean response time (milliseconds) to single feature versus conjunction 

feature target-distractor stimuli with 11, 17, or 23 distractors. (b) Mean velocity (meter per 

second) to single feature versus conjunction feature target-distractor stimuli with 11, 17, or 

23 distractors. The error bars are between participant standard deviation. (d) Coefficient 

of variation of the speed (%) to single feature versus conjunction feature target-distractor 

stimuli with 11, 17, or 23 distractors. The error bars are between participants’ standard 

error.  

 

 

4. Discussion 

 

In the present study, we developed a new IVR serious game based on the visual 

search paradigm by Treisman and Gelade (1980). As in the classic paradigm, we 
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manipulated distractor features using single versus conjunction feature search 

tasks, each with increasing numbers of distractors. The objective was to develop a 

systematic assessment of spatial and distractor inhibition attention. Several 

measures were taken, including RT, and the kinematic measures of MV and CV. 

We evaluated the test feasibility with a group of 60 healthy control participants. 

We observed an interaction between search task and distractor number, with single 

feature search having no differences between distractor number, but conjunction 

search showing reduced performance with increased distractor number. 

Furthermore, we showed no laterality effects.  

 

For the analysis of response time, the results were consistent with our hypotheses. 

We showed that the IVR serious game adaptation of the paradigm perfectly 

replicated previous data that used more simple two-dimensional shape and colour 

stimuli (see, (Duncan, 1985; Kim & Cave, 1995; Müller & Mühlenen, 2000; 

Ogawa et al., 2002; Quinlan & Humphreys, 1987; Thomas & Lleras, 2009; Wolfe 

et al., 1989; Wolfe & Pokorny, 1990)). In our single feature search task, the 

number of distractors had no effect on response time. As in the original paradigm, 

the 3D animated target mole wearing a red miner’s helmet ‘popped out’ from the 

3D animated distractor moles wearing blue helmets, irrespective of the number of 

distractors. However, in the conjunction search task, where the participants were 

asked to find the 3D animated target mole wearing a red miner’s helmet presented 

with 3D animated distractor moles wearing either a blue miner’s helmet or a red 

helmet with horns (i.e. the distractors sharing two features with the target), 

participants were slower to find the target compared to the single feature search 

task, and increased numbers of distractors in the conjunction search task lead to a 

greater search time. This base replication of the well-established effects is 

important for future studies, and particularly important given the step change 

between the current stimuli (based on the hats worn by 3D animated moles) 

relative to simple shape/colour stimuli (e.g., a circle or square, red or blue, etc. as 

in the majority of other single and conjunction feature visual search tests). 

 

The analyses of mean velocity and coefficient of variance of speed (CV) were 

similar to response time and largely followed our predictions. These variables 

showed reduced performance when responding to targets presented with 

conjunction relative to single feature search stimuli. For conjunction relative to 
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single feature stimuli, like response time, mean velocity was slower and the 

coefficient of variation of speed was greater (more variable). These results are 

likely explained by the increased inhibition demands for the conjunction relative to 

single feature stimuli. For the interaction between search and distractors, the 

dependent variable of the coefficient of variation of speed (CV), showed identical 

results to response time. For single feature search, there were no significant 

differences in CV for the number of distractors, but for conjunction search, CV 

increased as a function of the number of distractors, indicating that CV is clearly 

influenced by distractor inhibition demands. A similar result was also shown for 

mean velocity, whereby MV decreased (was slower) for both search types with 

increased numbers of distractors, but the F ratio was greater for conjunction 

relative to single feature search, again indicating that increased inhibition demands 

decreased movement performance. This observed effect is consistent with action-

based attention theories. Several studies have shown that kinematics is affected by 

the presence of distractors and the layout of the target and distractors (Chang & 

Abrams, 2004; Fischer & Adam, 2001; Pratt & Abrams, 1994; Song & Nakayama, 

2006, 2008; Welsh & Elliott, 2004). The presence of distractors influences 

responses caused by competition for action control, thus reducing performance 

caused by increasing planning and execution time (Meegan & Tipper, 1999; Tipper 

et al., 1997; Welsh et al., 1999), as well as movement speed and trajectory 

(Castiello, 1996; Fischer & Adam, 2001; Welsh & Elliott, 2004). 

 

In the hypotheses, based on prior data for visual search, we predicted no 

differences in response performance to find and respond to the target placed in 

ipsilateral versus contralateral space. The results for mean response time supported 

this hypothesis and replicated previous literature. However, the analyses of the 

kinematic variables showed lateralization effects. When the 3D animated target 

mole appeared in the contralateral space (relative to the acting hand), mean 

velocity was faster and the coefficient of variation of speed decreased compared to 

when this target appeared in ipsilateral space. This finding can be explained by 

movements being faster and less variable when they crossed the body’s sagittal 

axis to respond to targets in contralateral relative to ipsilateral space. This 

lateralized difference could be explained by the differences in neuronal processing 

associated with a motor response, after the localization of the target in space, but 

also in terms of muscular activation and biomechanical constraints operating in the 
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two movements. Indeed, the movement performed, when the target is presented in 

the contralateral space, consists of a combination of adduction and flexion (which 

could be more natural physiologically), whereas the movement performed, when 

the target is presented in the ipsilateral space, consists of a combination of shoulder 

abduction and extension (which could be less natural physiologically) (Fisk & 

Goodale, 1985).  

 

The long-term objective of developing the present task was to create a new 

diagnosis measure of spatial and distractor inhibition attention in a visual search 

task (extending Erez et al. (2009)) using an IVR serious game with 3D animated 

stimuli (complementing Zhang and Pan (2022)). We compare performance 

responses to targets placed on the ipsilateral versus the contralateral side of space 

to systematically compare spatial responses, and demonstrate if patients show 

lateralized spatial bias in their performance (Bickerton et al., 2011; Demeyere et 

al., 2015; Gauthier et al., 1989; Guilbert, 2022). In the present study, as 

hypothesized, we did not predict lateral differences, for RT, demonstrating that the 

time taken to find a target was equal for ipsilateral compared to contralateral space. 

However, there were laterality effects for MV and CV, likely explained by 

hemispace responses and biomechanical factors. These variables need to be 

evaluated with hemineglect patients to determine whether they can contribute to 

spatial lateralization diagnosis (i.e. showing reduced performance to the contra-

lesional side). For distractor inhibition, we evaluated the interaction between search 

type (single vs conjunction feature) and distractor number. We demonstrated 

significant interactions for RT, MV and CV, all showing reduced performance for 

the conjunction relative to serial search, and the conjunction search showing 

reduced performance with increased distractors. This systematic manipulation 

measures distractor inhibition attention independent of lateralized spatial bias and 

can be used to better understand if patients with hemineglect show distractor 

inhibition impairments (for example, showing an increased difference between 

serial and conjunction search, or a steeper cost of increasing distractor number in 

the conjunction search task). 

 

We developed our serious game in IVR to improve neuropsychological testing 

(Pieri et al., 2023; Rizzo et al., 2004; Spreij et al., 2022) by providing a flexible and 
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ecological environment that can combine cognitive and motor response measures 

(Adams et al., 2017; Faria et al., 2018; Rand et al., 2009). The use of IVR provides  

the ability to track action responses (as in the present study), as well as add 

supplementary measures such as eye-gaze tracking to measure visual search prior 

to target selection (Hougaard et al., 2021; Kaiser et al., 2022a; Ogura et al., 2019). 

Furthermore, it offers a controlled environment to adapt experimental paradigms to 

clinical practice demands (Brown et al., 2020; Garrett et al., 2018; Schultheis et al., 

2002). Here, we based our development on the visual search paradigm proposed by 

Treisman and Gelade (1980), as it is considered one of the most influential theories 

in visual attention research, with a significant number of replications (Arguin et al., 

1993; Kristjánsson & Egeth, 2020). It is important to translate other well-

developed cognitive paradigms to clinical tests, to provide more detailed clinical 

assessments (for example, the contextual cueing paradigm (Chun, 2000; Chun & 

Jiang, 1998; Sisk et al., 2019; Zang et al., 2022)).   

 

In conclusion, we present a systematic combination of spatial and distractor 

inhibition attention evaluation using an IVR serious game with 3D animated 

stimuli based on the paradigm reported by Treisman and Gelade (1980). Our 

results show a replication of the paradigm effect, demonstrating stability in 

cognitive effects for the transformation of stimuli from simple 2D to complex 3D 

animated presentations (supporting Zhang and Pan (2022)). There is an urgent need 

to coordinate between cognitive experimental research and clinical 

neuropsychology, in order to develop precise and efficient computerized 

assessment tests (R. P. Kessels, 2019; Treviño et al., 2021), integrating cognitive 

measurements (e.g., reaction time, errors / omissions) and action response 

kinematics measurement (e.g., movement velocity, arm path) (Boone et al., 2019; 

Evans et al., 2009) using realistic ecological environments. Our study demonstrated 

the feasibility of adopting such improvements for application to clinical 

assessment. Future studies will involve tests with patients with and without 

hemineglect to evaluate the validity and reliability of this serious game, as well as 

the user experience. 
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Chapter 4  
 

An immersive virtual reality serious game for 
the assessment of spatial attention and 

distractor inhibition in stroke individuals: A 
normative, validity, reliability and user 

experience study 

 

 

 

Background Ajana et al (2023) recently developed a new immersive virtual reality serious 

game measuring visual-spatial attention and distractor inhibition. It consists of a visual search 

where a spatial target was presented with two forms of distractors, causing parallel or serial 

search. The number of distractors does not influence search speed in parallel search, whereas 

for serial search, increased numbers of distractors increases search speed (with the contrast 

allowing a measure of distractors inhibition). In this study, we present normative, validity, 

reliability and user experience analyses of the serious game.  

Methods: We firstly tested a group of 31 controls individuals (CI), then a group of 29 post-

stroke individuals (9 with hemineglect (SI:HN+) and 20 without hemineglect (SI:HN-). The 

CI performed REASmash with their dominant hand, and the two SI group performed it with 

their less-effected hand. The SI also performed two standardized tests. Based on CI 

performance normative data was created. Validity was evaluated between REASmash and 

the two standardized tests through correlations. Reliability was measures with test-retest, 

minimal detectable change, and Bland-Altman plots. User experience was evaluated with 

user experience questionnaire. We measure response time (RT), mean velocity (MV), 

coefficient of variance (CV), and omissions.  

Results: The results of the CI performance, replicated previous findings (Ajana et al., 2023). 

Validity analysis was not significant for omissions, and was significantly moderated for (RT). 

Reliability was excellent of RT and CV, moderated for MV, and poor for omissions. Minimal 

detectable was established for future use, and Bland-Altman plots showed that overall 

measures in two testing session are interchangeable. 

Conclusion: REASmash, a serious game developed for the assessment of spatial and 

distractor inhibition attention, demonstrated psychometric standard for concurrent validity, 

reliability that can be improved, and an excellent user experience in IVR. 
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1. Introduction  

 
Following a stroke, patients are frequently left with a combination of cognitive and 

motor impairments (Lezak et al., 2004; Mellon et al., 2015; Sun et al., 2014; 

Vakhnina et al., 2009), that require precise assessment (Brainin et al., 2015; 

Demeyere et al., 2016). The most common cognitive impairments after a stroke are 

attentional deficits, with a prevalence frequency estimated from 30% to 50% 

(Barker-Collo et al., 2010; Esposito et al., 2021; Hyndman & Ashburn, 2003). 

These attentional impairments manifest in different forms (Loetscher et al., 2019; 

Spaccavento et al., 2019). Individuals who have difficulties attending to a stimulus 

or stimuli in their contra-relative to ipsi-lesional space have a condition known as 

hemineglect (HN) (Mesulam, 1999; Vallar, 1998). HN is a heterogenous and 

inconsistent syndrome that manifests by the patient sometimes omitting to find 

stimuli in contra-lateral space, or making slower responses when finding a target in 

contra-lateral space (Anderson et al., 2000; Buxbaum et al., 2004; Samuelsson et 

al., 1998). The cause of HN is related to a disruption of higher-level spatial 

attention that includes non-spatial inhibition (Corbetta & Shulman, 2011; Heilman 

et al., 1984; Rode, Pagliari, et al., 2017). 

 

A precise neuropsychological assessment of cognitive functioning in post-stroke 

patients is considered fundamental for the management of cognitive interventions 

and rehabilitation (Donders, 2020; Jokinen et al., 2015; Van Zandvoort et al., 

2005). Historically, neuropsychology assessment has relied on paper-and-pencil 

methods (Casaletto & Heaton, 2017; Witsken et al., 2008), but over the past 

decade, these methods have faced several criticisms for their lack of theoretical 

modelling and their limited ecological validity (Azouvi, 2017; Barr, 2001; 

Howieson, 2019; Kessels, 2019). For example, the cognitive processes of inhibition 

manifest in several daily-life activities, but inhibition is rarely systematically 

assessed using ecologically relevant methods (Bennett, 2001; Harvey, 2019; 

Jaillard et al., 2009; Sachdev et al., 2014). Other criticisms include the 

neuropsychological test batteries that typically take a long time to administer 

(Cerrato & Ponticorvo, 2017; Vakil, 2012), and the cost of conducting 

neuropsychological assessment remaining expensive (Collie et al., 2001; Wilken et 

al., 2003). Rapid advances in technological development allow for several 
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improvements of these criticisms (Fichman et al., 2014; Libon et al., 2021; C. 

Marques-Costa et al., 2022).  

 

Immersive Virtual Reality (IVR) is a technology that allows users to interact with 

simulated three-dimensional environments through hardware that is composed of a 

head-mounted display (containing two offset visual screens) and sensory inputs 

(e.g., sounds, motion) (Biocca, 1992; Huygelier et al., 2021; Milgram & Kishino, 

1994). The two screens create a 3D display that provides a sense of presence and 

immersion in the virtual environment, enhanced through congruent (actual and 

virtual) head and arm movement interactions (North & North, 2016; Servotte et al., 

2020; Wilkinson et al., 2021). The recent proliferation of (affordable) IVR has 

allowed widespread development in the field of neuropsychological assessment 

(Diaz-Orueta et al., 2020; Parsons et al., 2013; Rizzo et al., 2004; Terruzzi et al., 

2023). IVR simultaneously offers the benefits of controlled simulated real world 

visual scenes, and the ability to perform interactive activities that can be recorded, 

providing precise and detailed performance measures (Parsey & Schmitter-

Edgecombe, 2013; Rizzo & Buckwalter, 1997). IVR also provides a safe ecological 

environment for testing, specifically benefitting patients who could be at risk 

within an ecological physical environment (e.g., post-stroke patients with mobility 

and balance risks) (Fernandez Montenegro & Argyriou, 2017; Kalantari & Neo, 

2020; Kalantari et al., 2021), but still allowing flexible testing conditions by 

customizing the simulated environment, and adjusting task difficulty to the 

performance capabilities of each patient (Parsons et al., 2008; Schultheis et al., 

2002). Furthermore, IVR brings the potential to enable fun experiences that can be 

more motivating and engaging than traditional pencil-and-paper tests (Chang et al., 

2019; Doumas et al., 2021a; Parsons & Reinebold, 2012). These several 

advantages have been acknowledged by the National Academy of 

Neuropsychology and the American Academy of Clinical Neuropsychology (Bauer 

et al., 2012; Kourtesis & MacPherson, 2021). 

 

Serious games for assessment can be defined as games testing skills through 

motivating tasks (Ajana et al., 2023; Lumsden et al., 2016). When combined with 

IVR, there bring additional benefits to IVR assessment of post-stroke attentional 

deficits (Martino Cinnera et al., 2022; Nolin et al., 2019; Ogourtsova et al., 2017). 

For example, Kim et al. (2010) developed a three-dimensional immersive virtual 
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reality simulation of street crossing for the assessment of hemineglect. The main 

goal was to cross the virtual street without any accident. This required the 

participant to make a rapid button presses in response to cars approaching an avatar 

that crossed the road, with the button press moving the avatar forward and no 

longer on the same path as the moving car. The velocity of the car was used to 

regulate difficulty. They tested a group of post stroke patients with hemineglect 

and a group of post-stoke patients without hemineglect on the virtual game and on 

two standardized paper-and-pencil tests. The results showed a disparity between 

the two groups, indicating a higher response time and greater use of cues (that 

attract attention) on the left compared to right side of the display for the patients 

with hemineglect, whereas patients without hemineglect did not show any 

significant difference between left and right parameters. Additionally, they 

demonstrated that the virtual game correlated with the results on the Line Bisection 

Test, thus demonstrating test validity for the assessment of hemineglect (Kim et al., 

2010; Schenkenberg et al., 1980). Another example was reported by Knobel et al. 

(2021). They tested an IVR visual search serious game with a group of patients 

diagnosed with hemineglect, compared to a young and older group of healthy 

controls. The participants had to detect and tag a flying chicken (i.e. a visual target) 

before the chicken disappeared after a fixed time, with several levels of difficulty. 

Their hand movements were recorded, and the results showed that while the 

controls had symmetrically distributed movements, patients with HN showed 

movements that were bias shifted to the right. The study also showed high usability 

and acceptance scores for HN patients, making a valid tool for the evaluation of 

hemineglect (Knobel et al., 2021). These two examples demonstrate how serious 

games can be adapted to test spatial attention using a fun and motivating test.  

 

Despite advances in the use of IVR for cognitive assessment, currently there are no 

assessments that systematically measure spatial attention and distractor inhibition 

using a 3D IVR serious game. We present a novel IVR serious game, the 

REASmash, developed to systematically assess spatial attention and distractor 

inhibition deficits (Ajana et al., 2023). Based on the paradigm of Treisman and 

Gelade (1980), the REAsmash involves the participant searching for a target placed 

amongst distractors. The target can appear in one of 24 hidden cells (6 columns x 4 

rows), providing spatial attention measures by contrasting performance to different 

spatial locations. The distractors vary by number (11, 17 and 23) and type (High vs 
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Low target distractors saliency; evoking a parallel vs serial search), providing a 

measure of inhibition. The REASmash involves a simple and engaging gameplay 

of a well-known funfair game, where a target mole appears from the ground and 

the participant was asked to swiftly smash the mole with a virtual hammer before it 

disappeared back into the hole. The target and distractor stimuli were randomized, 

reducing practice effects. The test included multiple sensitive measures, including 

omissions, response accuracy, response time and kinematic measures. In the 

present paper, our objectives were to validate the REASmash and to evaluate user 

experience. In the first analysis, we replicated the results of Ajana et al. (2023) 

with a new group of aged control individuals (CI), and then used these data to 

create norms. We then used these norms to detect spatial and distractor inhibition 

attention deficits in 9 post-stroke individuals diagnosed with hemiparesis and HN 

(SI:HN+). Secondly, we analysed the validity of the REASmash on post-stroke 

individuals, making correlations between performances on the REAsmash and the 

Broken Hearts (Demeyere et al., 2015), and the Visual Search sub-test from the 

Test for Attentional Performance (TAP) (Zimmermann & Fimm, 1995a). We also 

analysed the reliability of the REASmash on a sub-group of CI using test-retest 

analyses and Minimal Detectable Change (MDC). Thirdly, we evaluated the user 

experience on the post-stoke individuals using the User Experience Questionnaire 

(Laugwitz et al., 2008b). 

