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Summary 

Stroke frequently results in attentional impairments that limit functional 

recovery. Although virtual reality and serious games have shown potential 

for cognitive assessment and rehabilitation, current approaches remain 

limited in their ability to characterize underlying attentional processes and 

to individualize rehabilitation. This thesis presents the development of the 

REAsmash framework to improve the assessment and rehabilitation of post-

stroke spatial and non-spatial attentional impairments using extended reality 

technologies. Across four studies, REAsmash evolved from a serious game 

assessing spatial attention and distractor inhibition to an integrated 

framework combining immersive virtual reality, eye-tracking, upper-limb 

kinematics, and adaptive rehabilitation through a theory-driven dynamic 

difficulty adjustment algorithm. Overall, this work supports the feasibility of 

using XR technologies to provide more sensitive assessment and 

individualized cognitive rehabilitation following stroke.  

Résumé 

Les accidents vasculaires cérébraux (AVC) entraînent fréquemment des 

troubles attentionnels limitant la récupération fonctionnelle. Bien que la 

réalité virtuelle et les jeux sérieux aient montré un potentiel pour 

l’évaluation et la rééducation cognitives, les approches actuelles restent 

limitées dans leur capacité à caractériser les processus attentionnels sous-

jacents et à individualiser la rééducation. Cette thèse présente le 

développement du projet REAsmash afin d’améliorer l’évaluation et la 

rééducation des troubles attentionnels spatiaux et non spatiaux après AVC à 

l’aide des technologies de réalité étendue. Au travers de quatre études, 

REAsmash a évolué d’un jeu sérieux évaluant l’attention spatiale et 

l’inhibition des distracteurs vers un instrument intégré combinant réalité 

virtuelle immersive, suivi oculaire, cinématique du membre supérieur et 

rééducation adaptative. Dans son ensemble, ce travail démontre la faisabilité 

d’utiliser les technologies XR pour offrir une évaluation plus sensible et une 

rééducation cognitive individualisée après AVC.  
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Chapter 1 - General Introduction 

 

General Introduction 

Stroke 

Approximately 80 million individuals worldwide live with the consequences 

of stroke, a leading cause of long-term disability in developed countries, and 

ranking among the top causes of disability-adjusted life years globally1,2. In 

the last decade(s), predictions have been made for a 35% increase in 

prevalence by 20303,4 (relative to 1990 and 2020). These projections have 

further reinforced the need for research on stroke, including the 

development of innovative approaches to diagnosis and neurorehabilitation.  

Following stroke, spontaneous recovery occurs, driven by mechanisms of 

cerebral plasticity5. This process of spontaneous recovery is most 

pronounced during the early post-stroke phase and tends to decrease over 

time with a plateau reached between 6 months and one year after the stroke 

onset6,7. Accordingly, intensive rehabilitation is recommended as early as 

possible after stroke to capitalize on this recovery process, and further, it is 

recommended that rehabilitation should be tailored to the individual 

patient’s profile of impairments to support neuroplasticity and maximize 

recovery8. However, despite these recommendations, rehabilitation 

pathways remain heterogeneous across clinical settings, and ensuring a 

comprehensive, individualized, and needs-oriented approach continues to 

represent a major challenge, even in high-income healthcare systems9,10. 

In clinical practice, rehabilitation pathways tend to be primarily structured 

around motor recovery11. This focus is justified, as motor impairments are 

the most frequent, readily observable and quantifiable, and directly linked to 

autonomy12. However, recovery of motor function alone does not 

necessarily predict effective functioning in real-world daily life13. Many 
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stroke survivors who regain satisfactory strength, articular range of motion, 

balance, and gait, may still experience disabling difficulties in everyday 

situations13. These difficulties include locating objects, interacting 

efficiently with multiple elements, navigating space, or completing goal-

directed actions in dynamic contexts14. Such difficulties are particularly 

evident in situations requiring the integration of perception, attention, and 

action15. Stroke survivors may also experience difficulties in socially 

complex environments (e.g., crowded or new places) or during cognitively 

demanding activities, such as interacting with multiple individuals 

simultaneously16. These persistent limitations, largely related to cognitive 

impairments, can lead to frustration, reduced participation, and social 

isolation further compromising quality of life17,18. 

Among cognitive impairments, attentional dysfunctions play a central role 

in recovery, as they influence the selection and integration of sensory 

information, thereby shaping how individuals explore, interpret, and 

respond to their environment14. As a result, attentional impairments affect 

motor performance, motor learning, and social interaction, and may explain 

why rehabilitation strategies focused solely on motor recovery often fail to 

address key determinants of functional recovery16,18,19. 

Spatial attention and distractor inhibition  

Unilateral Spatial Neglect (USN) is one of the most frequent and disabling 

cognitive consequences of stroke, particularly following right hemisphere 

lesions20,21. It is consistently associated with longer rehabilitation stays, 

poorer functional outcomes, and reduced independence20.  

USN is classically defined as a failure to report, respond, or orient to stimuli 

presented in contralesional space, which cannot be explained by primary 

sensory or motor deficits21. Although USN is frequently referred to as a 

single clinical syndrome in the literature, it encompasses multiple partially 

dissociable clinical subtypes. From a behavioral perspective, USN may be 

classified as perceptual, motor, or representational22. Perceptual USN refers 

to reduced awareness of contralesional stimuli in space or the contralesional 
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side of stimuli (egocentric versus allocentric perceptual USN) despite 

preserved primary visual sensory functions. Motor USN is characterized by 

reduced spontaneous use of the contralesional limb or reduced exploration 

and motor kinematic misreaching to objects in contralesional space despite 

being able to see the target object and having relatively preserved motor 

capacity that cannot explain the motor impairments23. Representational USN 

reflects contralesional impairments in processing of internally generated 

mental representations, indicating that USN may affect both perceived and 

imagined (remembered) space24. 

USN can also be classified according to the spatial domain involved, 

affecting personal space (the patient's own body), peripersonal space (within 

reaching distance), or extrapersonal space (beyond arm's reach)22. These 

manifestations may occur independently or coexist within the same 

individual, reflecting the multidimensional nature of the syndrome22. 

Furthermore, the severity and clinical presentation of USN also depend on 

the location and extent of the brain lesion, as different components of the 

attentional network and their white matter connections may be selectively 

disrupted25. Among these manifestations, peripersonal visual neglect is the 

most extensively investigated subtype22,25 and constitutes the primary focus 

of the present thesis. Focusing on a single, well-defined subtype also 

provides a methodological advantage by reducing the heterogeneity 

associated with different manifestations of USN, thereby enabling a more 

controlled investigation of the relationship between spatial attention deficits 

and inhibitory dysfunction. However, this approach also limits the 

generalizability of the findings. Consequently, the results presented in this 

thesis cannot be assumed to extend to other forms of neglect, such as 

personal or extrapersonal neglect, and future studies will be required to 

determine whether similar patterns of inhibitory impairment are observed 

across these subtypes. USN has been interpreted through several 

complementary theoretical frameworks that explain different aspects of the 

syndrome. Rather than representing competing hypotheses, these models 

describe neglect at different levels, ranging from cognitive mechanisms of 

attentional orienting to hemispheric specialization and large-scale brain 

networks. 
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Posner's attentional orienting model conceptualizes attention as a sequence 

of three operations: (1) disengaging attention from a current location of 

focus; (2) shifting attention to a new location, and; (3) engaging attention to 

the selected new location26,27. Within this framework, USN has been largely 

interpreted as a deficit in disengaging attention from ipsilesional stimuli, 

leading delayed orienting of attention towards contralesional space and 

causing the characteristic slowness to attend to locations in contralesional 

space26,27. 

Heilman's hemispheric activation model proposes that the right hemisphere 

of the brain plays a dominant role in directing attention toward both sides of 

space, whereas the left hemisphere of the brain primarily directs attention 

towards contralateral hemispace21. Consequently, right hemisphere lesions 

produce an imbalance in hemispheric attentional control, resulting in 

reduced allocation of attentional resources toward contralesional space21. 

This model further emphasizes that USN extends beyond perceptual 

deficits, affecting both the selection of sensory information and the 

preparation of actions directed toward contralesional stimuli21. 

More recently, Corbetta and Shulman proposed a network-based model in 

which visuospatial attention emerges from the interaction between the 

dorsal attention network, responsible for goal-directed attentional orienting, 

and the ventral attention network, involved in stimulus-driven reorienting 

toward behaviorally relevant events28. According to this account, right 

hemisphere damage disrupts the functional balance between these networks, 

impairing attentional reorienting toward contralesional stimuli and 

contributing to the ipsilesional attentional bias observed in USN28. 

Together, these complementary theories that explain the mechanisms 

underlying the behavioural observations of USN may support the view that 

USN is not a unitary disorder but the consequence of interacting 

impairments affecting attentional orienting, hemispheric attentional control, 

and large-scale attentional networks29. 