 

2. Methods 

2.1  Participants 

 
Nine post stroke individuals with hemiparesis and a history of HN diagnosis (none 

showed HN at the time of testing using standard diagnosis tests) (SI:HN+) (2 

females, 3 left-handed), twenty post stroke individuals with hemiparesis and 

without a history of HN diagnosis (SI:HN-) (7 females, 8 left-handed (less-

effected)), and thirty-one healthy (17 females, 2 left-handed) control individuals 

(CI) took part of the study. We used convenience sampling to recruit the SI 

participants from the physical medicine and rehabilitation department of the 

Cliniques universitaires Saint-Luc in Brussels, and the CI group was recruited from 

the University of Louvain participation panel. For the SI participants, two 

occupational therapist clinicians from Cliniques universitaires Saint-Luc in 
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Brussels introduced our experiment to their patients. Subsequently, if the patients 

showed an interest in participating in the experiment, they were contacted by the 

experimenters being contacted over the phone or in person to explain the 

experiment's goals and procedures. If they consented to participate, an appointment 

was scheduled. The SI:HN+ were selected if (1) they presented a first ischemic or 

haemorrhagic stroke confirmed by CT or magnetic resonance imaging, (2) they 

presented HN and/or hemiparesis (HP) diagnosed clinically and documented in an 

evaluation medical report. Any SI having severe communication impairments 

preventing them from understanding the instructions were excluded. Both the SI 

and CI were included if (1) they presented normal or corrected-to-normal vision, 

and if (2) they self-reported a good understanding of French or English (the 

languages of the task instructions). The CI were excluded if they self-reported a 

history of neurological, psychiatric or orthopaedic disorders that could have 

affected their performance.  

 

The SI:HN+ group was aged between 49 and 74 years (M = 58.22, SD = 9.37). At 

the time of testing, they were between 15.4- and 119.3-months post-stroke on-set 

(M = 31.54, SD = 33.01), with 3 out of 9 participants having had a haemorrhagic 

stroke. The SI:HN- group was aged between 62 and 80 years (M = 61.2, SD = 

11.02). At the time of testing, they were between 0.2- and 146.2-months post stroke 

on set (M = 18.80, SD = 33.20) (see Table 1).  The CI were aged between 50 and 

69 years (M = 60, SD = 5.37). There were no exclusions or withdrawal from any of 

the groups. All participants volunteered to take part in the study, and they received 

information about the procedure and provided written informed consent prior to the 

experiment. The CI were given a compensation of 10 euros for their participation. 

All procedures were approved by the Cliniques universitaires Saint-Luc Ethics 

Committee, which was registered on Clinical.gov (NCT04694833). 

 

 

Table 1: SI demographic characteristics. The data for the Broken hearts OCS sub-

test and Visual Search TAP subtest shows omissions data for contralateral 

subtracted from ipsilateral (whereby a negative number indicates more omissions 

on the contralateral side of space).    
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Patient 

ID nb. 
Gender Age 

Handedness 

pre-stroke 

Handedness 

post-stroke 
Stroke site Stroke type 

Stroke 

laterality 

Months 

post-onset 

Broken 

hearts OCS 

sub-test 

(omission in 

contralateral 

space) 

Visual 

Search TAP 

sub-test 

(omission in 

contralateral 

space) 

S
I:

H
N

+
 

1 M 49 Right Left Left sylvien 

fissure 

Ischemic L 15,4 6 (4) 8 (4) 

2 M 52 Right Right Superficial and 

deep Sylvian and 

secondary right 

occipital 

Ischemic R 15,4 13 (5) 5 (3) 

3 M 64 Right Left Left parietal 

intraparenchymal 

Haemorrhagic L 12,9 9 (1) 24 (12) 

4 M 67 Right Right Right sylvien 

fissure 

Ischemic R 19,1 6 (1) 7 (3) 

5 M 61 Right Left Left thalamus Haemorrhagic L 4,3 4 (3) 8 (5) 

6 F 74 Right Right Right sylvien 

fissure 

Ischemic R 30,6 10 (6) 12 (9) 

7 M 55 Right Right Right thalamus Hemorrhagic R 24 2 (0) 7 (4) 

8 F 44 Right Right Right sylvien 

fissure 

Ischemic R 119,3 4 (3) 6 (2) 

9 M 58 Right Right Right superficial 

sylvien fissure 

Ischemic R 42,9 1 (1) 6 (5) 
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S
I:

H
N

- 

1 M 47 Right Left Left 

lenticulostriate 

intraparenchymal 

hematoma 

Hemorrhagic L 6,8 0 (0) 11 (4) 

2 F 62 Right Right Right sylvien 

fissure 

Ischemic R 19,6 1 (1) 9 (1)  

3 M 56 Right Right Right thalamus Ischemic R 1,3 2 (1) 4 (1) 

4 F 51 Right Left Left sylvien 

fissure 

Ischemic L 3,7 1 (0) 5 (2) 

5 M 62 Right Right Right internal 

capsule lacunar 

Ischemic R 17,6 1 (0) 13 (6) 

6 M 69 Right Left Left paramedian 

pontine 

Ischemic L 36 1 (1) 2 (0) 

7 M 46 Right Left Left sylvien 

fissure 

Ischemic L 22,4 1 (0) 8 (0) 

8 F 79 Right Left Left sylvien 

fissure 

Ischemic L 2,3 4 (3) 5 (3) 

9 M 73 Right Right Right sylvien 

fissure 

Ischemic R 1,6 1 (1) 18 (13) 

10 M 74 Right Right Right sylvien 

fissure 

Ischemic R 9,8 3 (2) 13 (10) 

11 M 61 Right Right Right superficial 

and deep sylvien 

fissure 

Ischemic R 5,5 2 (0) 8 (5) 

12 M 47 Right Left Left temporal Ischemic L 0,2 3 (1) 0 (0) 

13 F 56 Left Right Right internal 

capsule 

Ischemic R 3 0 (0) 1 (1) 
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14 M 65 Right Right Right capsulo-

lenticular 

territory 

Ischemic R 0,95 2 (0) 1 (1) 

15 F 72 Right Right Right sylvien 

fissure 

Ischemic R 146,2 1 (1) 10 (7) 

16 F 50 Right Right Right deep 

temporal 

Hemorrhagic R 48,2 1 (0) 2 (2) 

17 M 50 Right Left Left pontine Hemorrhagic L 39,9 0 (0) 0 (0) 

18 F 55 Left Right Right sylvien 

fissure 

Ischemic R 3,4  6 (2) 10 (9) 

19 M 69 Right Right Right 

frontoparietal 

intraparenchymal 

Hemorrhagic R 4,1 2 (1) 15 (7) 

20 M 80 Right Left Left corona 

radiata 

Ischemic L 3,6 15 (8) 12 (5) 

SI: HN+ Mean (SD) 58.22(9.3)      31.54(33.0)   

SI: HN- Mean (SD) 61.2(11.0)      18.8(33.2)   
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2.2 Materials, Stimuli and Experimental Design 

 

The IVR equipment used in this study consisted of a standalone headset device 

(Oculus Quest 2) integrating four infrared cameras that tracked the head and hand 

positions (acquisition frequency = 70 Hz). The equipment also consisted of a 

digital tablet (Huawei MediaPad T, model AGS-W09) used to stream the 

REASmash in real time allowing the experimenter the ability to follow the 

participants interactions within the virtual environment. The virtual environment 

was developed in C# language using Unity 2019.3 software, and the 3D objects 

were developed using Blender software (GPL).  

 

Participants were invited to sit on a chair wearing the headset. One motion 

controller was used. The SI held the controller in their non-hemiparetic hand (i.e., 

the post-stroke dominant hand) and the CI held the controller in their dominant 

hand. Once immersed in the virtual environment, the participants could see a 

simulated cartoon-like garden composed of a raised-bed garden patch with twenty-

four molehills, organized within a 6 column by 4 row grid. From these molehills, 

animated moles could randomly appear. The target was stylized mole wearing a red 

miner’s helmet and the distractors were stylized moles wearing blue miner’s 

helmets or helmets with horns that were coloured blue or red. Responses were 

made by hitting the target-mole with a virtual hammer (corresponding to the 

movement of the hand controller).  

 

Before starting the experiment, written and spoken instructions were presented 

within the IVR to the participants (see Figure 1a). The participants were instructed 

to only respond to the target mole, and to make their responses as fast as possible. 

The target and distractor moles appeared for a period of 7000 milliseconds 

maximum. If the participants responded correctly, the trial was recorded as a 

success. If the participants did not respond within the 7000 milliseconds, the trial 

was recoded as an omission. If the participants responded to the incorrect mole (i.e. 

a distractor-mole), the trial was recorded as a fail. The trials were automatically 

initiated after a fixation task to confirm a consistent central fixation and starting 

position before each trial. This consisted of fixating a central red cube marked with 

an illustration of an eye placed at the level of the participant’s eyes (tracked with 
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head position), and placing their virtual hammer on a second central red cube 

marked with an illustration of a hammer, placed at the level of the participant’s 

arm. Once the head and hand positions were correctly aligned, the cubes turned 

from red to green, assuring alignment of attention and action to the mid-sagittal 

axis of the stimulus display. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The REASmash consisted of 6 levels, with each level consisting of 24 trials (i.e. 

the target mole appearing randomly from each of the 24 molehills). In the three 

first levels, the target appeared with 11, 17 and 23 distractor moles (levels 1, 2 and 

3 respectively), with the distractor moles all wearing blue helmets (a miner’s 

helmet or a helmet with horns; forming a high saliency contrast and provoking 

parallel search). In the latter three levels, the target appeared with 11, 17 and 23 

distractors (levels 4, 5 and 6 respectively), with the distractor moles all wearing 

helmets with horns colored red or blue (forming a low saliency contrast and 

provoking serial search). The distribution of distractor types was close to equal 

among the 6 levels (e.g., 5 blue miner’s helmet moles and 6 blue horned helmet 

moles in level 1 or 11 red horned helmet moles and 12 blue horned helmet moles in 

level 6). Distractors were evenly spread across the grid, with 2, 3 and 4 distractors 

placed in each column associated to level increase. The position of the distractors 

within the columns of the grid were randomized for every trial. As the REASmash 

Figure 1a: Multimodal visually written and spoken instructions were displayed at the 

beginning of the REASmash (in EN: (1) “Welcome to REASmash! Let’s play! Here is your 

mission: Hit the mole wearing a red helmet as fast as you can”, (2) “We will train first.”). 
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was designed for individuals with cognitive impairments, the six levels were 

blocked to ensure that the clinical test could be adapted to suit the performance 

capability of the patient, without the test being overly easy / challenging and 

discouraging (Figure 1b).  

 

Two standardized hemineglect diagnosis tests were administered to the participants 

to assess their cognitive performance and to validate the REASmash. These 

consisted of The Broken hearts sub-test from the Oxford Cognitive Screen (OCS) 

(Demeyere et al., 2015) and The Visual Search sub-test from the Battery for 

Attentional Performance (TAP) (Zimmermann & Fimm, 1995a). The Broken 

hearts sub-test from the Oxford Cognitive Screen (OCS) (Demeyere et al., 2015) 

was used to verify visuo-spatial attention performance through omission measures. 

Participants were instructed to cross out complete hearts (a total of 50 complete 

hearts) presented amongst broken heart distractors (a total of 100 broken hearts). 

The target hearts were displayed randomly within in an invisible grid composed of 

10 cells, with 5 targets in each cell. The total omissions (independently of the 

space) and the omissions asymmetry between ipsi- and contra-lesional hemispaces 

(i.e. the difference of omissions between the two hemispaces) were analysed. The 

test is accessible and available in different languages. The Visual Search sub-test 

from the Battery for Attentional Performance (TAP) (Zimmermann & Fimm, 

1995a) was used to measure the visuo-spatial attention performance through 

omissions and response time measures (matching the REASmash). Participants 

were instructed to detect a target stimulus that appeared among a set of distractors 

stimuli. These stimuli were presented within an invisible grid of 5 columns and 5 

rows. The total omissions, the total mean response time for correct responses, the 

omissions asymmetry between the ipsi- and contra-lesional hemifields, and the 

mean response time asymmetry for correct responses between the ipsi- and contra-

lesional hemifields were analysed.  

 

User experience was evaluated using the User Experience Questionnaire (Laugwitz 

et al., 2008b; Schrepp, 2015). The questionnaire consisted of six scales: 

Attractiveness, Efficiency, Perspicuity, Dependability, Stimulation, Novelty. The 

attractiveness scale consisted of 6 items, whereas the other scales consisted of 4 

items. The total of 26 items were presented as opposite pairs (e.g., for efficiency, 

rating fast vs slow), to which the SI were required to respond by rating each pair on 



112 

 

a 7-point Likert scale. The standard expected value of each scale was between -3 

and +3. The questionnaire is accessible in various languages, with a data analysis 

tool that facilitates evaluation (Schrepp, 2023).  

 

2.3  Procedure 

 

The experiment took place in a controlled laboratory in the Cliniques universitaires 

Saint-Luc – Brussels and in the Psychological Sciences Research Institute of the 

University of Louvain. It lasted approximately one hour. The study started with the 

participants receiving oral information from the experimenter about the 

experimental design. The participants were then invited to sign the informed 

written consent as an agreement to take part of the study. They were invited to sit 

on a chair with a back support, and with their feet on the ground. They performed, 

the REASmash and the two standardized clinical tests in a random order. To 

execute the REASmash, the headset and controller were adjusted. Once immersed 

in the virtual environment, oral and written instructions were displayed within the 

IVR. Following the instructions, a training session consisting of 10 trials was given 

to the participants to ensure that they understood the task, and to enhance their 

sense of familiarity with the stimuli and the environment prior to experimentation. 

After this training session, the participants pushed a start button to initiate the full 

serious game (i.e. the 6 levels; 24 trials x 6). A 60 second break was provided 

between each level to reduce fatigue.  

 

At the end of the REASmash game, two separated CSVs files were compiled and 

stored in the IVR headset. The response time CSV contained a summary of 

measures (e.g., position of the target, type of response, response time). The action 

kinematic CSV contained the raw kinematics data from the controller (i.e., X, Y, 

and Z coordinated at 70 frames a second). The SI participants used the same 

location to perform the two standardized tests, and the User Experience 

Questionnaire (given at the end of the REASmash). The CI were only required to 

perform the REASmash (and not the two standardized tests and User Experience 

Questionnaire). A randomly selected sub-group of the CI were invited back to redo 

the REASmash to measure test reliability and minimal detectable change.   
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2.4  Methods of data analyses 

 

The data analyses were run using SPSS 27.0 (IBM). The independent variables 

were search task (High vs Low distractors saliency), number of distractors (11, 17, 

23), and laterality (ipsilateral vs contralateral space relative to the dominant hand). 

The dependent variables were response time (RT; the duration between when the 

target was presented and when the hammer hit the target; milliseconds), mean 

velocity (MV; the average speed of the virtual hammer action between the starting 

position and target position; computed as the distance travelled divided by response 

time; meters per second), and coefficient of speed of variation (CV; the standard 

deviation of the virtual hammer velocity divided by mean velocity). The analysis of 

these variables used the three-dimensional X, Y and Z positions of the virtual 

hammer extracted from the ‘CSV’ files saved on the headset hard drive for each 

participant.  

 

The first analysis consisted of an ANOVA, with the aim to replicate the data 

presented in Ajana et al. (2023). For this analysis, we removed from the total data 

set (i.e. 144 trials x 31 CI; 4464 trials), 62 trials showing fails (1.38%), and 36 

trials showing omissions (0.81%). 65 trials in which RT deviated more than 3 

standard deviations from the mean for all dependent variables were discarded and 

removed as outliers (1.45%). There were no trials in which CI responded 

incorrectly (<250ms), and no outlier filters were applied to kinematic measures. 

  

Norms were created from the CI group REASmash performance using 95% 

confident intervals derived from the repeated measures ANOVA. The objective 

was to provide a case comparison of the SI:HP+HN relative to the CI group. As we 

were primarily interested in using the REASmash for the diagnosis of HN, we 

created norms for contrasted responses to contralateral versus ipsilateral hemispace 

targets for each dependent variable (as direct contrasts would only be able to show 

if HN individuals were slower than the CI group). These contrasts instead allowed 

evaluation of a bias in response between hemifields. We additionally created norms 

for contrasted responses to easy (high salience contrast) versus difficult (low 

salience contrast) tasks for each dependent variable, which allowed evaluation of a 

bias in distractor inhibition. The multiple case analyses were used due to the 

relatively small sample size of individuals with HN, the large heterogeneity 
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between individuals with HN, and because not all individuals with HN showed 

evidence of HN at the time of testing with the standardized tests (see Table 1). The 

SI:HN+ data set consisted of 9 participants and 144 trials (1296 total trials). Trials 

in which the SI:HN+ participants responded incorrectly (26 fails, and 80 omission 

errors) were removed. There were no abnormal responses (<250 ms).  

 

Concurrent validity analysis (Mokkink et al., 2010) consisted of verifying if the 

contralateral and ipsilateral contrast omissions and RT results obtained with the 

REASmash were correlated to the results obtained with the two standardized tests 

(OCS Broken hearts sub-test and TAP Visual search sub-test). This analysis was 

performed on all the SI participants (who performed the REASmash and the two 

standardized tests). The normality of each analysis was verified using Shapiro-

Wilk test. Correlation coefficients of ρ < 0.25 were considered as small; 0.25–0.50 

as moderate; 0.50–0.75 as good; and > 0.75 as excellent (Portney & Watkins, 

2009). 

 

To evaluate REASmash reliability, a subgroup of 20 CI was selected based on 

availability. A two-way mixed model Intraclass Correlation Coefficient (ICC) 

based on absolute agreement between two repeated measures of REASmash from 

the same person were performed (Bravo & Potvin, 1991; Koo & Li, 2016; Li et al., 

2015; Shrout & Fleiss, 1979). Values less than 0.40, between 0.40 and 0.75, and 

greater than 0.75 were indicative of poor, moderate, and excellent reliability, 

respectively (Anderson et al., 2000). The standard error of measurement (SEM), 

and the minimal detectable change (MDC) were used to determine whether the 

change observed in the performance represent real improvement at the 95% 

confidence interval (CI) level, and Bland Altman analysis was used to quantify 

absolute reliability with 95% limits of agreements (LoA) (Dontje et al., 2018; Lee 

et al., 2013; Weir, 2005). The SEM indicated the within-subject variability 

attributable to repeated measures to a group of individuals (Charter, 1996; Kovacs 

et al., 2008). It was used to compute the MDC, following these calculations:  

 𝑆𝐸𝑀 = 𝑆𝐷 ∗ (√1 − 𝐼𝐶𝐶); 𝑀𝐷𝐶 =  𝑆𝐸𝑀 ∗ 1.96 ∗ √2  , with SD referring to the 

standard deviation for all observation in the test and re-test sessions (Overend et 

al., 2010; Ries et al., 2009). The Bland-Altman plots visually depict the differences 

between-session difference (y-axis) versus the test-retest mean for each 

measurement (x-axis) (i.e. RT and Kinematics measures). The LoA were computed 
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using 𝑑̅, the mean difference per measure, and 𝑆𝐷difference, the standard deviation 

of the mean difference, following use of the following calculation:  𝐿𝑜𝐴 = 𝑑 ±

1.96 𝑆𝐷difference. These LoA represents the range within which 95% of the 

differences between the two measurements (from two sessions) are expected to 

align (Bland & Altman, 1986; Doğan, 2018).  