USN is classically assessed using standardized paper-and-pencil 
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neuropsychological tests such as cancellation tasks (e.g., the Bells Test30, the 

Broken Hearts Test31), line bisection32 and copying or drawing33. These tests 

capture spatial asymmetries using simplified and static stimuli conditions, 

identifying USN through lateralized omissions or biases in responses33. 

Computerized cognitive assessments extend paper-and-pencil tests by 

providing additional measures of processing speed, typically revealing 

lateralized differences in the time taken to respond to stimuli in 

contralesional relative to ipsilesional space33.  

Gold-standard cancellation and computerized tests for spatial attention share 

the common feature of presenting spatial targets among distractor stimuli 

that compete for attentional resources34–36. The presence of distractors 

increases the sensitivity of these tests to spatial attentional deficits, as the 

successful identification of a target requires the inhibition of distracting 

stimuli37. Although routinely used in clinical settings by neuropsychologists, 

these tests have limited motivational appeal, which may increase response 

variability, particularly in fatigued patients, and rely on simplified two-

dimensional stimuli that poorly reflect real-life interactions33,38. 

The relevance of distractor inhibition, a non-spatial component of attention, 

extends beyond the assessment of spatial attention and has been increasingly 

recognized as an important mechanism supporting goal-directed behavior37. 

During serial search, distractor inhibition enables the disengagement of 

attention from task-irrelevant stimuli and prevents attention from returning 

to previously inhibited distractors39–41. Impairments in this mechanism lead 

to increased attentional capture and inefficient visual exploration, thereby 

compromising goal-directed behavior42. Critically, clinical tools allowing 

systematic assessment of distractor inhibition during visual search remain 

limited43. Consequently, these impairments may be underrecognized, and 

their prevalence and functional impact remain insufficiently characterized 

among stroke survivors. 

A major issue in routine clinical practice is that attentional functions are not 

systematically integrated into the core of rehabilitation pathways44. While 

cognitive screening using the Mini-Mental State Examination (MMSE)45, 
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the Montreal Cognitive Assessment (MoCA)46 or Oxford Cognitive Screen 

(OCS)31 can identify preliminary cognitive impairments, there is often a 

lack of specialized personnel and organizational resources that can carry out 

comprehensive cognitive evaluation, even in developed healthcare 

systems47,48. As a result, the cognitive dimension of post-stroke impairment 

is often only partially characterized and considered in neurorehabilitation 

settings, which may negatively affect overall recovery48. 

Beyond the initial evaluation, comprehensive assessment should not be 

considered a static, one-time procedure, but rather a dynamic and iterative 

process aimed at capturing change, detecting residual deficits, and guiding 

therapeutic adjustments49. This is particularly relevant for cognitive 

functions, which are often less directly observable50. An assessment 

framework that is sensitive, repeatable, and applicable across motor and 

cognitive domains is therefore essential to support individualized and 

adaptive rehabilitation protocols. These limitations highlight the need for 

assessment approaches capable of capturing attentional processes under 

repeatable, controlled, and functionally relevant conditions. This perspective 

is consistent with recent clinical guidelines8,12, which emphasize the need 

for standardized, sensitive, and functionally relevant assessment strategies 

to guide individualized rehabilitation and monitor recovery trajectories. 

Serious games and virtual reality as assessment tools 

Serious games (SGs) are defined as interactive tasks designed with a 

primary purpose beyond entertainment51. By embedding task demands 

within structured and goal-directed activities, SGs can support engagement 

while preserving experimental control, thereby facilitating repeated and 

reliable assessment52–54. Within this context, virtual reality (VR) provides 

the technological basis for implementing such interactive tasks within 

controlled and flexible environments55. VR systems can be implemented at 

different levels of immersion56,57. Non-immersive VR, which is 

conceptually close to computerized testing, presents tasks on standard 

displays or interactive surfaces, allowing controlled stimulus presentation 

and precise measurement of performance57,58. In contrast, immersive VR 
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creates a surrounding three-dimensional environment, enabling interaction 

through natural head and body movements59 by employing Large Projection 

Systems (LPSs), Cave Automatic Virtual Environments (CAVEs) or Head-

Mounted Displays (HMDs)59. 

VR SG have been proposed as potential tools for delivering more effective, 

repeatable, and ecologically valid post-stroke assessment60,61. The use of VR 

SG allows the creation of interactive simulated environments in which task 

demands can be systematically manipulated52. In addition, VR SG 

approaches support the integration of complementary data streams, such as 

gaze and movement recordings, offering a more comprehensive 

characterization of cognitive functioning62–64. However, despite these 

potential new measures, currently, most SG approaches, including VR-based 

paradigms, rely primarily on behavioral outcomes such as omissions and 

response time, limiting the detail of understanding the underlying attentional 

processes. 

In the present thesis, these technologies were implemented within the 

REAsmash SG paradigm (using immersive and non-immersive VR) to 

enable controlled and flexible investigation of attentional processes within 

structured interactive environments. 

Beyond behavioral outcomes: Toward process-oriented assessment 

By capturing behavior at a finer level of granularity, VR SG enables a more 

detailed characterization of cognitive and motor processes55. In particular, 

eye movement and upper-limb kinematic recordings provide direct access to 

how individuals explore environments and interact with stimuli within 

environments60,65. 

Eye tracking (ET) provides continuous and objective measures of visual 

behavior by recording gaze position over time66. Core metrics include 

fixation location and duration, reflecting where and for how long attention is 

allocated, and saccadic movements reflect index shifts of attention across 

space67. In visual search tasks, these measures allow the reconstruction of 

exploration patterns, revealing how individuals select, prioritize, and revisit 
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stimuli within the environment65. 

The use of ET enables the investigation of attentional processes that are not 

accessible through reliance on the typical outcome measures of omissions 

and response time. For example, repeated fixations on the same stimulus 

may reflect difficulties in disengaging attention, while spatial biases in 

fixation distribution may indicate altered allocation of attention across the 

visual field68,69. In this way, ET provides a process-oriented characterization 

of attentional dynamics, with fixation-based metrics offering direct insight 

into mechanisms such as attentional selection, competition, and 

disengagement65. 

Importantly, the growing accessibility of commercially available VR 

hardware and software, including HMDs, largely driven by the gaming 

industry, has substantially reduced costs and technical barriers60. HMDs are 

wearable devices equipped with integrated displays and tracking 

technologies. In the present work, two distinct HMD configurations were 

employed: a commercially widespread standalone headset (Meta Quest 2® / 

Oculus Quest 2®) representative of the growing accessibility of immersive 

VR technologies, and a gaming-derived system (HTC Vive Pro Eye®) 

integrating embedded Tobii ET technology, enabling the acquisition of gaze-

based behavioral measures59. Their strong clinical utility relies on their 

portability, ease of use, and minimal setup requirements62–64. This 

convergence facilitates the development of scientifically rigorous and 

technically reliable tools with familiar interfaces, thereby enhancing their 

potential feasibility for clinical use59. However, although the number of 

studies on VR-based stroke rehabilitation is increasing, recent reviews 

indicate that the evidence remains heterogeneous and often limited by 

variable intervention designs, inconsistent outcome measures, and 

methodological weaknesses70. 

The role of immersion in cognitive processing 

The various VR configurations differ not only in their technological 

characteristics but also in the way users interact with the environment. Non-
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immersive VR systems provide a constrained and familiar interaction 

format, which may reduce task-irrelevant cognitive load and facilitate the 

isolation of cognitive processes57. This format is conceptually comparable to 

conventional assessments, where responses are typically limited to 

simplified actions such as marking targets with a pencil in paper-and-pencil 

tests or pressing a button in computerized tasks58. In contrast, immersive 

systems allow unrestricted exploration and direct interaction with three-

dimensional objects, enabling more naturalistic behavior that may be closer 

to real-world functioning57,59. 

Despite their increasing use, direct comparisons of identical task paradigms 

across different levels of VR immersion remain scarce58. Existing studies 

predominantly rely on behavioral outcomes obtained in either conventional 

tasks or virtual environments58. As a result, it remains unclear whether 

performance measures obtained in immersive and non-immersive VR 

environments can be directly compared, and whether the core characteristics 

of a given task are preserved across different implementations. 

Understanding how immersion influences outcomes is essential for both 

fundamental research and the development of clinically relevant tools. 

From assessment to adaptive cognitive rehabilitation 

A more precise and process-oriented characterization of attentional deficits 

raises the question of how such information can be used to guide 

rehabilitation. In this context, current rehabilitation approaches for USN are 

typically divided into bottom-up interventions, which act on sensorimotor 

processes, and top-down strategies, which rely on voluntary control of 

attention71. 

Given the heterogeneous clinical presentation of USN, multiple 

rehabilitation approaches have been developed targeting different cognitive 

and sensorimotor mechanisms. These interventions are commonly classified 

into relearning (restorative) approaches and compensatory approaches, the 

latter relying either on internal cognitive strategies or external aids to reduce 

spatial bias. 