 

The analysis REASmash user experience was performed using the data analysis 

tool (excel sheet) provided by the authors (Laugwitz et al., 2008b). The results 

were encoded in the tool, followed by an automatic transformation scaling the 

items from -3 to +3. The tool calculated the mean, and standard deviation. These 

results were compared to classification benchmark value.  The mean and standard 

deviation was computed for each scale. A mean score below - 1 indicates a poor 

experience, above 1 indicates an excellent experience, and a mean score ranging 

from -1 to 1 indicates a neutral experience. 

 

3. Results 

3.1  Analysis: CI group Replication analysis  

The analysis of mean response time (RT) showed a main effect of search task, F 

(1,30) = 894.09, p < 0.001, η2 = 0.97, where RT was significantly slower in the low 

compared to high target distractors saliency (Low: M = 2954.59, SD = 51.44; 

High: M = 1869.74, SD = 42.95). There was also showed a main effect of 

distractors, F (2,60) = 70.69, p < 0.001,  η2 = 0.70, where RT was significantly 

slower in tasks where the target appeared with 23 distractors, than 17 or 11 

distractors, and where it appeared with 17 than 11 distractors (M = 2553.48, SD = 

46.30; M = 2415.81, SD = 46.05; M = 2267.20, SD = 45.44, for 23, 17, and 11 

distractors respectively). However, there was no main effect of laterality, F (1,30) = 

1.17, p = 0.29, η2 = 0.04. As hypothesized, there was a significant interaction 

between search task and distractors, F (2,60) = 38.30, p < 0.001, η2 = 0.56 (Figure 

2a). A separated ANOVA was performed for each search task. This showed a 

significant effect of distractors in the low target distractors saliency, F (2,60) = 

61.74, p < 0.001, η2 = 0.67, but no significant effect of distractors in the high target 

distractors saliency search tasks, F (2,60) = 2.60, p = 0.08, η2 = 0.08. For the low 
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target distractors saliency search tasks, a Bonferroni post hoc analysis showed that 

RT increased with an increasing number of distractors (M = 3223.07, SD = 58.86, 

M = 2948.26, SD = 55.76, M = 2692.44, SD = 60.38, for 23, 17, and 11 distractors 

respectively). There were no other interactions. 

 

The analysis of mean velocity (MV) showed a main effect of search task, F (1,30) 

= 211.11, p < 0.001, η2 = 0.87, where MV was significantly slower in the low 

compared to high target distractors saliency versions of task (difficult: M = 0.33, 

SD = 0.01; easy: M = 0.44, SD = 0.01). There was a main effect of distractors, F 

(2,60) = 10.84, p < 0.001, η2 = 0.26, where MV was significantly slower in tasks 

where the target appeared with 23 distractors, than 17 or 11 distractors, and where 

it appeared with 17 than 11 distractors (M = 0.37, SD = 0.1; M = 0.38, SD = 0.1; M 

= 0.39, SD = 0.12, for 23, 17, and 11 distractors). There was also a main effect of 

laterality, F (1,30) = 19.30, p < 0.001, η2 = 0.39, where MV was significantly 

slower for responses to targets presented in the ipsilateral compared to contralateral 

space (ipsilateral space: M = 0.37, SD = 0.01; contralateral space: M = 0.40, SD = 

0.01). As for RT, the analysis of MV showed a significant interaction between 

search task and distractors, F (2,60) = 10.41, p < 0.001, η2 = 0.26 (Figure 2b). A 

Figure 2a: Violin plots with boxplots illustrating mean CI performance to a target 

presented in easy and difficult search tasks with 11, 17, and 23 distractors for RT 
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separated ANOVA for each search task showed a significant effect of distractors in 

the low target distractors saliency search task, F (2,60) = 18.22, p < 0.001, η2 = 

0.38, but no significant effect of distractors in the high target distractors saliency 

task, F (2,60) = 1.26, p = 0.29, η2 = 0.04. For the low target distractors saliency 

search tasks, a Bonferroni post hoc analysis showed that MV decreased (was 

slower) with more distractors (M = 0.31, SD = 0.01; M = 0.33, SD = 0.01; M = 

0.35, SD = 0.01, for 23, 17, and 11 respectively). There were no other interactions. 

 

 

Figure 2b: Violin plots with boxplots illustrating mean CI performance to a target 

presented in easy and difficult search tasks with 11, 17, and 23 distractors for MV. 
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The analysis of coefficient of variation of speed (CV) showed a main effect of 

search task, F (1,30) = 48.41, p < 0.001, η2 = 0.62, where CV was greater for 

actions made in the low compared to high target distractors saliency tasks 

(difficult: M = 1.64, SD = 0.7; easy: M = 1.37, SD = 0.05). There was a main effect 

of distractors, F (2,60) = 21.10, p < 0.001, η2 = 0.41, where CV was greater for 

actions made in tasks where the target appeared with 23 distractors, than 17, or 11 

distractors, and where it appeared with 17 than 11 distractors (M = 1.57, SD = 

0.058; M = 1.48, SD = 0.057; M = 1.46, SD = 0.055, for 23, 17, and 11 

respectively). There was also a main effect of laterality, F (1,30) = 11.04, p < 

0.001, η2 = 0.27, where CV was greater for actions made in ipsilateral compared to 

contralateral space (ipsilateral space: M = 1.54, SD = 0.06; contralateral space: M 

= 1.47, SD = 0.05). The analysis of CV again showed a significant interaction 

between search task and distractors, F (2,60) = 18.25, p < 0.001, η2 = 0.38 (Figure 

2c). A separated ANOVA was performed for each search task. This showed a 

significant effect of distractors in the low target distractors saliency, F (2,60) = 

33.77, p < 0.001, η2 = 0.53, but no significant effect in the high target distractors 

saliency tasks, F (2,60) = 0.081, p = 0.92, η2 = 0.003. For the low target distractors 

saliency search tasks, a Bonferroni post hoc analysis showed that CV increased as a 

function of increasing number of distractors (M = 1.77, SD = 0.8; M = 1.60, SD = 

0.07; M = 1.55, SD = 0.06, for 23, 17, and 11 distractors respectfully). There were 

no other interactions. 

 

Figure 2c: Violin plots with boxplots illustrating mean CI performance to a target 

presented in easy and difficult search tasks with 11, 17, and 23 distractors for CV. 
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3.2  Analysis: CI Group REASmash Norms and SI:HN+ 

comparisons 

 

Tables 2 and 3 show the norms for the RT, MV and CV dependent variables for the 

CI responses to the REASmash across the three independent variables 

combinations for contrasts between contralateral and ipsilateral space (calculation: 

ipsilateral - contralateral; a negative number indicates a contralateral bias; Tables 

2a-c) and for contrasts between easy and difficult tasks (calculation: difficult - 

easy; a positive number indicates reduced performance for the difficult relative to 

easy tasks; Tables 3a-c). In the subsequent rows, the mean data for each SI:HN+ 

mean data is compared to the norms.  

 

For contrasts between contralateral and ipsilateral space, stroke individuals 

(SI:HN+) 3 and 6 showed consistent significantly longer RT in contralateral space, 

with SI 1 and 2 showing a similar but less consistent significant result (i.e. 5/6 

significant effects). SI:HN+ 5 showed an opposite to HN bias, with consistently 

longer RT in ipsilateral than contralateral space. For MV, SI 1, 2 and 8 showed 

consistent significant lateral bias (slower MV for contralateral targets), with SI 3 

and 4 showing less consistent significant effects. For CV, only SI:HN+ 7 showed 

consistent significantly more CV in contralateral space (Tables 2a-c).  

 

For contrasts between easy and difficult tasks, only SI:HN+ 4 showed consistent 

significantly slower RT for difficult relative to easy tasks and only SI:HN+ 6 

showed consistent significantly slower MV for difficult relative to easy tasks. For 

CV, SI:HN+ 3, 4 and 7 showed consistent significantly greater CV for difficult 

relative to easy tasks, with SI:HN+ 9 showing a similar but less consistent 

significant result (i.e. 5/6 significant effects) (Tables 3a-c). 

 

Table 2: Laterality contrast between norms for the dependent variables: (a) RT; (b) 

MV; (c) CV. Laterality contrasts were made for ipsilateral minus contra-lateral 

results, which was approximatively zero for CI. For each SI:HN+, a significant 

lateral bias is indicated by a result outside the boundaries of the confidence 

interval. The results in blue are below the confidence interval, in red are above the 

confidence interval, and in black are within the confidence interval. Individuals  
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marked with ** signify consistent significant effects, whereas individuals marked 

with * signify 5/6 significant results and one neutral result. 

 

 

 

 

 

 

 

 

 

 

 

Table 2a: Laterality contrast between norms for RT 

  Laterality contrast 

Easy tasks Difficult tasks 

11 17 23 11 17 23 

Upper -7 30 -19 166 125 137 

Lower -123 -109 -152 -168 -199 -205        

SI:HN+ 01* -582 -957 -357 -1262 -19 -551 

SI:HN+ 02* -361 -67 -683 -759 -1694 -526 

SI:HN+ 03** -513 -585 -377 -1151 -925 -833 

SI:HN+ 04 -122 -477 -705 228 -626 -1408 

SI:HN+ 05** 392 397 317 490 1297 1273 

SI: HN+ 06** -669 -308 -220 -543 -1871 -730 

SI:HN+ 07 -248 -115 -46 -31 1136 1399 

SI:HN+ 08 -205 80 -479 -1345 -1257 -1042 

SI:HN+ 09 4 18 77 85 350 566 

 
Laterality contrast 

Easy tasks Difficult tasks 

11 17 23 11 17 23 

Upper -0.01 -0.02 -0.02 -0.01 0.00 -0.01 

Lower -0.05 -0.05 -0.06 -0.04 -0.04 -0.03 
       

SI:HN+ 01** 0.12 0.07 0.05 0.07 0.00 0.00 

SI:HN+ 02** -0.01 0.00 0.03 0.00 0.08 -0.01 

SI:HN+ 03* -0.02 0.06 0.05 0.10 0.04 0.04 

SI:HN+ 04* 0.03 0.08 0.05 -0.02 0.04 0.07 

SI:HN+ 05 -0.02 -0.03 -0.05 -0.04 -0.13 -0.06 

SI:HN+ 06 0.00 -0.09 -0.06 -0.01 0.01 -0.01 

SI:HN+ 07 0.02 -0.06 -0.02 -0.02 -0.05 -0.08 

SI:HN+ 08** 0.08 0.03 0.09 0.00 0.10 0.05 

SI:HN+ 09 0.02 -0.01 -0.03 -0.02 -0.02 -0.06 

Table 2b: Laterality contrast between norms for MV 
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Table 3: Search task contrast between norms for dependent variables: (a) RT, (b) 

MV, and (c) CV. Search task contrasts were made for difficult minus easy results. 

For each SI, a significant lateral bias is indicated by a result outside the 

boundaries of the confidence interval. The results in blue are below the confidence 

interval, in red are above the confidence interval, and in black are within the 

confidence interval. Individuals marked with ** signify consistent significant 

effects, whereas individuals marked with * signify 5/6 significant results and one 

neutral result.  

 
 

Search task contrast 

Contralateral space  Ipsilateral space  

11 17 23 11 17 23 

Upper 891 1094 1361 943 1112 1401 

Lower 746 1033 1265 822 1020 1329 
       

SI:HN+ 01 645 805 691 -35 1743 496 

SI:HN+ 02 1144 1799 1941 746 172 2098 

SI:HN+ 03 1243 2134 2228 605 1794 1772 

SI:HN+ 04** 1395 1848 2205 1746 1699 1502 

SI:HN+ 05 217 473 1214 315 1373 2170 

SI:HN+ 06 1607 1951 1562 1734 388 1052 

SI:HN+ 07 887 988 1122 1104 2239 2567 

SI:HN+ 08 1946 1946 1878 806 609 1315 

SI:HN+ 09 737 1147 1123 818 1480 1612 

 

 
Laterality contrast 

Easy tasks Difficult tasks 

11 17 23 11 17 23 

Upper 0.09 0.13 0.11 0.14 0.10 0.13 

Lower 0.002 0.05 0.02 -0.003 -0.03 -0.003 
       

SI:HN+ 01 -0.06 -0.07 0.09 0.02 0.16 0.10 

SI:HN+ 02 0.00 0.14 -0.03 -0.09 -0.32 0.55 

SI:HN+ 03 0.08 0.01 0.09 -0.28 0.06 -0.07 

SI:HN+ 04 0.00 0.02 0.05 0.31 0.01 -0.09 

SI:HN+ 05 0.13 0.08 -0.16 -0.05 0.17 0.39 

SI:HN+ 06 0.06 0.32 0.12 0.07 -0.35 -0.25 

SI:HN+ 07** 0.17 0.37 0.23 0.22 0.41 0.57 

SI:HN+ 08 -0.10 -0.02 -0.10 -0.88 -0.27 0.14 

SI:HN+ 09 0.07 0.13 0.18 0.25 0.26 0.48 

Table 2c: Laterality contrast between norms for CV 

Table 3a: Search task contrast between norms for RT 
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Search task contrast 

Search task contrast Search task contrast 

11 17 23 11 17 23 

Upper -0,103 -0,112 -0,142 -0,095 -0,098 -0,124 

Lower -0,097 -0,106 -0,137 -0,091 -0,090 -0,122 
       

SI:HN+ 01 -0,071 -0,012 -0,031 -0,126 -0,089 -0,077 

SI:HN+ 02 -0,051A -0,113 -0,068 -0,043 -0,032 -0,110 

SI:HN+ 03 -0,193 -0,142 -0,119 -0,074 -0,153 -0,131 

SI:HN+ 04 -0,196 -0,167 -0,148 -0,242 -0,209 -0,126 

SI:HN+ 05 -0,038 -0,135 -0,250 -0,055 -0,235 -0,262 

SI:HN+ 06** -0,080 -0,082 -0,129 -0,088 0,013 -0,074 

SI:HN+ 07 -0,069 -0,153 -0,110 -0,112 -0,145 -0,168 

SI:HN+ 08 -0,294 -0,096 -0,133 -0,371 -0,029 -0,166 

SI:HN+ 09 -0,115 -0,148 -0,115 -0,154 -0,162 -0,148 

 

 

 

 

 

3.3  Analysis: REASmash SI concurrent validity  

 

For omission data, the normality test showed that REASmash (p < 0.05), TAP 

Visual search sub-test (p < 0.05) and OCS Broken hearts sub-test (p < 0.05) were 

not normally distributed. This is likely due to the relatively low number of 

omissions. Therefore, a Spearman’s rank correlation coefficient was used to assess 

concurrent validity between the SI group total omissions asymmetry (ipsilateral 

minus contralateral) between the REASmash and the standardized tests. This 

Table 3b: Search task contrast between norms for MV 

 
Contralateral space Ipsilateral space 

Search task contrast Search task contrast 

11 17 23 11 17 23 

Upper 0,19 0,31 0,45 0,23 0,26 0,47 

Lower 0,14 0,23 0,35 0,15 0,17 0,34        

SI:HN+ 01 0,10 0,03 0,27 0,17 0,26 0,28 

SI:HN+ 02 0,20 0,65 0,39 0,11 0,20 0,98 

SI:HN+ 03** 0,82 0,73 0,92 0,47 0,78 0,77 

SI:HN+ 04** 0,40 0,76 0,98 0,71 0,75 0,84 

SI:HN+ 05 0,07 0,20 0,46 -0,11 0,29 1,01 

SI:HN+ 06 0,10 0,71 0,77 0,12 0,04 0,40 

SI:HN+ 07** 0,29 0,47 0,61 0,34 0,52 0,94 

SI:HN+ 08 0,93 0,49 0,53 0,15 0,25 0,78 

SI:HN+ 09* 0,27 0,48 0,41 0,46 0,60 0,70 

Table 3c: Search task contrast between norms for CV 
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analysis showed that there was no significant correlation for total omission 

asymmetry between the REASmash and the TAP visual search sub-test (ρ = 0.92, p 

= 0.32), nor REASmash and the Broken hearts test (ρ = -0.13, p = 0.25). For 

reaction time data, the normality test showed that the REASmash data was 

normally distributed (p > 0.05), whereas the results of the TAP Visual search sub-

test were not normally distributed (p < 0.05). Therefore, a Spearman’s rank 

correlation coefficient was used to assess the concurrent validity for RT asymmetry 

(ipsilateral minus contralateral) between the REASmash and the TAP visual search 

sub-test. This analysis showed a moderate correlation (ρ = 0.36, p < 0.05).  

 

3.4  Analysis: REASmash reliability and agreement  

 

ICC estimates and their 95% confident intervals were based on a mean-rating (k = 

2) absolute-agreement 2-way mixed effects model. For omissions, the analysis 

showed a poor reliability (ICC = 0.02 [-1.67, 0.62], p = 0.48). However. there was 

an excellent reliability for total RT (ICC = 0.86 [0.45, 0.95], p < 0.001), moderate 

reliability for total MV (ICC = 0.73 [0.30, 0.89], p < 0.001), and excellent 

reliability for total CV (ICC = 0.79 [0.47, 0.92], p < 0.001).  

 

The MDC for the REASmash was calculated using the SME of total RT (161ms), 

total MV (0.05 m.s-1), and total CV (0.014%). This indicated that to show a pre- 

versus post-improvement in performance in the REASmash, a difference of at least 

161ms on total mean RT, 0.05 m.s-1 on total mean MV, and 0.014 % total CV 

would be needed. The MDC of the percentage of total omissions could not be 

computed as the ICC for this variable was not significant.  

 

The Bland Altman plots were generated using JASP (Version 0.16.4). Figure 5 

shows the difference between sessions against mean for each variable. 

 

Figure 5: (a) Bland-Altman plot of RT showing a mean of 71.8 ms [28.85, 114.72] 

(indicating that the two measures differ on average by 71.8ms). The LoA are -

108.03 [-182.66, -33.38] and 176.97 [176.97, 326.25], which means that 95% of 

the differences between the two RT measures fall within this range, with two 

outliers shown in the plot. (b) Bland-Altman of omissions showing a mean 
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difference of 0.05 [-0.585, 0.685], indicating that the two measures differ on 

average by 0.05 units. The LoA are -2.61 [-3.712, -1.505] and 2.71 [1.605, 3.812], 

meaning that 95% of the differences between the two measures fall within this 

range, with one outlier showed in the plot. (c) Bland-Altman plot of MV showing a 

mean difference of – 0.004 m.s-1[-0.041, 0.033], indicating that the two measures 

differ on average by -0.004 units. The LoA are -0.161 [-0.227, -0.096] and 0.153 

[0.088, 0.219], which mean that 95% of the differences between the two MV 

measures fall within this range. (d) Bland-Altman plot of CL showing mean 

difference of 0.001% [-0.003, 0.006], indicating that the two measures differ on 

average by 0.001 units. The LoA are -0.017 [-0.025, -0.009] and 0.020 [0.012, 

0.027], which mean that 95% of the differences between the two CV measures fall 

within this range, with one outlier.  

 

 

 

 

 

 
Figure 5 
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Figure 5b 

 

 

 

 

 
 

Figure 5c 
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Figure 5d 

 

 

 

3.5  Analysis: REASmash user experience 

 

The analysis of the 29 SIs that took part of this study showed that the REASmash 

was globally rated as a positive user experience. All the dimensions were scored in 

a positive range (> 0.8). In order of score, the highest mean value was on the 

Perspicuity dimension (M = 2.46, SD = 0.56), then the Attractiveness dimension 

(M = 2.37, SD = 0.50), the Stimulation dimension (M = 2.03, SD = 0.83), the 

Efficiency dimension (M = 1.97, SD = 0.63), the Novelty dimension (M = 1.63, SD 

= 1.34), and then on the Dependability dimension (M = 0.91, SD = 1.58) (Figure 

6a). 
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A benchmark analysis was conducted using the UEQ data analysis tool, comparing 

the REASmash to the 468 products included in the data set. The analysis showed 

that the REASmash has an excellent score on Perspicuity, Attractiveness, 

Stimulation, Efficiency, and Novelty dimensions, indicating that the REASmash 

lies in the top 10% of results. The analysis also showed that the REASmash was 

below average on Dependability dimension, with 50% of the products included in 

the data set having a better score than the REASmash, and 25% of products have 

worst scores (Figure 6b). 

Figure 6b: The benchmark analysis of the REASmash relative to 468 products. 

Figure 6a: SI scores of REASmash on the six scales composing the UEQ 
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4. Discussion 

 

In the present paper, our primary objectives were to validate the REASmash and to 

evaluate user experience. We performed three analyses. Firstly, we replicated the 

results of Ajana et al. (2023), with a new group of aged control individuals (CI). 

Then we used these data to create norms to evaluate spatial attention and distractor 

inhibition deficits in 9 post-stroke individuals diagnosed with hemiparesis and HN 

(SI:HN+). Secondly, we analysed the validity of the REASmash on post-stroke 

individuals with and without HN, making correlations between omission 

performance on the REAsmash and the Broken Hearts test (Demeyere et al., 2015), 

and between omission and RT performance on the REAsmash and the Visual 

Search sub-test from the Test for Attentional Performance (TAP) (Zimmermann & 

Fimm, 1995a). We also analysed the reliability of the REASmash on a sub-group 

of CI using test-retest analyses, Minimal Detectable Change (MDC), and Bland 

Altman plots. These analyses showed reliable validity for omissions and RT 

dependent variables, and reliability for the RT dependent variable. Thirdly, we 

evaluated user experience on the post-stoke individuals using the User Experience 

Questionnaire (Laugwitz et al., 2008b). This showed excellent results.  

 

In the first analysis of data, we replicated the results of Ajana et al. (2023). For RT 

and MV, we showed that responses were slower to targets in the more difficult than 

easy versions of the task (serial versus parallel search), slower with increased 

numbers of distractors, and we showed an interaction effect between task and 

distractors (replicating the Triesman effect for RT). For the easy version of the 

task, there was no effect on RT and MV with increased numbers of distractors, 

suggesting that the target ‘pops-out’ from the distractors (parallel search). 

However, for the difficult version of the task, there was an effect on RT and MV 

with increased numbers of distractors, suggesting that the participant had to serially 

search each item in the display to find the target, and that increased numbers of 

(distractor) items caused delay in finding the target. Furthermore, our results 

showed similar effects for CV, with variance increasing in the difficult compared 

to easy task, and with increased numbers of distractors causing more variance. We 

also showed a task and distractor interaction, replicating the effects of RT and MV, 

showing no change of CV with increased numbers of distractors in the easy task, 

but showing a significant increase in CV with increased numbers of distractors in 
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the difficult task. For the analyses of the independent variable of laterality and RT, 

we expected no differences. Our results supported our null expectations. However, 

as in (Ajana et al., 2023), we did find significant effects of laterality for MV and 

CV, with MV being faster and CV being reduced for responses to contra- than ipsi-

lateral space, we previously explained this lateralized difference by a variations in 

neuronal processing, muscular activation, and biomechanical constraints involved 

in the two different movements performed in response to the target presented in the 

contra- and ipsi-lateral space. Therefore, in summary, these results replicate Ajana 

et al. (2023) showing significant main effects of search task and distractors for the 

three dependent variables (i.e. RT, MV, and CV), and a significant effect of 

laterality for MV and CV. The interaction between search task and distractors that 

we have demonstrated here for RT, MV, and CV also replicate Ajana et al. (2023). 

This indicates that findings reported in Ajana et al. (2023) can be reproduced with 

precision, adding confidence in the REASmash test reliability.  

 

Using the ANOVA, we created two sets of 95% confidence interval norms to 

evaluate spatial versus distractor inhibition contrasts in 9 post-stroke individuals 

diagnosed with hemiparesis and HN (SI:HN+). These analyses showed many 

significant effects for the independent variable combinations (i.e. SI responses that 

were outside the boundaries of the confidence interval, and therefore indicating a 

significant difference from the CI group). However, caution should be placed on 

the interpretation of these significant effects due to statistical probability of finding 

significant results with many uncorrected t-test analyses (i.e. a 5% chance of 

finding a significant effect that is not true). We can counter this issue by using a 

conservative approach and only discuss consistent findings, where most all the 

results for an individual are significant in the same direction, or that there are 5 

significant results, and one neutral result (although this method is by no means 

perfect, and different criteria could be applied to interpret the data).  

 

Using these criteria, the analyses of RT laterality showed that SI 1, 2, 3 and 6 had 

significantly slower RT in contralateral than ipsilateral space, and that SI 5 showed 

the opposite profile (slower RT in ipsilateral than contralateral space. For the 

analyses of MV laterality, SI 1, 2, 3, 4 and 8 had significantly slower MV in 

contralateral than ipsilateral space, with SI 1, 2 and 3 showing consistent findings 

for the RT and MV dependent variables. For CV, only SI 7 showed a lateralized 
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effect with more variance for responses in contralateral than ipsilateral space. 

Taken together, we could interpret that only SI 1,2, and 3 showed consistent 

profiles of HN laterality impairments (3 from the 9 SI:HN+). Unfortunately, these 

findings and interpretations are not clearly comparable to the omissions results 

from the Broken Hearts OCS sub-test or the visual search TAP sub-test. 

 

For the case analyses of distractors inhibition (difficult minus easy) and using the 

same criteria as those used for laterality, the analyses showed significant 

impairments for SI 4 with RT, SI 6 with MV and SI 3, 4, 7 and 9 with CV. Only SI 

4 showed effects on two dependent variables (RT and CV). Interestingly, these data 

do not show consistency between the lateralisation contrasts and the inhibition 

contrasts, other than for SI 7 showing a laterality and inhibition effect for the 

dependent variable of CV. This may indicate that spatial attention impairments are 

independent of distractor inhibition impairments, though clearly more participants 

are needed to thoroughly understand this point.  

 

In the second analyses of the current study, we provided concurrent validity and 

reliability results for the REASmash. The validation was tested by comparing all 

the SI on the REASmash and two standardized tests; the OCS broken hearts sub-

test (Demeyere et al., 2015), and TAP visual search sub-test (Zimmermann & 

Fimm, 1995a). For omissions, the performance on the REASmash showed non-

significant low correlation performance with the OCS broken heart sub-test and 

high correlation with the TAP visual search sub-test. The low correlation with OCS 

sub-test could likely be explained by the low rate of omissions in both tests. For 

RT, the performance on REASmash was moderately correlated with the 

performance on the TAP visual search sub-test. The test-retest reliability was 

excellent for the RT and CV measures, moderate for MV, and poor for omissions. 

One possible explanation for this poor correlation could be related to the healthy CI 

sub-group that performed the test-retest, that made few omissions. The absence of 

data likely caused the poor correlation. The minimal detectable change was 

established for future use to assess improvements (e.g. pre/post treatment). 

Absolute reliability was investigated through Bland-Altman plots, and the analyses 

showed that overall measures in the two testing sessions are interchangeable, with 

little to no systematic differences between them, suggesting that REASmash has a 

good absolute reliability. However, these findings obtained among the healthy CI 
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should be confirmed with a larger sample of clinical population, giving a more 

accurate estimation of the inherent measurement error association with REASmash. 

 

The findings related to the user experience of the SI showed that the REASmash 

provided an overall positive experience. Specifically, SI scored highest in the 

dimensions of perspicuity and attractiveness, indicating that REASmash was easy 

to understand and appealing. The SI also expressed a favourable impression of the 

serious game, finding it enjoyable and attractive, and they highly rated the 

stimulation, efficiency, and novelty dimensions, suggesting that the gameplay and 

environment provided by REASmash were perceived as fun and exciting. 

Amusement is not the crux of use of serious games in IVR for neuropsychology 

assessment. However, it is known to enhance adherence to clinical intervention that 

can sometimes be perceived as wearisome and tedious (Kato & de Klerk, 2017; 

Valladares-Rodríguez et al., 2016). Interactions with the virtual environments were 

reported to be efficient and fast. Naturalistic and direct hand interactions (i.e. 

interactions that do not rely on a peripheral joystick or keyboard) reduced the 

adverse symptoms of IVR (motion sickness), enhanced user engagement with the 

virtual experience and felicitated ecologically valid scenarios (Brade et al., 2018; 

Kourtesis et al., 2019). The SI also reported that the REASmash was creative and 

innovative, and that they felt a certain degree of control over their interactions with 

the environment. It is worth noting that while the SI were able to initiate and 

terminate the game at their convenience, they were unable to predict the occurrence 

or features of the stimuli presented during the gameplay. This incapacity to control 

the stimuli is primordial in the context of clinical assessment, where a 

randomization of the presentation of the stimuli in repeated administrations is 

essential to reduce learning effects (McCaffrey et al., 1993; McCaffrey & 

Westervelt, 1995). This SI user experience evaluation suggests that REASmash is a 

novel test that rouses the users’ interest.  

 

All the evidence above suggests that REASmash is has moderated validity, with 

room for improvement. It holds potential to be used in a clinical setting or 

implemented for research purposes. It achieves several criteria established by the 

National Academy of Neuropsychology and the American Academy of Clinical 

Neuropsychology, that need to be taken in consideration when developing new 

computerized neuropsychological assessment devices (Bauer et al., 2012). For 
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example, it is essential that the new assessment devices abide by the same 

standards and conventions of psychometric test development. Here, we provided 

evidence regarding REASmash feasibility, validity and usability. Secondly, 

according to Bauer et al. (2012), it is important to clearly identify the users of the 

assessment devices. Here, we defined our users as post-stroke individuals, and we 

considered their needs and capacity limitations when developing the REASmash. 

This is reflected in the unimanual nature of the serious game, and the flexible 

parameter that allow configuration of which hand to play with. This allows 

controlled evaluation of the SI performance with their non-hemiparesis or 

hemiparesis limb, with hemiparesis and hemiplegia being common consequences 

of stroke (Broeks et al., 1999; Nakayama et al., 1994). This functionality allows for 

comparison of performance between the non-hemiparesis and hemiparesis limbs, 

and how hemiparesis interactions with the diagnosis of spatial and distractor 

inhibition cognition. Moreover, stroke can also cause language (alexia) 

impairments (Sinanović et al., 2011; Turkeltaub et al., 2014). We provided multi-

modal written and verbal audio instructions to ensure that a larger stroke 

population could interact with REASmash. These instructions were available in 

two languages (French and English) but can easily be adapted to multiple 

languages. Another example of Bauer et al. (2012) criteria includes the use of 

reporting services, and data privacy and security. It is necessary for clinicians to 

follow APA and ethical guidelines regarding user anonymity, test scoring and 

interpretation, and record keeping (APA, 2007). The REASmash uses an 

anonymous identification system that protects the privacy of users. The test is also 

run offline, eliminating the possibility of digital perpetuators accessing the data. 

Furthermore, the REASmash provide a CSV file containing all the anonymised 

recorded data (i.e. response time, response accuracy, level number, type of 

distractors), which can be easily downloaded and stored in respect to APA (2007) 

record keeping guidelines.  

 

The main limitation of the present study was the relatively low number of SI with 

HN that participated to the study (a consequence of the COVID19 pandemic). 

Future studies will include a larger sample of individuals with HN in order to 

confirm the validity and reliability of REASmash. Additionally, we would include 

a larger sample of individuals with hemiparesis and without HN to deepen the 

assessment and understanding of the distractors inhibition impairment, and 
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determine whether spatial attention and distractor inhibition are related or 

independent deficits. This comparative experimental design could deepen the 

understanding of distractor inhibition impairment. The efficiency of REASmash 

should be tested on a different technology to insure there is no bias linked to IVR. 

For example, the REASmash could be used on non-immersive VR touch-screen 

tablets, particularly better suited for acute SI. The use of IVR technology 

demonstrated great efficacy, important clinical ecological validity, and 

acceptability from the SI tested in this study (Canini et al., 2014; Rabuffetti et al., 

2002; Terruzzi et al., 2023). IVR provides a safe ecological environment where 

controlled and accurate assessments can be performed (Parsons, 2015; Rizzo et al., 

2004). The possibility to combine these measures with eye tracking that is now 

available in most IVR devices could provide more sensitive and precise 

assessments of different sub-types of HN (Brouwer et al., 2022; Kaiser et al., 

2022b). For example, it might be that SI:HN+ who show pre-target selection 

perseverations (i.e. where they re-fixate already searched distractors) might show 

spatial and distractor inhibition impairments, but SI:HN+ not showing 

perseverations with eye-tracking, only showing spatial attention impairments. More 

data is needed to investigate how distractor inhibition is associated to spatial 

attention in SI with HN. 

 

In conclusion, despite improved understanding of cognitive processes and 

significant advancements in technology, most of the current procedures used in 

present-day clinical neuropsychology diagnosis have their roots in the late 19th to 

mid-20th century (Bilder & Reise, 2019; Howieson, 2019; Marcopulos & Łojek, 

2019). These assessment procedures have long been criticized for being based on 

outdated paradigms and for their lack of validity (Grattan & Woodbury, 2017b; 

Kessels, 2019). Consequently, there is a pressing need for clinicians to incorporate 

technology into daily clinical routine, and address these limitations (Germine et al., 

2019; Singh & Germine, 2021). The REASmash IVR serious game (Ajana et al., 

2023) is based on the visual search paradigm by Treisman and Gelade (1980). It 

was designed to evaluate spatial attention and distractor inhibition impairments 

though response accuracy, response time and kinematic measures. In this paper, we 

have provided norms for REASmash and we demonstrated its validity, reliability, 

and user friendliness. 
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Chapter 5 

 

Cognitive inhibition difficulties in individuals 
with hemiparesis: Evidence from an immersive 

virtual reality target-distractor salience 

contrast visual search serious game  

 

 

 
Introduction: Stroke can result in various impairments that require multidisciplinary 

rehabilitation. For example, preserved cognitive executive functions predict motor recovery 

success. Despite knowing these links, the evaluation of executive function in hemiparesis 

patients remains underexplored. Here, we examined whether post-stroke individuals with 

upper limb hemiparesis (SI:HP) had cognitive inhibition difficulties using a new immersive 

virtual reality (IVR) serious game.  

Methods: Twenty SI:HP with no known history of cognitive impairment and who were not 

undergoing any neuropsychological rehabilitation and fifteen age-matched healthy control 

individuals (CI) were recruited. They performed the 6-level serious game requiring responses 

to spatial target presented amongst 11, 17 and 23 distractors with high versus low target-

distractors saliency contrasts. Responses were made with non-hemiparetic hand for SI:HP 

group and dominant hand for CI. Response time (RT), and kinematic variables were 

measured. 

Results: The SI:HP group was slower and more variable than the CI group. All participants 

were slower and more variable when responding to the low compared to high target-

distractors saliency conditions, and when responding to targets with increased numbers of 

distractors. A significant interaction between task saliency and distractor number showed 

slower and more variable responses with increased numbers of distractors in the low saliency 

condition, but not in the high saliency condition. Interactions involving group and saliency 

for RT and coefficient of variation of speed showed that SI:HP compared to CI group showed 

a greater difference in responses to low versus high saliency conditions. 

Conclusion: These results demonstrated that relative to the CI group, the SI:HP group 

showed cognitive inhibition difficulties performing an IVR serious game. As cognition plays 

a fundamental role in motor recovery, these results suggest a need for systematic cognitive 

screening of post-stroke patients. 

 

Reference: Ajana, K., Everard, G., Sorrentino, G., Lejeune, T., & Edwards, M. G. (2023). Cognitive 

inhibition difficulties in individuals with hemiparesis: Evidence from an immersive virtual reality 

target-distractor salience contrast visual search serious game. 
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1. Introduction  

 
Stroke is a global health issue and the leading cause of disability worldwide (Avan 

& Hachinski, 2021; Duncan, 1994; Sacco et al., 2013). While spontaneous 

recovery of function typically occurs during the first weeks post-incident (Hatem et 

al., 2016; Kwakkel et al., 2006), performance deficits typically remain following 

the spontaneous recovery period, often leaving survivors with a combination of 

long-term cognitive and motor deficits (Jokinen et al., 2015; Mackay et al., 2004). 

These impairments typically result in social life participation difficulties, as well as 

limitations in daily-life activities such as preparing food or driving, thereby 

affecting overall quality of life for both the patients and their caregivers (Jaracz & 

Kozubski, 2003; Sreedharan et al., 2013). In order to address this issue, there is a 

pressing need to develop new rehabilitation strategies, as well as improve early 

detection of motor and/or cognitive impairments to further optimize intensive 

treatment programmes that enhance the chances of recovery (Cumming et al., 

2013; Kwakkel et al., 2010; Poulin et al., 2012; Zucchella et al., 2014). 

 

The prevalence rate of motor impairments following stroke is estimated to range 

from 83% to 90% (Bogousslavsky et al., 1988; Dutta et al., 2022; Herman et al., 

1982; Lawrence et al., 2001), representing the most common post-stroke 

impairment. The impact on patient behaviour includes problems in gait, balance, 

and general physical ability, including arm and hand movements for object 

interactions (Bernhardt et al., 2015; Middleton et al., 2017; Verma et al., 2012). 