Chapter 1 - General Introduction 

18 

Among relearning approaches, prism adaptation is one of the most 

extensively investigated interventions, as it relies on implicit sensorimotor 

recalibration driven by visuomotor error signals71. During the intervention, 

patients wear prism goggles that laterally shift the visual field while 

repeatedly performing visually guided pointing movements toward visual 

targets72. Initially, pointing errors occur in the direction of the optical shift, 

but repeated movements gradually reduce these errors through sensorimotor 

adaptation73. Once the prisms are removed, a compensatory after-effect is 

observed in the opposite direction, reflecting recalibration of visuomotor 

coordinates74–76. Although this adaptation is driven by low-level 

sensorimotor processes, its effects extend to higher-level spatial 

representations, contributing to a reduction of the pathological ipsilesional 

spatial bias characteristic of USN71. In recent years, it is one of the most 

extensively investigated rehabilitation approaches for USN and has 

consistently demonstrated short-term improvements on standardized 

neuropsychological assessments77,78. However, the mechanisms underlying 

these improvements and the extent to which they generalize to everyday 

activities remain subjects of ongoing investigation77. Relearning approaches 

also include paradigms based on repeated practice of goal-directed 

visuospatial exploration79. In these interventions, patients are repeatedly 

required to detect and identify visual targets while external cues, feedback, 

or task manipulations facilitate orienting toward contralesional space79,80. 

Through repeated exposure and practice, these paradigms aim to 

progressively recalibrate attentional allocation and reduce ipsilesional bias 

without relying primarily on explicit compensatory strategies80. REAsmash 

builds upon this rehabilitation principle by embedding these relearning 

mechanisms within an adaptive serious game that continuously 

individualizes task difficulty according to the patient's ongoing 

performance. 

Compensatory approaches based on internal strategies rely on the voluntary 

control of attention and the acquisition of compensatory strategies71. The 

most widely adopted intervention is visual scanning training, which 

encourages patients to systematically explore contralesional space through 

structured, task-specific exploration patterns71,81. Additional approaches 
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include self-cueing techniques, visual anchors, and body-related cues 

designed to facilitate intentional orienting toward neglected space71,81. 

Although these interventions can improve performance on trained tasks, 

particularly reading and paper-and-pencil assessments, transfer to more 

complex real-world activities remain variable and underinvestigated81. 

Several additional rehabilitation approaches have been investigated, each 

targeting different mechanisms contributing to USN. Limb activation 

therapy aims to increase spontaneous movements toward the contralesional 

side, thereby facilitating spatial orienting through sensorimotor 

activation80,82. Neck muscle vibration modulates proprioceptive input and is 

thought to transiently influence egocentric spatial representations80. 

Optokinetic stimulation seeks to reduce spatial bias by repeatedly inducing 

reflexive orienting toward the contralesional hemispace through moving 

visual stimuli80,83. More recently, non-invasive brain stimulation techniques, 

including repetitive transcranial magnetic stimulation and transcranial direct 

current stimulation, have been investigated to rebalance interhemispheric 

activity and improve attentional orienting84. While these approaches have 

demonstrated promising effects in selected patient populations, evidence 

remains heterogeneous, and no single intervention has consistently shown 

superiority across individuals85. 

Overall, relearning approaches constitute one of the principal rehabilitation 

strategies for USN and aim to restore more balanced patterns of attentional 

allocation through repeated, task-specific, and structured practice81. Despite 

encouraging clinical results, their implementation is often limited by 

relatively low training intensity, limited adaptability to individual 

performance, and reduced patient engagement over prolonged 

rehabilitation80. These limitations have stimulated growing interest in 

technology-assisted rehabilitation, particularly virtual reality and serious 

games, which provide controlled yet ecologically relevant environments 

capable of delivering intensive, standardized, and adaptive cognitive 

training86,87. Moreover, recent extended reality systems are relatively 

straightforward to implement in clinical settings, requiring only limited 

setup while allowing therapists to administer standardized rehabilitation 
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protocols in a manner comparable to conventional computer-based 

interventions86. 

In this context, VR SG approaches may extend these paradigms by 

increasing engagement and training intensity, while enabling continuous 

adjustment of task difficulty based on individual performance88,89. By 

embedding training within controlled interactive environments that 

incorporate feedback and reward mechanisms, these approaches may 

support sustained engagement and more effective practice conditions88,89,89. 