Currently, these latter motor impairments are evaluated using valid and reliable 

standardized measures of activity capacity (Prange-Lasonder et al., 2021). The Box 

and Block Test is recommended for outcome measures of unilateral gross motor 

dexterity, the Fugl-Meyer Assessment is recommended for outcomes measures of 

upper limb impairment, and the Action Research Arm Test is recommended for 

outcome measures of upper limb activity capacity (all with strong validity, 

reliability, and clinical usefulness) (Duncan et al., 1983; Fugl-Meyer et al., 1975; 

Lyle, 1981; Mathiowetz et al., 1985; Prange-Lasonder et al., 2021; Uswatte et al., 

2005). New innovations in clinical evaluation of motor function allows for the 

inclusion of kinematic measures using new technology such as rehabilitation robots 

and interactive virtual reality (Burton et al., 2022; Dehem et al., 2019; Everard et 

al., 2022), bringing positive additional value to the current state-of-the-art 
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(Aguilera-Rubio et al., 2022; Balasubramanian et al., 2012; Henderson et al., 2007; 

Lei et al., 2019; Micera et al., 2020; Scott & Dukelow, 2011).  

 

The prevalence of cognitive impairments following stroke is less well understood, 

ranging from 24% to 96% of stroke individuals showing cognitive impairment 

(Douiri et al., 2013; Gutiérrez Pérez et al., 2011). This large variance is caused by 

different types of cognitive deficits such as attention, executive functions, and 

speed processing (Jokinen et al., 2015; Laakso et al., 2019; Leśniak et al., 2008). 

Although the extent of these cognitive impairments varies across individuals with 

stroke, it is nevertheless clear that cognitive impairments are a major determinant 

of poor long-term recovery, including recovery from motor impairments (Shimada 

et al., 2018; VanGilder et al., 2020). In current clinical practice, paper-and-pencil 

tests are frequently used to screen the range of potential cognitive impairments, as 

well as provide more detailed evaluations of specific cognitive impairments, 

thereby determining specific cognitive impairments and their severity (Cullen et 

al., 2007; Woodford & George, 2007). Over the last 10-20 years, computerized 

tests have been developed to address weaknesses in paper-and-pencil test 

sensitivity, for example, using methods such as trial randomization and more 

precise response time measurements (Montedoro et al., 2018; Tyryshkin et al., 

2014; Zimmermann & Fimm, 2004). Sensitive cognitive tests are particularly 

important for understanding the influence of cognition on motor function, 

particularly when the cognitive impairments are not obvious when interacting with 

the patient.  

 

Traditionally, motor and cognitive post-stroke impairments have been studied, 

assessed and managed as two distinct issues (Chen et al., 2013; Langhorne et al., 

2011). In research, patients with cognitive impairments are often excluded from 

studies investigating motor impairments or the efficacy of motor rehabilitation 

strategies (Everard et al., 2020). Further, in clinical practice, motor dysfunction 

seems to be routinely evaluated for all patients with stroke, whereas cognitive 

evaluations appear to be conducted on only a subset of patients based on clinician 

intuition (Einstad et al., 2021; Montero-Odasso et al., 2018). This latter issue may 

be explained by the fact that motor impairments are more visible with clear 

impairments to daily life function, whereas cognitive impairments are hidden and 
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less obvious (e.g., deficits in inhibition). This separatist approach obscures the 

understanding of underlying cognitive processes implied in motor recovery.  

 

Various studies have demonstrated the importance of cognition in motor 

performance. For example, a meta-analysis of studies investigating cognitive and 

upper limb functions reported an association between cognitive impairment (such 

as inhibition) and improvements in upper limb motor impairment (Mullick et al., 

2015). Similarly, dual-task paradigms that increase cognitive load (reduce 

cognition) disrupts the efficiency of motor ability learning (Wulf et al., 2007). In 

individuals with stroke, research reports links between motor and cognitive 

impairments (Čengić et al., 2011; Lowrey et al., 2022; VanGilder et al., 2020; 

Verstraeten et al., 2016). For example, McDowd et al. (2003) showed that stroke-

related attentional impairments predicted daily-life functioning. Verstraeten et al. 

(2020) reported evidence of correlations between motor and cognitive performance 

impairments in more than one hundred chronic post-stroke survivors. Finally, Lin 

et al. (2021) reported differences in motor recovery during rehabilitation for tests 

of Grip Strength (low cognitive load) relative to the Box and Blocks test (higher 

cognitive load). Using Voxel Lesion Symptom Mapping, they showed that motor 

impairment in the Box and Blocks test was associated with lesions that included 

the dorsal anterior insula; implicated in complex attentional (selection / inhibition) 

cognitive processes, whereas Grip Strength performance was associated to 

sensorimotor lesions, and not implicated in areas associated with cognition. 

 

Together, these data underline the importance of understanding how cognitive 

impairments influence motor impairments and recovery processes. This literature 

shows the importance of a thorough assessment that includes both motor and 

cognitive tests as an essential first step to define post-stroke rehabilitation (Bourke 

et al., 2016; Kleim & Jones, 2008; McDonald et al., 2019; Schaefer & Schumacher, 

2011). It seems fundamentally necessary to tailor interventions and rehabilitation 

programs to the patient’s clinical status, that incorporate both cognitive and motor 

neurorehabilitation where necessary, to more efficiently drive recovery. For 

example, for the restoration of motor abilities, patients must relearn to perform 

complex motor skills (Hodges & Franks, 2000; Wulf & Weigelt, 1997). These 

relearning processes involve cognition (Singer et al., 1989; Tennant et al., 2004), 

particularly executive functions, such as selective attention and cognitive inhibition 
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(Barrett & Muzaffar, 2014; Hochstenbach & Mulder, 1999; McEwen et al., 2009). 

Impairments of selective attention and cognitive inhibition are common 

consequences of stroke, and known to have a direct association to poor motor 

performance, specifically on the paretic upper limb (D'Imperio et al., 2021; Kim et 

al., 2021; Nijboer et al., 2014).  Yet, the impact of selective attention and inhibitory 

control dysfunction on upper limb hemiparesis remains under investigated in the 

literature. 

 

To better understand links between selective attention and inhibitory control (non-

spatial attention) and motor performance in patients with motor impairments, it is 

important to develop tests that can measure cognitive and motor responses within 

the same test. An immersive virtual reality serious game “REASmash” have 

recently been developed (Ajana et al. 2023) based on Feature Integration Theory 

(FIT) (Treisman & Gelade, 1980) and the research of Duncan and Humphreys 

(1989). The task involves the patient searching for a spatial target presented 

amongst distractors. When the target differs from the distractors by a single feature, 

the search is said to be conducted in parallel. Attention is divided between the 

target and the distractors, and the visual features of the distractors are automatically 

registered and inhibited at a pre-attentional level of processing (Treisman & 

Souther, 1985). In this situation, the target is said to ‘pop-out’ from the distractors 

due to their high salience contrast (e.g., a red target presented with blue 

distractors). However, if the target shares a conjunction of features with the 

distractors (e.g., a red target with blue distractors and red distractors of a different 

shape), the search is conducted in serial due to a low salience contrast. The visual 

features of the distractors are attentively inhibited during a successive serial search 

of the stimuli in order to find the target (Koshino, 2001; Treisman & Sato, 1990). 

During this serial search, response time to find the target increases with the 

increased number of distractors (causing increased distractors inhibition demands) 

(Poisson & Wilkinson, 1992; Wolfe et al., 1989). In contrast, increasing the 

numbers of distractors has no effect on parallel search (Huang & Pashler, 2005; 

Wolfe et al., 1989). In our serious game, we manipulated the saliency between the 

target and distractors (low vs high), as well as systematically manipulating the 

number of distractors displayed (11, 17 and 23). Participants made motor responses 

to the target by reaching and interacting within immersive virtual reality using a 

hand controller. This makes the test unique as it measures distractor inhibition 
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using a motor response (whereas most cognitive tests involve pushing a button on a 

peripheral keyboard or button box).  

 

The principal objective of this paper was to examine whether post-stroke 

individuals with upper limb hemiparesis have distractor inhibition attention 

deficits. We tested a group of post-stroke individuals with hemiparesis (SI:HP) and 

a group of mean age matched healthy control individuals (CI). Responses were 

made with the less-affected limb for SI to exclude confound motor-cognitive 

impairments in the hemiparesis limb. Therefore, any differences in performance 

between SI:HP and CI (dominant hand performance), specifically regarding the 

FIT would indicate distractor inhibition impairments. We hypothesised that: (1) 

mean response time (RT) and mean velocity (MV) will be slower, and coefficient 

of variation of speed (CV) will be higher for the SI:HP than CI groups. We also 

hypothesised that (2) RT and MV will be slower, and CV will be higher for finding 

the target in the low target-distractors saliency condition (serial search) than in the 

high target-distractors saliency condition (parallel search) due to increased 

attentional load. We additionally hypothesised interactions. Firstly (3) an 

interaction between saliency and distractor number showing that in the high target-

distractors saliency condition (parallel search), RT, MV and CV will show no 

differences between the number of distractors, whereas in the low target-distractors 

saliency condition (serial search), RT, MV and CV will show significant 

differences with increased numbers of distractors, with more distractors increasing 

attentional load and reducing performance (taking more time to respond to the 

target / more variance in responses). Secondly, we hypothesised (4) an interaction 

between search saliency and group showing that the SI: HP relative to CI groups 

will show a greater difference in RT to find the target between the low salience 

(serial) relative to high salience (parallel) search conditions, demonstrating a 

specific impairment of cognitive inhibition for individuals with hemiparesis 

relative to aged-matched healthy individuals. If this effect is found, it will indicate 

that patients with hemiparesis have underlying cognitive inhibition difficulties that 

have not been identified during clinical diagnosis. We hypothesize similar effects 

for MV and CV, though we have no prior evidence to support this hypothesis.  
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2. Methods 

 

2.1  Participants 

 
An a priori power analysis was conducted using G*Power (version 3.1.9.7) (Faul et 

al., 2007) for sample size estimation based on data from (Ajana et al., 2023) (N = 

58; CI). The effect size in Ajana et al., (2023)’s study was f = 0.67 (F (2,114) = 

117.58), which can be considered as a large effect according to Cohen’s criteria 

(Cohen, 1973; Richardson, 2011). With a significance criterion of α = .05, and 

power = 0.80, the minimum sample size needed for the same effect size was N = 4 

for a repeated measures ANOVA. As the present study contrasted SI:HP with CI 

groups, a sample size of N = 20 per group was considered adequate to compensate 

for additional variance in the patient sample.   

 

We tested 20 SI:HP (7 females; 8 left-handed (less affected)) (Please note that this 

group is the same included in Chapter 4).  and 20 CI (10 females, 1 left-handed) 

using convenience sampling (Please note that this group is distinct from the groups 

in Chapter 3 and 4). The SI:HP were aged between 47 and 80 years (M = 61, SD = 

11), and were recruited from the physical medicine and rehabilitation department 

of the Cliniques universitaires Saint-Luc in Brussels. Clinicians (two occupational 

therapists, from Cliniques universitaires Saint-Luc in Brussels introduced our 

experiment to their patients that were meeting our inclusion criteria. If the patients 

expressed interest in participating to this study. An experimenter would meet with 

them, or would call them, to explain the objectives and procedure of the 

experiment. If they agree after this first meeting, an appointment is scheduled. The 

participants were selected using the following inclusion criteria: (1) presence of an 

ischemic or haemorrhagic first stroke, diagnosed by CT or magnetic resonance 

imaging; (2) presence of upper-limp hemiparesis clinically diagnosed and 

documented through a physical medicine evaluation report, and; (3) a good 

understanding of the task instructions. The exclusion criteria were: (1) uncorrected 

vision deficiencies and (2) the presence of other neurological conditions such as 

dementia or orthopaedic dysfunction that could influence upper extremity function. 

None of these individuals had a known history of cognitive impairment, and they 

were not following any neuropsychological assessment. According to their medical 

record, 5 of the SI:HP had a left hemisphere lesion causing a right hemiparesis, and 
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at the time of testing, they were between 1.3- and 142.2-months post-onset (see 

Table 1). The CI were aged between 60 and 69 years (M = 63., SD = 2.5). They 

were included if they had (1) corrected-to-normal vision, and (2) a good 

understanding of the task instructions, and they were excluded if they had (1) 

another orthopaedic or neurological condition that may influence their 

movement/motor function. The Saint-Luc UCLouvain-Hospital Faculty Ethics 

Committee (reference number: 2015/10FEV/053) approved all the procedures prior 

to experimentation. All the participants volunteered to participate in the study, 

providing written informed consent before participation.  
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Table 1: The demographic characteristics of the post-stroke individuals with hemiparesis (SI: HP) 

F = Female, M = Male, SD = Standard Deviation, NHISS = National Institutes of Health Stroke Scale 

 

*The NHISS scores of SI:HP09, SI:HP16, and SI:HP17could not be found in their medical records 

 
Gender Age Handedness 

pre-stroke 

Handedness post-

stroke (less-effected 

limb) 

Stroke site Stroke type NHISS Score Months 

post-onset 

SI:HP01 M 47 Right Left Left lenticulostriate intraparenchymal hematoma Hemorrhagic 19 6,8 

SI:HP02 F 62 Right Right Right sylvien fissure Ischemic 11 19,6 

SI:HP03 M 56 Right Right Right thalamus Ischemic 3 1,3 

SI:HP04 F 51 Right Left Left sylvien fissure Ischemic 19 3,7 

SI:HP05 M 62 Right Right Right internal capsule lacunar Ischemic 5 17,6 

SI:HP06 M 69 Right Left Left paramedian pontine Ischemic 5 36 

SI:HP07 M 46 Right Left Left sylvien fissure Ischemic 10 22,4 

SI:HP08 F 79 Right Left Left sylvien fissure Ischemic 10 2,3 

SI:HP09 M 73 Right Right Right sylvien fissure Ischemic --- 1,6 

SI:HP10 M 74 Right Right Right sylvien fissure Ischemic 5 9,8 

SI:HP11 M 61 Right Right Right superficial and deep sylvien fissure Ischemic 20 5,5 

SI:HP12 M 47 Right Left Left temporal Ischemic 15 0,2 

SI:HP13 F 56 Left Right Right internal capsule Ischemic 8 3 

SI:HP14 M 65 Right Right Right capsulo-lenticular territory Ischemic 1 0,95 

SI:HP15 F 72 Right Right Right sylvien fissure Ischemic 14 146,2 

SI:HP16 F 50 Right Right Right deep temporal Hemorrhagic --- 48,2 

SI:HP17 M 50 Right Left Left pontine Hemorrhagic --- 39,9 

SI:HP18 F 55 Left Right Right sylvien fissure Ischemic 16 3,4 

SI:HP19 M 69 Right Right Right frontoparietal intraparenchymal Hemorrhagic 8 4,1 

SI:HP20 M 80 Right Left Left corona radiata Ischemic 1 3,6 

Mean (SD) 61 (11)      18 (33) 
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2.2  Materials, Stimuli and Experimental Design 

 

As described in the Introduction, we used an immersive virtual reality visual search 

serious game manipulating target-distractors saliency for measuring spatial and 

distractors inhibition attention (Ajana et al. 2023). The ‘REASmash’ was created 

using Unity 2019.3 software (in C# language). The hardware consisted of an IVR 

headset (Oculus Quest 2) and one Oculus Quest motion controller. The experiment 

was monitored through a live stream from the Oculus App to a digital tablet 

(Huawei MediaPad T, model AGS2-W09). Participants sat on a chair with their 

feet on the ground, wearing the IVR headset. The SI:HP held the controller with 

their less-effected (post-stroke dominant) hand, and the CI held the controller with 

their dominant hand. They were then immersed into the virtual environment that 

consisted of a simulated cartoon-like garden, with a raised-bed garden patch 

composed of twenty-four molehills (a grid of six columns and four rows). The 

stimuli were stylized cartoon-like moles that appeared from the molehills (with 

animation). In each trial, one target mole was presented with several distractor 

moles. The target mole wore a red miner’s helmet, and the distractor moles wore a 

blue miner’s helmets, or red or blue helmets with horns (see Figure 1).  

 

At the beginning of the serious game, written and oral instructions were presented, 

instructing the participants to respond to the target as fast as they could using a 

virtual hammer controlled with the Oculus motion controller. They were also 

instructed to not make responses to the distractor stimuli. The target and distractors 

stimuli appeared for 7000 milliseconds maximum. If the participant correctly 

responded to the target within the 7000 milliseconds, the trial was recorded as a 

success. If no response was made by the participant within the 7000 milliseconds, 

the REASmash automatically registered the trial as an omission (i.e. the participant 

failed to find the target-mole). If the participant responded to a distractor instead of 

the target, the REASmash automatically registered the trial as a failed response (i.e. 

the participant failed to find the correct mole). After each response type, the next 

trial was automatically initiated. 

 

The REASmash serious game was composed of 6 levels, with each level consisting 

of 24 trials (i.e. the target mole appearing from each of the 24 molehills, randomly 
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across the 24 trials). In the three first levels, the target appeared among 11, 17, and 

23 distractor moles wearing blue miner’s helmets or blue helmets with horns. 

These trials represented low inhibition demands due to the high salience difference 

between the target (red) and distractors (blue). In the latter three levels, the target 

again appeared among 11, 17, and 23 distractor moles, but this time wearing either 

red helmets with horns or blue helmets with horns, representing high inhibition 

demands due to the low salience difference between the target and distractors. The 

distractors (blue miner’s helmets and blue helmets with horns versus red helmets 

with horns and blue helmets with horns) were close to equally distributed (i.e. 5+6 

for 11 distractors; 11+12 for 23 distractors etc.) across the 6 levels. The distractors 

were pseudo-randomly placed within the columns of the grid so that for 1 target 

and 11 distractors, 2 stimuli were presented in each column, for 1 target and 17 

distractors, 3 stimuli were presented in each column and for 1 target and 23 

distractors, 4 stimuli were presented in each column. Within each column, the 

distractor position was randomised for each trial. The levels were blocked as the 

original intention for the serious game was to allow selection of levels with patients 

based on their likely ability to perform the task (i.e. for some patients, levels 1 and 

4 with 11 distractors may be too easy, while for other patients, levels 3 and 6 with 

23 distractors may be too difficult). In the present study, we used all 6 levels. All 

trials were randomised for each participant.  

 

Before every trial, the participant had to fixate a central stimulus (measured with 

the Oculus head position) and place their virtual mallet response hand on a central 

starting position (both positioned along the sagittal axis of the participant). This 

consisted of simultaneously fixating a floating red cube with an eye illustration and 

placing the virtual hammer on a second red cube with a hammer illustration. The 

eye-cube was positioned at the level of the participant’s eyes, and the hammer-cube 

was at the level of the participant’s arm. Once the participant successfully placed 

their gaze and hand on the cubes, they turned green, and the trial was initiated. This 

procedure was carried out to ensure that the participants-initiated responses from a 

consistent starting position across all trails. 
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2.3  Procedure 

 

The experiments were run in the Cliniques universitaires Saint-Luc hospital in 

Brussels and in a laboratory in the Psychological Sciences Research Institute of the 

University of Louvain. Each experiment lasted approximately 40 minutes, and 

always started with an information session where the participant received oral 

explanations and instructions regarding the experimental design, followed by their 

signing of a consent form to agree to participate to the study. Once consent was 

provided, the participant was seated comfortably on a chair, and the IVR headset 

and motion controller were placed on the participant. They were then immersed in 

the virtual environment of the REASmash. Instructions were displayed within the 

serious game, and a training session was initiated consisting of 10 trials, to confirm 

that the participants understood the instructions, and enhance the feeling of 

immersion. After the training session, the participants pushed a start button within 

the virtual environment to initiate the experiment (consisting of 6 levels of 24 

randomized trials; 144 trials in total). After the participant completed each of the 6 

levels, a break of 60 seconds was provided to reduce fatigue. The CI participants 

received a payment of 10 euros for their participation. All the participants 

completed the experiment.   

 

Figure 1: The target was a mole wearing a red miner’s helmet. In the high target-distractors 

saliency condition, the distractor moles wore blue miner’s helmets and blue helmets with 

horns. In the low target-distractors saliency condition, the distractor moles wore red helmets 

with horns and blue helmets with horns. In the two examples, the target is shown with 17 
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2.4  Methods of data analysis 

 

The data analyses were performed using mixed measures (repeated and between) 

ANOVA, run using SPSS 27.0 (IBM). All post-hoc analyses used Bonferroni 

correction. The independent variables were search task saliency (low vs high), 

number of distractors (11, 17 or 23 distractors) and group (SI:HP vs CI). The 

dependent variables were mean response time (RT, time between stimuli 

presentation and response with the virtual hammer to the target stimulus; measure 

in milliseconds), mean velocity (MV, distance covered by the virtual hammer 

divided by the response time; measures in meters per second), and coefficient of 

variation of speed (CV, standard deviation of the virtual hammer velocity divided 

by mean velocity, expressed in percentage).  

 

From the total data set of the SI:HP group (i.e. 144 trials x 20 SI:HP; 2880 trials), 

93 omissions trials and 94 error trials (distractor response) were removed (see 

Table 2). From the total data set of the CI group (2880 total trials), 16 omission 

trials and 31 error trials were removed. For both groups, no participants made 

abnormal response times (< 250ms). The analysis was performed on the remaining 

data of SI:HP and CI group 

 

 

Table 2: The frequency of omissions and errors (/144 trials) made by SI:HP group. There 

were no abnormal responses for any participant. The omissions data showed no signs of 

lateral bias typically associated with hemineglect, strengthening the clinical decision that 

these patients were not evaluated by the neuropsychology clinic of the hospital. The targets 

presented within the garden grid (6 columns and 4 rows) were re-coded relative to hand so 

that targets presented in contralateral space corresponded to columns 1-3 and targets 

presented in ipsilateral space corresponded to columns 4-6 for SI:HP and CI using their 

right-hand (with the right-lesion SI:HP using their right non-hemiparetic limb). For left 

hand responses, contralateral space corresponded to columns 4-6 and targets presented in 

ipsilateral space corresponded to columns 1-3 (with left-lesion SI:HP using their left less-

effected limb). 
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3. Results 

 

The analysis of RT showed that there was a main effect of group, F (1,38) = 16.57, 

p < 0.001, η2 = 0.30, with SI:HP being slower than CI (SI:HP: M = 2712.11, SD = 

93.93; CI: M = 2171.41, SD = 93.93). The analysis also showed main effects of 

search task saliency and distractors. For search task, F (1,38) = 347.34, p < 0.001, 

η2 = 0.90, RT was significantly slower in the low compared to high target-

distractors saliency condition (Low: M = 3011.93, SD = 85.90; High: 1871.59, SD 

= 57.58). For distractors, F (2,76) = 74.38, p < 0.001, η2 = 0.66, RT was 

 Total Omissions (only in 

contralateral space) 

Errors (responded to a 

distractor) 

SI:HP01 0(0)  4 

SI:HP02 9(4) 1 

SI:HP03 1(1)  0 

SI:HP04 2(1) 0 

SI:HP05 6(2) 4 

SI:HP06 1(1) 3 

SI:HP07 0(0) 1 

SI:HP08 18(10) 2 

SI:HP09 1(0) 1 

SI:HP10 10(3) 3 

SI:HP11 1(0) 4 

SI:HP12 6(3) 22 

SI:HP13 4(1) 7 

SI:HP14 2(1) 1 

SI:HP15 0(0) 4 

SI:HP16 0(0) 2 

SI:HP17 1(0) 3 

SI:HP18 17(13) 13 

SI:HP19 1(0) 1 

SI:HP20 13(7) 18 
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significantly slowed when the number of distractors increased, with significant 

differences between a target presented with 11 distractors, compared to 17 or 23 

distractors, and between 17 and 23 distractors, (M = 2272.82, SD = 64.18; M = 

2445.80, SD = 70.35; M = 2606.65, SD = 70.10, for 11, 17, and 23 distractors). As 

hypothesized, there was a significant interaction between search task saliency and 

distractors, F (2,76) = 71.97, p < 0.001, η2 = 0.65 (Figure 2a). Separated ANOVAs 

were run for each search task. This showed that the effect of distractors was not 

significant for high target-distractors saliency stimuli (levels 1-3), F (2,76) = 2.06, 

p = 0.13, η2 = 0.05, but that there was a significant distractor effect for low target-

distractors saliency stimuli, F (2,76) = 79.96, p < 0.001, η2 = 0.68. A Bonferroni 

post hoc analysis showed that mean RT significantly slowed as a function of 

increased number of distractors for low target-distractor saliency contrasts (with 

significant differences between each distractor set) (M = 2691.81, SD = 84.15; M = 

3007.05, SD = 91.18; M = 3336.92, SD = 96.66, for 11, 17 & 23 distractors 

respectively).  

 

 

 

 

Figure 2a: Violin plots with boxplots illustrating high and low target-distractors saliency 

conditions with 11, 17, and 23 distractors and SI:HP and CI groups for (a) mean response 

time (milliseconds), 
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There was also a significant interaction between search task saliency and group, F 

(1,38) = 7.50, p < 0.001, η2 = 0.16 (Figure 3). Separate ANOVAs were run for 

each search task. This showed that the effect of group was significant for both sets 

of stimuli (high target-distractor salience contrasts: levels 1-3, F (1,38) = 10.50, p < 

0.001, η2 = 0.22, and low target-distractor salience contrasts: levels 4-6, F (1,38) = 

17.00, p < 0.001, η2 = 0.31). The alternative post-hoc analysis of the interaction 

was made by separating the ANOVA by group. This showed significant differences 

for search task saliency in both the SI:HP, F (1,19) = 219.97, p < 0.001, η2 = 0.92, 

and CI groups, F (1,19) = 131.45, p < 0.001, η2 = 0.87, with mean RT significantly 

slower for responses made to targets in the low compared to high target-distractor 

salience condition for both groups (SI: HP: Low: M = 3366.09, SD = 121.48; High: 

M = 2058.12, SD = 81.42 – CI: Low: 2657.77, SD = 121.48; High: M = 1685.05, 

SD = 81.43). To understand the interaction effect more clearly, we ran a third post 

hoc analysis that re-analysed the data by subtracting mean RT for target search to 

the high from low target-distractors saliency contrasts (i.e. low-high=inhibition 

cost; with the positive time illustrating the relative cost of inhibition and 

eliminating the speed differences observed between participant groups). This 

analysis showed a main effect of group, F (1, 38) = 7.50, p < 0.001, η2 = 0.16 

(SI:HP: M = 1307.96, SD = 86.53; CI: M = 972.71, SD = 86.53), demonstrating 

that the SI:HP compared to CI groups showed a bigger difference between high 

and low target-distractor salience contrasts. The interaction between distractors and 

group was not significant, F (2,76) = 0.10, p = 0.91, η2 = 0.00, and the triple 

interaction between search task, distractors and groups was not significant, F (2, 

76) = 0.73, p = 0.48, η2 = 0.02. 
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The analysis of MV showed that there was a main effect of group, F (1,38) = 7.43, 

p < 0.001, η2 = 0.16, with SI:HP making slower actions than CI (SI: HP: M = 0.36, 

SD = 0.02; CI: M = 0.43, SD = 0.02). The analysis also showed main effects of 

search task saliency and distractors. For search task, F (1,38) = 181.64, p < 0.001, 

η2 = 0.83, MV was significantly faster to targets presented in high target-distractors 

saliency (M = 0.45, SD = 0.01) than in low target-distractors saliency conditions 

(M = 0.33, SD = 0.01). For distractors, F (2,76) = 20.66, p < 0.001, η2 = 0.35, MV 

significantly decreased when the number of distractors increased (i.e. responses 

slowed), with significant differences between a target presented with 11 distractors, 

compared to 17 or 23 distractors, and between 17 and 23 distractors, (M = 0.41, SD 

= 0.01; M = 0.39, SD = 0.01; M = 0.38, SD = 0.01, for 11, 17, and 23 distractors). 

As hypothesized, there was a significant interaction between search task saliency 

and distractors, F (2,76) = 15.68, p < 0.001, η2 = 0.29 (Figure 2b). Separated 

ANOVAs were run for each search task. This showed that the effect of distractors 

was not significant for high target-distractors saliency, F (2,76) = 1.69, p = 0.19, η2 

= 0.04, but it was significant for low target-distractors saliency conditions, F (2,76) 

= 25.35, p < 0.001, η2 = 0.4. A Bonferroni post hoc analysis showed that mean MV 

was significantly decreased when the number of distractors increased (i.e. 

Figure 3: Violin plots with boxplots illustrating mean response time (milliseconds) to 

high target-distractors saliency (low inhibition demands) and low target-distractors 

saliency conditions (high inhibition demands) in SI:HP and CI groups. The figure 

shows that the difference between high and low target-distractor saliency was greater 

for the SI:HP than CI. 
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responses slowed), (M = 0.36, SD = 0.01; M = 0.33, SD = 0.01; M = 0.31, SD = 

0.01, for 11, 17, and 23 distractors). There were no interactions between search 

task saliency and group, F (1,38) = 0.02, p = 0.89, η2 = 0.00, distractors and group, 

F (2,76) = 0.66, p = 0.52, η2 = 0.02, and search task saliency, distractors and group, 

F (2,76) = 0.13, p = 0.87, η2 = 0.00.  

 

 

 

The analysis of CV showed that there was also main effects of search task and 

distractors. For search task, F (1,38) = 49.26, p < 0.001, η2 = 0.56, CV was 

significantly higher in the low target-distractors saliency (M = 1.71, SD = 0.07) 

than high target-distractors saliency conditions (M = 1.43, SD = 0.05). For 

distractors, F (2,76) = 14.86, p < 0.001, η2 = 0.28, CV significantly increased with 

the number of distractors increasing (M = 1.51, SD = 0.06; M = 1.56, SD = 0.06; 

M = 1.62, SD = 0.06, for 11, 17, and 23 distractors). However, there was no main 

effect of group, F (1,38) = 3.9, p = 0.056, η2 = 0.09. As for RT and MV, the 

analysis showed a significant interaction between search task saliency and 

distractors, F (2,76) = 22.61, p < 0.001, η2 = 0.37 (Figure 2c). Separated ANOVAs 

were run for each search task. This showed that the effect of distractors was not 

significant for high target-distractors saliency, F (2,76) = 0.25, p = 0.78, η2 = 0.00, 

Figure 2b: Violin plots with boxplots illustrating high and low target-distractors saliency 

conditions with 11, 17, and 23 distractors and SI:HP and CI groups for mean velocity 

(m/s). 
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but was significant for low target-distractors saliency conditions, F (2,76) = 25.84, 

p < 0.001, η2 = 0.40. A Bonferroni post hoc analysis showed that mean CV was 

significantly increased when the number of distractors increased (M = 1.59, SD = 

0.07; M = 1.70, SD = 0.08; M = 1.83, SD = 0.08, for 11, 17, and 23 distractors).  

 

 

 

The analyses also showed a significant three-way interaction between search task 

saliency, distractors and group, F (2,76) = 3.65, p < 0.001, η2 = 0.09. Separated 

ANOVA were run for each search task saliency. This showed that the interaction 

between search task and distractors was significant for SI: HP, F (2,38) = 18.49, p 

< 0.001, η2 = 0.49, and for CI, F (2,38) = 5.24, p < 0.001, η2 = 0.2. An alternative 

post hoc analysis, was performed for each group and search task. This showed that 

in high target distractors saliency, there was no effect of distractors for CI, F (2,38) 

= 0.007, p = 0.99, η2 = 0.00 and SI:HN, F (2,38) = 0.38, p = 0.69, η2 = 0.02. 

However, in low target distractors saliency, there was a significant effect of 

distractors in CI, F (2,38) = 6.09, p < 0.001, η2 = 0.24, and SI:HN, F (2,38) = 

21.25, p < 0.001, η2 = 0.53. As in RT analysis, we run a third post hoc analysis that 

re-analysed the data by subtracting mean CV for target search to the high from low 

Figure 2c: Violin plots with boxplots illustrating high and low target-distractors 

saliency conditions with 11, 17, and 23 distractors and SI:HP and CI groups for 

coefficient of variation of speed (%) 
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target-distractors saliency contrasts. This showed that there was no group effect, F 

(1,38) = 0.20, p = 0.66, η2 = 0.00. 

 

4. Discussion 

 

The main objective of this paper was to investigate the cognitive inhibition 

difficulties of post-stroke individuals with hemiparesis. We tested a group of post-

stroke individuals with hemiparesis and a group of age-matched controls using an 

immersive virtual reality serious game based on Feature Integration Theory (FIT) 

(Treisman & Gelade, 1980). Our findings supported our hypotheses and the state-

of-the-art, firstly showing that the group of individuals with hemiparesis made 

slower responses than age matched controls (RT and MV), and they were more 

variable (CV) (hypothesis 1). Secondly our results demonstrated that both 

participant groups showed the predicted effects associated with FIT. Specifically, 

both groups of participants were slower (RT and MV) and made more variable 

responses (CV) to find the target, when presented with low target-distractors 

saliency stimuli (levels 4-6; high inhibition demands) in comparison to high target-

distractors saliency stimuli (levels 1-3; low inhibition demands), and participants 

response time to find the target was significantly slowed / move variable with 

increasing numbers of distractors, specifically in the low target-distractors saliency 

condition (levels 4-6), but not in the high target-distractors saliency condition 

(levels 1-3) (hypotheses 2 and 3). Contrasts between the patient groups and the FIT 

allowed us to demonstrate new findings showing that SI:HP compared to CI group 

were particularly slowed with low target-distractors saliency stimuli (levels 4-6; 

high inhibition demands) in comparison to high target-distractors saliency stimuli 

(levels 1-3; low inhibition demands), suggesting that the SI:HP group could have 

difficulties in cognitive inhibition compared to CI group. 

 

In addition to replicating the effects reported in the literature, our research showed 

an interaction effect between search task and group for RT and search task, 

distractors and group for CV, providing new evidence that the SI:HP group were 

particularly slowed / more variable relative to the CI group for the low compared to 

high target-distractors saliency conditions (hypothesis 4). This was demonstrated 

by calculating the difference between responses to the low compared to high target-

distractors saliency conditions (allowing to control between group speed / variance 
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differences), showing that RT / CV differences were greater for the SI:HP group 

relative to the CI group. This finding is interesting for two reasons. Firstly, the 

selected HPI group were believed to have no cognitive impairment, and therefore 

did not benefit from an early neuropsychological assessment and received no 

cognitive neurorehabilitation. Secondly, based on existing literature, we can predict 

that patients with hemiparesis may show impairment of inhibitory executive 

function cognition in addition to motor hemiparesis that may interfere with 

hemiparesis rehabilitation.  

 

The finding that inhibition executive function mediates the efficacy of recovery is 

perhaps not surprising when one considers the role of cognition in motor learning 

(Chan et al., 2006; Kitago & Krakauer, 2013; Patten et al., 2006). Several studies 

have highlighted the role of cognition in improving motor function (Aprile et al., 

2021; Fregni & Pascual-Leone, 2006; Lincoln et al., 1989; Matthews et al., 2016; 

Mercier et al., 2001; Paolucci et al., 1996; Tatemichi et al., 1994). For example, 

Hummel et al. (2002) used electroencephalography (EEG) in a motor learning task 

where participants had to respond to cues with specific finger movements that they 

learned during a training session. While performing the task, EEG analyses clearly 

showed increased alpha oscillations in the sensorimotor areas typically engaged in 

primary motor inhibition of volitional learned motor movements. This finding was 

reinforced by the absence of these oscillations in patients with dystonia of the hand 

(Hummel et al., 2002). Similarly, Mooney et al. (2020) used transcranial magnetic 

stimulation (TMS) with a post-stroke upper limb paresis individuals compared to a 

healthy group. Participants were trained on a sequential visuomotor isometric wrist 

extension task. Their results showed that ipsilesional corticomotor excitability did 

not increase after skill acquisition in clinical population who successfully exhibited 

acquisition and retention skills, but their general performance was lower than the 

healthy group. This indicates an inhibition network within the primary motor 

cortex that is important to motor learning (Mooney et al., 2020). These studies are 

examples of the many studies that underlines the implication of inhibition in motor 

recovery (Coxon et al., 2007; Dora et al., 2021; Ridding et al., 1995; Schlaghecken 

& Eimer, 2002; Shadmehr & Holcomb, 1999; Toro et al., 2000).  

 

From the present study, it is clear that we can repeat the call by Nys et al. (2005) 

that all individuals with stroke should undergo routine cognitive assessment. There 
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are two solutions to facilitate this objective. Firstly, it could be that all individuals 

with stroke receive a rapid cognitive screening test, such as the recent test 

developed by Demeyere et al. (2015). The Oxford Cognitive screen is a valid and 

usable short cognitive screening tool that has been specifically developed for the 

post-stroke population. It is an inclusive tool that covers the different cognitive 

domains usually impaired after a stroke (e.g., attention, language, memory), can be 

completed in 15-20 min, and is available in different languages (Demeyere et al., 

2021; Demeyere et al., 2015; Demeyere et al., 2019). Individuals showing 

cognitive impairments demonstrated by these screening tools should receive 

additional cognitive assessment, and furthermore, the rehabilitation programme 

should include cognitive neurorehabilitation. A second approach would be to 

develop motor assessments / rehabilitation that co-evaluate / co-rehabilitate 

cognition. The REASmash serious game, presented in this paper is a cognitive test 

involving direct motor responses to the target stimuli, and could be adapted to 

measure upper limb motor function as well as cognitive inhibition as demonstrated 

in the present paper. Alternatively, tests such as the box and block test could be 

adapted to contain non-response distractors that compete for attention with target 

stimuli, requiring inhibition. These combined tests could be presented to patients to 

offer multiple motor and cognitive assessments within the same test. Furthermore, 

serious game assessments could be modified to create rehabilitation serious games 

that exercise motor and cognitive responses (Dehem et al., 2019; Kaiser et al., 

2022b; Montedoro et al., 2018). 