Nevertheless, many existing implementations rely on fixed or manually 

adjusted task parameters, which may not adequately account for the 

heterogeneity of post-stroke cognitive and motor profiles or for fluctuations 

in performance over time90. Dynamic Difficulty Adjustment (DDA) 

approaches represent a particularly promising direction90. Rather than 

relying on fixed task parameters, SG implementing DDA systems can 

dynamically modulate task difficulty according to the participant’s 

performance88,91. 

While elements of adaptivity and personalization for cognitive rehabilitation 

have been explored, their implementation remains fragmented, and their 

integration across multiple domains is limited92. One key challenge lies in 

the complexity of cognitive rehabilitation, where multiple functions are 

often impaired simultaneously and each function evolves differently over 

time, requiring continuous and multidimensional adaptation of task 

demands44. More fundamentally, the implementation of effective DDA 

systems in this context requires not only real-time performance monitoring, 

but also sufficiently rigorous frameworks to guide the adaptation process 

and ensure that changes in task difficulty remain consistent, interpretable, 

and clinically meaningful93. In this perspective, the development of more 

structured and principled adaptive approaches may represent a necessary 

step toward individualized and dynamically calibrated cognitive 

rehabilitation interventions. 

Within this context, the REAsmash framework was developed to 

complement existing rehabilitation strategies rather than replace them. By 
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combining theory-driven task design, objective process-oriented assessment, 

and Dynamic Difficulty Adjustment, the framework enables the 

simultaneous evaluation and training of spatial attention and distractor 

inhibition while continuously adapting task demands according to individual 

performance. Moreover, the extended reality environment allows the 

continuous acquisition of objective behavioral markers, such as eye, head, 

and upper-limb movements, providing a richer characterization of patient 

performance than is typically achievable with conventional paper-and-pencil 

or standard computer-based rehabilitation approaches. In doing so, it 

addresses several limitations of conventional rehabilitation by promoting 

individualized training within a standardized experimental framework. 

Furthermore, the portability, relatively low cost, and limited infrastructure 

requirements of modern XR systems make them well suited for deployment 

beyond specialized rehabilitation centers, potentially expanding access to 

technology-assisted rehabilitation in resource-limited settings and 

geographically remote areas. 

Objective of the present PhD thesis 

This doctoral work was conducted within a broad research framework 

involving the integration of VR, SG, and adaptive training approaches for 

neurorehabilitation, encompassing the development of interactive 

assessment and rehabilitation systems92,94–100. The present thesis builds upon 

the REAsmash SG paradigm, originally developed by our research team94–99 

(presented in detail in Chapter 2). This thesis focuses on the methodological 

extensions of the REAsmash SG paradigm for assessment and adaptive 

modulation of neurorehabilitation following stroke. 

The overarching objective of this thesis was to address limitations in the 

assessment and rehabilitation of post-stroke spatial attention and distractor 

inhibition deficits by extending an existing theory-driven VR SG paradigm 

into a broader assessment and rehabilitation framework, enabling more 

precise, quantitative, and adaptive investigation of cognitive processes. Four 

interrelated objectives were pursued. 
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The first objective was to extend the REAsmash paradigm to improve the 

characterization of attentional deficits by jointly assessing spatial attention 

and distractor inhibition within a unified framework. This objective was 

achieved throughout the thesis but started with the non-immersive VR 

version of the REAsmash task. 

The second objective was to examine how the level of VR immersion 

influenced cognitive performance. By implementing and directly comparing 

non-immersive and immersive VR versions of the same paradigm, we 

investigated how interaction modality and environmental characteristics 

influenced spatial attention and distractor inhibition processes, providing 

implications for both assessment and deployment across a range of clinical 

contexts. 

The third objective was to refine behavioral characterization through the 

integration of process-oriented measures. The development of the 

REAsmash-ET framework combined eye movement and upper limb 

kinematic recordings, enabling a detailed analysis of visual exploration and 

motor interaction responses, providing access to attentional dynamics that 

cannot be inferred from omission and response time outcome measures. 

The fourth objective was to extend this assessment framework toward 

adaptive rehabilitation. A theory-driven DDA approach was developed to 

enable continuous and multidimensional adaptation of task demands based 

on individual performance and normative constraints. This framework 

allowed the simultaneous targeting of spatial attention and distractor 

inhibition within a personalized and scalable rehabilitation context. 