 

In conclusion, in the present paper we show that a group of post-stroke individuals 

with hemiparesis had difficulties in distractors inhibition in an IVR serious game 

relative to a CI group.  These data add to the existing literature showing an 

association between cognitive and motor functions, as well as highlighting the 

importance of cognitive assessment in stroke individuals with hemiparesis. 

Currently, cognitive impairments are not routinely assessed, and these unevaluated 

cognitive impairments may have severe consequences on overall recovery success. 

Therefore, we call for healthcare professionals and decision-makers to implement 

interventions embedding cognitive screening and neuropsychological evaluations 

for all stroke patients, and we also call for the researchers to be mindful of the 

integrative relation between cognitive and motor systems when developing new 

assessment tools for post-stroke individuals. 
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Technological advancements cause significant shifts in the development of 

neuropsychological assessment (Parsey & Schmitter-Edgecombe, 2013). In this 

context, the development of IVR in neuropsychological assessment has emerged as 

a promising solution to overcome the limitations of traditional paper and pencil 

assessment methods, that currently remain prevalent in clinic practice (Bilder, 

2011; Neguț et al., 2016; Parsons, 2016). Noteworthy advantages offered by IVR 

lies in its ability to provide ecologically and valid testing environments, enabling 

more efficient and accurate measurements of complex cognitive functioning (Rizzo 

et al., 2004; Schultheis et al., 2002).   

 

The aim of this PhD thesis was to use IVR to develop advances in 

neuropsychological assessments, that will bring benefits to clinical 

neurorehabilitation, as well as provide new understanding of post-stroke 

impairments in hemineglect (and hemiparesis). We developed two novel IVR 

serious games, drawing upon distinct theorical approaches, with the objective of 

providing sensitive measures for a comprehensive assessment of hemineglect 

(Chapters 2 and 3). The Peach test of Chapter 2 brought several novel innovations, 

including the development of a test in an ecologically relevant environment, and 

the ability to contrast peripersonal and extrapersonal spaces. The REASmash of 

Chapter 3 also brought several novel innovations, with the ability to measure 

spatial and distractor inhibition attention, with direct responses to stimuli allowing 

for omission, response time and action kinematic measures. In Chapter 4, an 

evaluation of the psychometric properties was conducted to validate the new 

developed IVR serious game. Then in Chapter 5, the prevalence of cognitive 

impairments among post-stroke individuals was investigated using the newly 

developed serious game. 

 

In this General Discussion (Chapter 6), a summary of each empirical chapter will 

be provided, including a discussion of their limitations. Then, the two main 

objectives of this thesis will be discussed in light of the current state-of-the art, 

highlighting the specific contributions made by this research thesis. Finally, a 

reflection on future prospective and potential directions will be presented.  
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1. Summary of the thesis 

 

In Chapter 2, we presented a newly developed serious game in IVR. This was 

named the Peach test as the test involved searching for a peach. It aimed to 

simultaneously assess spatial search in contra- versus ipsi-lateral space and peri- 

versus extra-personal space. The assessment involved immersing participants in a 

realistic three-dimensional virtual kitchen simulation, where they were instructed to 

perform a search task on a table within the kitchen. Participants were asked to 

locate a Peach target, presented among other fruits and vegetables distractors. We 

integrated avatars into the test to assess if that avatars would automatically trigger 

perspective shifts. Additionally, we manipulated whether the friendliness of the 

avatar would mediate perspective shifts (the presence of a “friendly avatar”, a 

“non-friendly avatar”, or in the absence of the avatar, with the three avatar 

conditions randomized).   

 

The first objective of this Chapter 2 was to investigate the feasibility and user 

experience of the Peach test. To achieve this, we firstly tested sixty healthy 

controls on the Peach test. We demonstrated that there was no laterality effect, no 

proximity, and no avatar effect. As we have exposed in the Discussion of Chapter 

2, this absence of the avatar effect, particularity in interaction with proximity, was 

not in line with the current literature (Freundlieb et al., 2017; Samson et al., 2010). 

Secondly, we tested a group of post-stroke individuals (with and without) 

hemineglect and a group of age-matched controls. We showed that post-stroke 

individuals were slower than the controls, but that they did not exhibit any 

lateralized bias. This laterality null effect was explained by the clinical status of the 

participants, who did not show any hemineglect when they were evaluated on 

standardized tests (i.e. the Apples test (Bickerton et al., 2011)). The data showed a 

proximity effect, with post-stroke individuals being slower in extra- compared to 

peri-personal space. However, there was no avatar effect, and no interaction with 

laterality and proximity, therefore not supporting our hypothesis that the avatar 

presence would lead to a shift in perspective taking, as proposed in the literature 

(Becchio et al., 2013; Della Sala et al., 2004). An explanation of the absence of 

avatar effect may be related to the fixation task. This required the participant to 

fixate a red basket that appeared before each trial, turning green after fixation and 

initiating the trial. The basket was positioned on the horizontal plane, level with the 
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table. As a result, the participants' gaze was attracted away from the avatars 

positioned in front of them within the virtual kitchen. This absence of visual 

engagement with the avatars could potentially explain the absence of any 

noticeable effect. Furthermore, one could perhaps wonder if the richness of the 

virtual environment could cause an attentional overload, distracting participants 

from the avatar. Studies investigating perspective taking have used virtual 

environments and virtual avatars, and findings avatar effects on perspective 

(Müsseler et al., 2022; Surtees et al., 2013). It could be interesting in future studies 

to examine the impact of a virtual environment on perspective taking by 

manipulating the richness of this environment (e.g., an environment with no 

features vs an environment with features).  Finally, in the user experience 

evaluation, post-stroke individuals expressed a general positive impression on 

Peach test. These findings indicated that the Peach test was user-friendly and easily 

understandable, making it enjoyable to use. Furthermore, these findings endorsed 

the use of IVR with post-stroke individuals, suggesting that they may be receptive 

to incorporating such technology to their treatment plan.  

 

In Chapter 3, we developed and evaluated the feasibility of a second serious game 

in IVR. The test consisted of 6 levels of search tasks that assessed spatial attention 

and distractor inhibition (non-spatial attention). Participants were immersed in a 

simulation of a garden environment, in front a garden patch containing 24 

molehills. From these molehills, moles wearing different helmets appeared. The 

participants were required to hit on a target mole wearing a red miner’s helmet as 

fast as they could with a virtual hammer held in their hand (and controlled by the 

IVR hand controller). In the first three levels, the target mole appeared with 11, 17, 

then 23 moles wearing blue helmets, with half being miner’s helmets and the others 

being helmets with horns. In the latter three levels, the target mole appeared with 

11, 17, and 23 moles wearing blue miner’s helmets and red helmets with horns. 

The development of this serious game was based on the well-known visual search 

paradigm proposed by (Treisman & Gelade, 1980). This paradigm suggests that 

visual search is based on two processes. An automatic pre-attentive process 

involving parallel search, where the target is distinct from distractors by a single 

feature. This search was modelled in the first three levels of the serious game 

(single feature search levels). These levels were contrasted to a more effortful 

inhibition demand process involving a serial search. Here, the distractors differed 
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from the target by a conjunction of features (three levels of feature conjunction 

search) (Duncan & Humphreys, 1989; Treisman & Gelade, 1980). The use of IVR 

allowed us to measure response time, and action kinematic measures, and create an 

amusing test scenario narrative.  

 

The aim of this Chapter 3 was to evaluate the feasibility of the test, and whether 

our serious game would replicate previous findings based on simple stimuli. In 

addition, we examined the serial and parallel visual search effect on action 

kinematic measures (i.e., mean velocity and coefficient of variance of speed). We 

tested sixty healthy individuals who were instructed to perform the serious game 

with their dominant hand. Our results were in line with our hypothesis. The 

participants were slower (response time and mean velocity), and they showed 

higher action variance to the target presented in the last three levels (feature 

conjunction search), than in the first three levels (single feature search). They were 

also slower (response time and mean velocity) and showed high action variance 

with increasing numbers of distractors. When analysing the interaction between the 

two search types involved in the six levels and the number of distractors, we 

demonstrated that performance (i.e., response time, action velocity and variance) in 

the first three levels (singe feature search) were not modulated by the number of 

distractors. However, performance was significantly impacted by the increasing 

numbers of distractors in the last three levels (conjunction feature search), with RT 

and MV increasing and CV decreasing with increased distractor number (11, 17 

and 23 distractors). Regarding the laterality effect, as predicted, the participants did 

not show a difference in response time to a target presented in the contra- 

compared to ipsi-lateral space. However, their action velocity was slower and 

variance higher when the target was presented in the ipsi-lateral space compared to 

when it was presented in the contra-lateral space. 

 

Chapter 4 was an extension of Chapter 3, with the aim of further evaluating the 

newly developed REASmash IVR serious game. The objective was to assess its 

psychometric properties and user experience.  We replicated the findings of 

Chapter 2 with a new group of healthy controls. Based on their performance, we 

established norms against which we compared the results of nine post-stroke 

individuals previously diagnosed with hemineglect. This normative analysis 

yielded significant effects for combinations of the independent variables. 
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Interestingly, there appeared to be little correspondence between spatial and 

distractor inhibition variables. However, studies based on more robust statistical 

analysis and a larger sample of acute post-stroke individuals with hemineglect are 

needed to verify these results.  

 

We tested the validity of REASmash by comparing the performance of a group 

post-stroke individuals (with and without hemineglect) to their performance on two 

standardized tests (i.e. OCS Broken hearts sub-test (Demeyere et al., 2015), and 

TAP visual search sub-test (Zimmermann & Fimm, 2004)). The analysis showed a 

non-significant correlation for omission asymmetry, explained by low rate of 

omissions in REASmash and the two standardized tests. The analyses also showed 

a significant moderate correlation between the REASmash RT and OCS omissions 

sub-test. We also analysed the reliability with a sub-sample of the control group, 

which demonstrated excellent results for response time and coefficient of variation, 

and moderate results for mean velocity. However, the results for omissions were 

poor, likely caused by the low rate of omissions. We computed the minimal 

detectable change for future use, and investigated absolute reliability using Bland-

Altman plots, suggesting that the measures across the two testing sessions were 

interchangeable. Although these results were positive, we proposed that a larger 

sample of post-stroke individuals is needed to improve the validity and reliability 

results. Finally, we evaluated the user experience of REASmash with the post-

stroke individuals. The results suggested an overall positive impression. The post-

stroke individuals seemed to enjoy REASmash and find it clear to understand and 

interact with. To conclude, the REASmash offers a new possibility to assess spatial 

attention and non-spatial attention (i.e. distractors inhibition) simultaneously in a 

motivating fun environment, with precise and standardised measures of response 

time, response accuracy, and action kinematics. 

 

In Chapter 5, we used REASmash to investigated whether post-stroke individuals 

with upper limb hemiparesis had non-spatial attention (i.e. distractor inhibition) 

impairments. For this, we tested a group of post-stroke individuals with 

hemiparesis and a group of age-matched healthy controls. We hypothesized that the 

results would replicate the visual search paradigm (Ajana et al., 2023; Treisman & 

Gelade, 1980). Additionally, we predicted an interaction between groups and 

search levels, with post-stroke individuals compared to controls individuals 
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expected to exhibit a larger disparity in response time in feature conjunction search 

than in single feature search. The results followed our hypotheses, demonstrated by 

a replication of the visual search paradigm effects (Treisman & Gelade, 1980), and 

that post-stroke individuals relative to control individuals were slower (response 

time and action velocity), and showed higher action variance to the target presented 

in the last three levels (feature conjunction search), compared the first three levels 

(single feature search). Moreover, the performance of the participants was 

impacted by increasing numbers of distractors, specifically in the three last levels 

(feature conjunction search), compared to the three first levels (single feature 

search). An analysis of contrasts between the performance of the two groups 

demonstrated that post-stroke individuals were particularly slower than controls. 

This finding suggested a non-spatial attention (i.e. distractors inhibition) 

impairment in a group of post-stroke individuals who were not diagnosed with 

cognitive impairments. This study provides evidence that post-stroke individuals 

without overt cognitive impairments and with no clinical evaluation of cognition 

can experience cognitive impairments that are subtle, but can have a significant 

impact on the everyday-life functioning.  

 

To sum up, the focus of this thesis was the development of IVR serious games for 

neuropsychological assessment. In Chapter 2, we introduced a new serious game 

based on a new approach for the assessment of HN. Although the results did not 

support our predictions (specifically, the presence of avatar had no influence on 

perspective taking in HN), this study showed an excellent IVR usability. Chapters 

3, 4 and 5 were centred around the second serious game, evaluating feasibility 

(Chapter 3), validity, reliability and user experience (Chapter 4) and an 

investigation of distractor inhibition within post-stroke individuals with 

hemiparesis (Chapter 5). 

 

2. Objectives of the thesis 

 

2.1  Enhancing the quality of neuropsychological 

assessment 

 
As exposed in Chapter 1 (General Introduction) of this thesis, neuropsychology 

assessment is adapting to technological transformation. Today, this technological 
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progress is expected to address the limitations of the traditional neuropsychological 

paper and pencil tests. These testes have been criticized for their lack of sensitivity 

in detecting the complexity of cognitive functioning in the real-world (Horowitz et 

al., 2019; Treviño et al., 2021). Furthermore, they have shown poor ecological 

validity and reliability (Howieson, 2019), and some tests lack theorical 

conceptualisation or are based on out-dated paradigms (Kessels, 2019; Parsons, 

2016). In addition, these tests have been criticized for their perceived monotony 

and lack of engagement, leading to the notion that they are tedious (Cerrato & 

Ponticorvo, 2017). 

 

In this thesis, we developed two IVR serious games. They were based on distinct 

theoretical models. In Chapter 2, we developed the Peach test, which offers an 

assessment of spatial attention in the contra- versus ipsi-lateral space, and in peri- 

versus extra-personal space. Although other aspects of the test did not work as 

predicted (i.e. the manipulation of avatars), it should be noted that the spatial 

assessment brings novelty to neuropsychology assessment. Notably, the capacity to 

systematically contrast peri- and extra-personal spaces for the evaluation of 

lateralized spatial attention. Traditional paper-and-pencil tests, commonly used in 

the assessment of spatial attention, are mostly limited to responses made in peri-

personal space (Grattan & Woodbury, 2017a; Plummer et al., 2003). This 

constraint extends to the applications of IVR in HN assessment, all which evaluate 

responses to stimuli presented in the peri-personal space (e.g., (Jannink et al., 2009; 

Kim et al., 2011; Knobel et al., 2020)). Very few studies have investigated the 

effects of hemineglect to stimuli presented in extra-personal space (e.g., (Kim et 

al., 2010; Ogourtsova et al., 2018)). To our knowledge, there is only one study 

using IVR that proposes a systematic evaluation of responses to stimuli presented 

in both the peri- and extra-personal spaces (Perez-Marcos et al., 2023). This IVR- 

assessment test consists of four visual search tasks implemented in a forest 

simulation. Users of the test are requested to find different targets at three different 

distance ranges from their viewpoint. They tested their multi-level test with a group 

of healthy individuals and reported test feasibility and usability (Perez-Marcos et 

al., 2023). 

 

In Chapter 3, we developed the REASmash that allows the evaluation of spatial 

and non-spatial attention (i.e. distractors inhibition). It involved a search task 

requiring a direct-action response to the stimuli, allowing us to measure response 
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accuracy, response time, and action kinematics (Omowonuola et al., 2022; Wilson 

& Soranzo, 2015). These measures will provide a deeper understanding of the 

cognitive behaviour of the users, as well as increase diagnosis sensitivity. Both the 

Peach test and the REASmash were designed to be engaging, featuring a fun 

scenario that was set in familiar three-dimensional environments (i.e. a kitchen and 

a garden). The efficacy of serious games has been proven, as they offer challenging 

and fun gameplay experiences that encourages and motivates the users to perform 

at their best (Jenkins et al., 2009; Shute & Rahimi, 2017).  

 

Across this thesis, we evaluated user experience using the User Experience 

Questionnaire (Laugwitz et al., 2008a). We showed that participants had an overall 

positive experience using both the Peach test and REASmash serious. These results 

could be considered as evidence that post-stroke individuals had good acceptance 

of IVR serious games (Morelli et al., 2022; Rose et al., 2018; Specht et al., 2021). 

In both of our serious games, the perspicuity dimension received the highest score. 

This dimension refers to how clear the serious game appears and how easily one 

can comprehend the objectives and functioning (Laugwitz et al., 2008a). It is 

related to general usability, or the “pragmatic” quality of the serious game, which 

addresses the users need for control and security over their interactions with an 

interface (Hassenzahl, 2001).  

 

When we created the serious games, we considered usability. In both games, a 

simple storyline was developed. This was introduced using clear multimodal 

instructions (oral and written). This meets Bastien and Scapin (1993) ergonomic 

criteria guidance, that requires setting up a means to orient and instruct users 

throughout their interactions with the interface. Minimal actions were required to 

interact with the interface, and these actions were consistent throughout the game. 

Users were only required to use one button to interact with the interface, and 

perform two actions (i.e., the fixation task before each trial, and then during the 

trial, to find the target). This met brevity and consistency ergonomic criteria of 

Bastien and Scapin (1993). They respectively refer to the goal of limiting the 

number of action steps, and providing coherent and stable commands and 

procedures in the interface (Bastien & Scapin, 1993). Another design strategy 

implemented to ensure good serious games usability was related to the multimodal 

feedback received through the game to validate action responses (e.g., change in 
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colour for the fixation task). This is in line with the immediate feedback ergonomic 

criteria of Bastien and Scapin (1993), which concerns a system capacity to provide 

fast and appropriate responses to user actions.  

 

The user experience evaluation of both serious games presented in this thesis 

yielded a relatively low score for dependability (low compared to the other 

dimensions). Dependability refers to the predictability of interactions and a sense 

of control over them (Laugwitz et al., 2008a). It is considered as a usability 

criterion. Bastien and Scapin (1993) suggest that in order to achieve efficient and 

effective interactions, users should always be in control of a system (e.g., being 

able to interrupt, pause and/or continue). This control existed within our serious 

games. However, the experimental context, in which they were evaluated, they 

could not use actions. Future research could explore these interactions and 

determine whether increased user control has consequences for diagnostic 

accuracy. Using a comprehensive user and game experience protocols allow users’ 

to evaluate the usability and playfulness of serious games, and should be 

systematically evaluated for all test developments.  

 

Chapters 3 and 4 provided feasibility and validity results for the REASmash. These 

studies evaluated the psychometric properties of the test and established 

standardized quality. This vital step ensures the comparability and reliability of 

REASmash. A validation process is important as it enhances the accuracy and 

usefulness of new tests contributing to the improvement of neuropsychological 

assessment, leading to increased understanding of patient conditions, and more 

informed decision-making regarding the treatment plans (Barr, 2001; Franzen, 

2013).  