Together, these objectives reflect progression from the extension of an 

existing experimental paradigm toward the development of integrated and 

adaptive tools for assessment and rehabilitation. By combining theoretical 

grounding, methodological innovation, and translational application, this 

thesis aimed to contribute to a more precise, dynamic, and functionally 

relevant approach to cognitive assessment and rehabilitation after stroke. 

While focused on the REAsmash paradigm and its associated assessment 
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framework, the results of the present thesis may be generalized to other SG 

frameworks. 

Structure of the thesis 

This thesis is manuscript-based. Each empirical chapter corresponds to an 

individual study that has been submitted to an international peer-review 

journal. Therefore, each chapter contributes to different aspects of the 

research developed throughout this thesis. Empirical Chapters 2, 3 and 4 

have been published following peer-review. Chapter 5 is pre-print published 

and currently undergoing peer-review. The citations of the published and 

submitted papers are given at the beginning of each empirical chapter.  

The first empirical chapter (Chapter 2) presents the first non-immersive 

implementation of the REAsmash paradigm and focuses on its use for 

assessing performance in a structured visual search task with post-stroke 

individuals. The study evaluates behavioral outcomes, including response 

time, errors, and omissions. It also introduces an additional spatial 

dimension by contrasting responses to targets presented in congruent and 

incongruent hemifields relative to the response hand in post-stroke and 

healthy participants. The aim was to improve the characterization of 

attentional deficits by jointly assessing spatial attention and distractor 

inhibition processes. 

The second empirical chapter (Chapter 3) examines the influence of the 

level of VR immersion by directly comparing immersive and non-

immersive versions of the same task paradigm. The study evaluates the 

transfer and comparability of performance measures across different 

implementations, with implications for both assessment and deployment 

across a range of clinical contexts. 

The third empirical chapter (Chapter 4) introduces the REAsmash-ET 

framework as a methodological study integrating ET and upper limb 

kinematics within an immersive VR search-and-reach task. This research 

proposes an analytical approach adapted to the investigation of visual 

exploration and manual responses in peripersonal space, specifically for 3D 
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stimuli distributed across a horizontal interaction plane, thereby providing 

indirect access to attentional dynamics that cannot be captured by response 

time and omission outcome measures alone. 

The final empirical chapter (Chapter 5) presents the development of a 

theory-driven DDA approach within the REAsmash framework. Building on 

the cross-platform evaluation and non-immersive implementation developed 

in previous chapters, the study introduces an adaptive algorithm that 

integrates individual performance with normative data to dynamically 

modulate spatial and non-spatial attention demand. 

Together, these empirical chapters support an individualized approach to 

assessment and rehabilitation of attentional impairments after stroke. 

Overall, this thesis seeks to develop a better understanding of attentional 

impairments, and in parallel, develop clinically relevant tools that are better 

aligned with the challenges faced by stroke survivors in everyday life. 
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Abstract 

BACKGROUND: REAsmash, a non-immersive virtual reality serious game 

based on Feature Integration Theory (FIT) was used to evaluate distractor 

inhibition and spatial attention. 

METHODS: Participants (15 post-stroke and 15 age matched healthy 

controls) performed the visual search REAsmash task with manipulations of 

high and low target-distractor salience and distractor number. Dependent 

variables included frequency of errors and omissions and mean correct 

response time. 

RESULTS: Post-stroke participants made more errors (χ²(1) = 19.452, p < 

0.001) and omissions (χ²(1) = 55.108, p < 0.001), and responded slower 

(F(1,28) = 17.957, p < 0.001, η² = 0.391) than controls. FIT significant 

effects showed salience (F(1,28) = 497.626, p < 0.001, η² = 0.947), 

distractor number (F(2,56) = 24.968, p < 0.001, η² = 0.471), and a salience 

and distractor number interaction (F(2,56) = 26.616, p < 0.001, η² = 0.487), 

with increased distractor number slowing response time in the low salience 

condition. A salience-by-group interaction (F(1,28) = 7.794, p = 0.009, η² = 
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0.218) indicated greater post-stroke difficulties in low salience conditions. A 

target-hand congruency (Simon) effect was observed only in post-stroke 

participants (F(1,28) = 4.499, p = 0.043, η² = 0.138). 

CONCLUSION: REAsmash-niVR replicated FIT results, confirming its 

validity for assessing distractor inhibition and spatial attention in post-stroke 

populations. Future research will compare individuals with and without 

visual neglect and explore rehabilitation applications to improve spatial 

attention and motor responses. 