 

The results for the evaluation of validity and reliability in this thesis could be 

improved. We evaluated the concurrent validity of REASmash and showed 

correlation, but as explained in the discussion of Chapter 4, this effect could be 

related to the absence of omissions data. Future studies should reinvestigate this 

psychometric component with a larger sample of participants with chronic 

hemineglect. Our results also showed good reliability. We used the test-retest 

method on four variable measurements (RT, MV, CV, and omissions), and 

obtained an ICC = 0.02 – 0.86 (the lowest ICC was for omission, and highest was 
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for RT). It has been shown that neuropsychology tests with good to high test-retest 

reliability typically range by ICC = 0.70 – 0.90 (Bird et al., 2003). It is important to 

show a good test-retest reliability as it indicates that the test has minimal 

measurements error related to random variance (Anastasi & Urbina, 1997). This 

increases the likelihood of obtaining the same scores over multiple administrations 

of the test, supporting use as longitudinal measure of cognitive performance 

(Morrison et al., 2015; Sherman et al., 2011).  Future studies should investigate 

reliability with a large sample of cognitively impaired individuals. 

 

In this thesis, the sensitivity and specificity of the serious game was not 

investigated. Future studies, should examine these factors to ensure that the tests 

can accurately discriminate individuals with impairment from the individuals 

without impairment (Lezak, 1995; Urbina, 2014). Sensitivity and specificity 

depend on the cut-off value above or below which the test defines the diagnostic 

criteria (the individual succeeds the test versus they fail the test). They are 

computed as follows: sensitivity = number of true positives (individuals with an 

impairment who fail the test) / (number of true positives + number of false 

negatives; control individuals who fail the test); and specificity = number of true 

negatives (controls who succeed the test) / (number of true negatives + number of 

false positives; controls who fail the test) (Chu, 1999; Swift et al., 2020). For a test 

to be accurate, it needs to show high sensitivity and specificity. High sensitivity in 

a test can be obtained when the number of false negatives is low.  

It is primordial to correctly identify individuals with impairment (here, post-

stroke). As discussed in Chapter 5, undiagnosed cognitive impairments may have 

heavy consequences on the efficacy of recovery. When decreasing the number of 

false positives, a high specificity can be reached. This ensures that a test is not 

going to identify individuals without impairment as if they do have an impairment 

(Glaros & Kline, 1988). 

 

While it is desirable to have high sensitivity and specificity in a test, there is a 

statistically trade-off between the two that results in one increasing when the other 

decreases (Chu, 1999). In the context of post-stroke neuropsychological 

assessment, setting up a low threshold for positive test results (i.e., maximizing 

sensitivity), could result in identifying a large sample of cases that include false 
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positives. This means that it is less likely to miss a case with an impairment. 

However, individuals without the impairment might be wrongfully diagnosed.  

 

2.2  New insights into the understanding of post-stroke 

cognitive impairments  

 

 
Stroke leads to a range of complex impairments affecting cognitive, sensorial, and 

motor functioning (Leśniak et al., 2008; Robert Teasell & Hussein, 2016). 

Cognitive functioning impairments post-stroke can be diverse and vary in severity 

(Danovska & Peychinska, 2012; Vakhnina et al., 2009). They require a thorough 

assessment that lead to effective treatment plans. Failure to perform detailed 

assessments can have serious repercussions on recovery and every-day life 

functioning (Cumming et al., 2013; Mercier et al., 2001). 

 

Spatial attention functioning is considered one of the most affected cognitive 

processes post-stroke (Hyndman & Ashburn, 2003; Hyndman et al., 2008; 

Stapleton et al., 2001). Impairments in spatial attention can lead to the development 

of a complex syndrome known as hemineglect (Heilman et al., 1994). It is typically 

characterized within an egocentric frame of reference, whereby the spatial location 

of a stimulus is coded relative to oneself (Calvanio et al., 1987; Driver & Pouget, 

2000). However, when another person is present, a shift in this frame of reference 

can occur (Kampis & Southgate, 2020; Zaehle et al., 2007). This shift prompts a 

spontaneous perspective-taking process, allowing for the representation of stimuli 

from the other person's viewpoint (Tversky & Hard, 2009). In Chapter 2, we 

investigated this shift of frame of reference in a group of healthy controls and a 

group of post-stroke individuals. The participants performed the Peach test in three 

randomized conditions, where they had to interact with two avatars. Our findings 

were not conclusive and did not support our hypotheses. More testing is needed to 

understand if the presence of an avatar can provoke a change in perspective. 

Despite this null finding, as discussed above, we demonstrated that the IVR Peach 

test brings value in providing an experimental tool to investigate complex real-

world peri- and extra-personal lateralized target search interactions.  
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Stroke can result in subtle impairments that may be less apparent and easily 

overlooked, leading to potential underdiagnosis (Montero-Odasso et al., 2018). 

Currently, the more noticeable and visible impairments that follow from a stroke, 

such as motor or speech difficulties, frequently receive immediate attention, in 

comparison to hidden cognitive impairments, such as distractor inhibition (Einstad 

et al., 2021). In Chapter 5, we used the REASmash to examine the presence of 

distractor inhibition impairments in post-stroke individuals with hemiparesis, who 

had not been diagnosed with any cognitive impairment. Our analysis revealed that 

these post-stroke individuals may have distractor inhibition impairments. These 

results contribute to the abundant literature that suggests an association between 

cognitive and motor functioning. As cognitive functioning plays a fundamental role 

in motor recovery, diagnosis of inhibition function is likely important for planning 

neurorehabilitation (Chan et al., 2006; Hummel et al., 2002; Mooney et al., 2020). 

In Chapter 4, we emphasized the significance of a systematic screening for 

cognitive impairments and subsequent comprehensive neuropsychological 

assessment following a stroke. This recommended procedure aims to minimize the 

risk of overlooking cognitive impairments, that can have a substantial impact on 

rehabilitation outcomes and social integration. By implementing a thorough 

evaluation process, healthcare professionals can ensure early detection and 

appropriate management of cognitive impairments, thereby enhancing the overall 

effectiveness of rehabilitation and promoting better social inclusion for stroke 

survivors. 

 

To conclude, we developed two novel IVR serious games, the Peach test and the 

REASmash, for neuropsychological assessment. These serious games were 

developed to address some of the limitations of traditional paper and pencil 

assessment tests. As part of our research, we conducted a validation study for the 

REASmash, with the objective of evaluating its psychometric properties. The 

purpose of this validation process was to enhance the accuracy and reliability of the 

assessment measurements provided by REASmash. In the following section, we 

will explore the potential advancements of IVR serious games.  

 

3. Limitations and perspectives of the thesis 
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This thesis is a contribution to the advancement of neuropsychological assessment 

and understanding of post-stroke cognitive impairments. By using IVR, serious 

games, and theoretical conceptualisation, we developed two novel IVR serious 

games. These tests assess specific components of cognitive impairments through 

the measure of response accuracy, response time, and action kinematic measures.  

 

We investigated the feasibility and validity of these newly developed IVR serious 

games with a group of control individuals and post-stroke individuals. The size and 

composition of the post-stroke samples could be considered as the major limitation 

of this thesis. Indeed, we could only obtain a limited sample of post-stroke 

individuals, none showing current hemineglect on standard clinical tests. This was 

problematic insofar that it impacted the statistical power and size effect. Future 

studies should include a large sample of post-stroke individuals that show 

hemineglect at the time of testing. This is needed to validate the IVR-based serious 

games presented here.  

 

Newly developed tests based on technological advances may bring many 

advantages to neuropsychological assessment practices, but they must prove their 

validity and reliability, as these psychometric components are fundamental to 

establish their clinical relevance (Barr, 2001; Howieson, 2019; Sherman et al., 

2011). Moreover, they should include demographic adjusted norms that could yield 

adequate diagnosis (Diaz-Orueta et al., 2020). Here, we presented norms for 

REASmash, but they need to be pooled from a larger demographically diverse 

sample (Strauss et al., 2006).  

 

Another limitation of the thesis is related to the ecological validity. We proposed 

new tests in rich virtual environments. However, we did not investigate the 

ecological validity of these tests. It would be important in future studies to examine 

this by testing the similarity between these tests and a real-world setting that 

require the same functions of the tests. This approach to ecological validity is 

termed verisimilitude, and it refers to the likeliness between the requirements of a 

tests and a real-world environment (Chaytor & Schmitter-Edgecombe, 2004; 

Franzen & Wilhelm, 1996). 
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Statistical analysis performed in this thesis was another limitation in this thesis.  

Repeated measures analysis of variance was perfomed on datasets, from which 

outliers were removed, using a normal distribution method. While this confidence 

interval method to remove outliers is an acceptable practice in the field, it is 

possible that better statistical methods exist for contrasting clinical participants 

with control participants. Future studies should concider the use of alternative 

statistics. For example, linear mixed models could be used after logarithmic 

transfarmation if data show non-normal distributions. This method is less sensitive 

to missing data (Krueger & Tian, 2004; Meert et al., 2010; Schober & Vetter, 

2021) and perhaps more appropriate for the present data. 

 

An additional limitation in this thesis could be related to the technology. 

Neuropsychological assessment can benefit greatly from IVR, as presented in the 

General Introduction (Chapter 1). However, the limited field of view of current 

IVR technology may constrain the effectiveness and accuracy of spatial search 

tasks (Kruijff et al., 2018; Ragan et al., 2015). It has been shown that reduced field 

of view leads reduces error rate (i.e., more participants successfully find the target) 

(Butkiewicz & Stevens, 2020; Cao et al., 2008; Grinyer & Teather, 2022). This 

factor could compromise the sensitivity of IVR-based search tasks used for the 

diagnosis of hemineglect, insofar as these tasks may fail to differentiate between 

individuals with a spatial attention impairment from controls.  

 

While engaging with both of the serious games presented, individuals were 

interacting with the dynamic environment through the performance of upper limb 

movements. Therefore, the extraction of action kinematics provided valuable 

insights and sensitive measures to characterize cognitive impairments. Similarly, 

other behavioural and physiological sensors could be integrated to VR systems to 

further enhance the effectiveness of these tests, such as eye tracking. By combining 

multiple assessment modalities, more comprehensive and precise data can be 

gathered to explain the cognitive functioning. Eye tracking is recognized as a 

reliable and established technique for studying cognition (Burch et al., 2015; Kiefer 

et al., 2017). By analysing visual attention and gaze patterns, eye tracking offers 

valuable insights into cognitive processes (Duchowski et al., 2000). The progress 

made on small and high-quality camera technology, developed initially for devices 

like smartphones, made it possible to integrate eye tracking into IVR headsets 
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(Anderson et al., 2023; Clay et al., 2019). In fact, several headsets with integrated 

eye trackers are already commercially available (e.g. TC Vive Pro Eye, 

PlayStation®VR2, Pico Neo 3 Pro Eye). This integrative technology allows 

efficient and precise monitoring of gaze dynamics and cognitive functioning during 

free-viewing of naturalistic environments (Lutz et al., 2017; Meißner et al., 2019).  

 

There is a growing body of research interested in the applications of eye trackers 

integrated to IVR for neuropsychological assessment (Kaiser et al., 2022b; 

Pettersson et al., 2018). Notably, a study conducted by Hougaard et al. (2021) 

examined the potential use of eye tracking integrated to IVR in assessing 

hemineglect across different body midlines (i.e. egocentric midlines of body, head, 

and eyes, and allocentric midlines of objects). They have demonstrated that the 

measures captured through this integrative technology, notably gaze-asymmetry, 

have the potential to detect sensitive sub-types of hemineglect (Hougaard et al., 

2021). 

 

The combination of electroencephalography (EEG) and IVR, also offer exciting 

possibilities for enhancing the quality of neuropsychological assessment and 

advancing the understanding of cognitive processes (Muñoz et al., 2022; Pezzetta 

et al., 2023; Tan et al., 2021). EEG allows non-invasive, real-time measurement of 

brain activity with high temporal resolution (Ladouce et al., 2021). EEG is a well-

established neuroimaging research method which has been extensively applied to 

the study of neurological conditions in clinical settings (Askamp & van Putten, 

2014; Jaiswal et al., 2010; Lau-Zhu et al., 2019; Saj et al., 2021). The signals 

recorded by surface EEG reflect the firing of large neuronal populations. The 

temporal, spectral and spatial features of this data has shown to provide insightful 

information about the cognitive processes associated with cognitive (dys)functions. 

The main pitfalls of EEG (and other neuroimaging research methods) lie in their 

reliance on the acquisition of multiple trials (implying the presentation of artificial 

stimuli through computerized paradigms and the performance of prototypical 

responses by the participants) to reach sufficient signal-to-noise ratio and ensure 

the interpretability of the data. As a consequence, the application of neuroimaging 

techniques to study everyday-life behaviours and gain insight on embodied aspects 

of human cognition has been hindered. The recording of brain activity during the 

performance of an IVR assessment task, however, holds great promises to address 
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the aforementioned issues. Indeed, IVR, while simulating a scenario relatively 

close to a day-to-day activity, provides a semi-structured experimental paradigm 

upon which researchers have complete control and access to precise information 

regarding experimental events which is a non-trivial requirement for the extraction 

and analysis of EEG data.  Applied to hemineglect research, this joint approach 

could lead to novel insights into cognitive behaviour. By combining EEG with 

IVR, the assessment process can be automated and refined. These physiological 

measures can inform the system of the user cognitive state and alter adaptively the 

environment to probe cognitive processes more precisely. Moreover, such a closed-

loop design could provide the users with real-time feedback that could be displayed 

or expressed under various forms within the virtual environment. This integration 

not only enhances repeatability but also provides the advantages of real-time 

monitoring and analysis for a more efficient and accurate neuropsychological 

assessment.(Khalaf et al., 2018; Wen et al., 2018). It can be argued that the 

combination of engaging tasks taking place in immersive environments whose 

aspects adapt to the individuals’ performance, cognitive and physical states while 

providing feedback has important potential for the design of effective assessment 

and rehabilitation approaches for post-stroke cognitive impairments.  

 

Building upon this thesis, future research projects will aim to enhance REASmash 

by integrating it into a headset equipped with an eye tracker. This integration is 

intended to delve deeper into the cognitive behaviour of post-stroke individuals. By 

incorporating measures such as response accuracy, response time, action 

kinematics, as well as head and gaze tracking, we aim to gain a comprehensive 

understanding of their cognitive functioning and performance. 
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Conclusion 

 

 

In conclusion, the field of neuropsychological assessment have been encountering 

various obstacles related to technology, psychometrics, and conceptual aspects. 

Researchers and clinicians are actively working to overcome these challenges, as 

they acknowledge the importance of a sensitive and accurate assessment. Indeed, 

neglecting this step can have serious consequences on individuals’ recovery and 

social integration. 

 

The objective of this thesis is to make a meaningful contribution to the ongoing 

efforts directed towards the improvement of neuropsychological assessment 

quality. Additionally, we aimed to bring new insights to the understanding of post-

stroke cognitive impairments. Firstly, we proposed a serious game in IVR, 

developed for the assessment of hemineglect in contra- versus ipsi-lateral spaces 

and in peri- versus extra-personal spaces. This serious game was also developed to 

investigate the effect of perspective taking on the ego-centric frame of reference in 

hemineglect. Then, we introduced a second serious game in IVR developed for the 

assessment of spatial and non-spatial attention, that have been examined on a 

psychometric level against a group chronic post-stroke individuals and healthy 

controls. Finally, we showed the usefulness of the latter serious game, by using it 

to enlarge the understanding of cognitive impairments post-stroke. 

 

This thesis provided evidence of the valuable role that IVR and serious game can 

fulfil in addressing the limitations of current neuropsychological assessment 

approaches. It also highlighted the significance of a development process based on 

a theoretical conceptualization. However, it is important to acknowledge that this 

alone may not be enough for neuropsychological assessment to reach its maximum 

efficiency potential. 

 

In fact, a noticeable gap exists within the field of neuropsychology between 

scientific developments and their practical implementation in clinical settings. To 

bridge this gap, it is essential to establish an open and effective dialogue between 

clinicians and researchers/tests developers fostering collaboration to create and 

apply meaningful approaches for assessment. Moreover, it is important to include 
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clinicians, individuals with cognitive impairments and their caregivers in the 

developments of new technological tests, in order to ensure that the design of these 

devices are not only innovative but also practical and user-friendly, ultimately 

enhancing their usability and usefulness in real-world situations.  
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L’évaluation neuropsychologique a subi des changements significatifs 
en réponse aux critiques des tests papier-crayon. Ces critiques, qui 
portent sur l’effet d’entrainement et une faible validité écologique 

entre-autres, ont précipité l’adoption de nouvelles approches. Cette 
urgence est d’autant plus évidente dans le cadre de la prise en charge 
des troubles cognitifs chez des patients ayant survécu à un accident 
vasculaire cérébral. Ceci en raison de l’impact que l’évaluation initiale 

des troubles cognitifs peut avoir sur leur développement. De plus, ces 
méthodes traditionnelles ne parviennent pas à capturer la complexité 
du fonctionnement cognitif, comme dans le   cas d’une 
héminégligence. Les nouvelles technologies, telle que la réalité 
virtuelle immersive, sont une solution potentielle à ces limitations. 
Cette thèse a pour objectif de contribuer à l’amélioration de la qualité 
de l’évaluation neuropsychologique, et à la compréhension des 

troubles cognitifs dû à un accident vasculaire cérébral.  Deux 
nouveaux jeux sérieux en réalité immersive sont présentés dans cette 
thèse. Chacun de ces jeux a été conçu pour évaluer des composantes 
distinctes du fonctionnement cognitif. En outre, dans cette thèse la 
faisabilité, validité, et l’expérience utilisateur des deux jeux sérieux. 
Enfin, nous discutons les avantages et les limites de ces jeux sérieux, 

ainsi que les perspectives futures. 

 
 
Neuropsychological assessment has undergone significant changes in 
response to criticisms of paper and pencil tests. These criticisms 
include practice effects and poor ecological validity and have 
prompted a need for transformative approaches. This urgency 

becomes more evident in the context of measuring stroke individuals' 
performance changes during neurorehabilitation programs, where 
practice improvements can confound treatment outcomes. Moreover, 
these traditional methods fail to capture the complexity of cognitive 
functioning, such as hemineglect. New technologies, such as 
immersive virtual reality have the potential to address these 
limitations. This thesis aims to contribute to enhancing the quality of 

neuropsychological assessment, and to bring new insights into 
understanding post-stroke cognitive impairment. Throughout this 
thesis, two novel serious games in immersive virtual environments 

were introduced. Each of these games was designed to assess distinct 
components of cognitive functioning. Additionally, this thesis 
investigated the feasibility, validity, and user experience for the two 
serious games. Finally, the advantages and limitations of our serious 

games, as well future perspectives are discussed. 
 