Keywords 

Visual search; serious game; spatial attention; inhibition; executive 

functions; non immersive virtual reality. 
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Introduction 

Stroke is the leading cause of long term disability in developed countries2, 

with an estimated 80 million survivors worldwide living with disabilities101, 

and with expectations for a 35% increase in stroke prevalence between 2020 

and 2030 3,4. Motor limitations are the most common post-stroke 

impairments, with an estimated prevalence of 83-90% in acute / sub-acute 

stages102–104. Cognitive impairments resulting from stroke are less obvious, 

with prevalence in the acute / sub-acute stages estimates varying from 24 to 

80%44. Stroke survivors are often faced with enduring difficulties following 

clinical interventions in one or more cognitive functions, including 

attention, concentration, spatial awareness, inhibition, perception, memory, 

praxis, and executive functioning105–109. Several factors contribute to this 

variability in prevalence estimation, including the heterogeneity of post 

stroke cognitive deficits, with clinical scenarios that can range from clear 

deficits of a specific cognition to, more commonly, conditions where several 

cognitive functions are involved13,110. Furthermore, it is common to consider 

the motor impairments as independent to the cognitive impairments, 

presenting a limitation in understanding.  

Executive functions, such as selective attention and cognitive inhibition are 

deeply involved in motor relearning processes111–114 and seem to have a 

direct association to poor motor performance115–117. Furthermore, ecological 

(real-world) motor interaction tasks integrate cognitive load and double-task 

demands, requiring cognitive inhibition in order to perform the task 

efficiently18,118,119. Even though the literature clearly shows the impact of 

cognition on post-stroke recovery18,120, the routine assessment of cognitive 

deficits remains underrepresented in the clinic47,48, unless the patient shows 

clearly observable cognitive impairments.  

Differences in spatial task performance among post-stroke individuals may 

also reflect altered motor planning or execution, particularly when reaching 

across the midline121. The effect may be explained by the Simon effect122. 

The Simon effect refers to the phenomenon whereby reaction times are 

faster, and responses more accurate, when the spatial location of a stimulus 
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corresponds to the side of the response hand, even if stimulus location is 

irrelevant to the task. This effect is thought to arise from automatic spatial 

coding of stimuli and subsequent response conflict and has been used as an 

index of executive function and motor planning123. From a motor 

perspective, the effect may be linked to a requirement of greater postural 

control or coordination of the trunk and upper limb (i.e., driven by motor 

plan complexity). In this context, stimulus-response hand congruency may 

offer additional insight into the interplay between spatial and inhibitory 

attention. 

Based on recent calls to improve neuropsychological evaluations using new 

technologies, our team recently developed REAsmash-iVR124, a new 

immersive Virtual Reality (iVR) Serious Game (SG) with the aim to 

simultaneously evaluate distractor inhibition and spatial attention using 

measures of target omissions and response time during an immersive virtual 

experience (head-mounted display). The REAsmash-iVR is an adaptation of 

the classic fairground and arcade game Whac-A-Mole, and based on Feature 

Integration Theory (FIT)125. FIT, by Treisman and Gelade, contrasted 

response time performance to two target-distractor contrast conditions. In a 

high saliency target-distractors contrast condition, the target differed by one 

salient feature from the distractors (e.g., a red target presented with blue 

distractors), leading to “parallel search” where the target “pops-out” from 

the distractors. This pre-attentive cognitive effect shows that attention is 

directly drawn to the target stimulus. In contrast, in a low saliency target-

distractors condition, the target differs from the distractors by a conjunction 

of features (e.g., a red circular target presented with blue circular and red 

square distractors, with red and circle features of the target shared with the 

distractors). This stimuli condition leads to “serial search” where the 

participant spatially scans the stimuli one at a time, attentionally inhibiting 

the distractor stimuli until they find the target. Treisman and Gelade showed 

that in parallel search, increasing the numbers of distractors did not change 

response time125. However, the serial search condition was influenced by 

distractor number, with increased numbers of distractors increasing response 

time. The REAsmash-iVR replicates the FIT paradigm using animated 

complex 3D stimuli124. 
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The novelty of the REAsmash lies in applying the well-established FIT 

attentional principles within a SG format for the concurrent assessment of 

spatial attention (contrasting time to select a left versus right targets, a 

common test paradigm for neglect) and distractor inhibition. This 

integration allows for the identification of co-occurring (spatial and 

inhibitory) attentional deficits. The aim of this novel combination is to 

enable patient stratification based on attentional profiles, identifying 

individuals with hemiparesis with or without distractor inhibition 

difficulties, individuals with hemiparesis with or without lateralised spatial 

deficits, and individuals with hemiparesis and lateralised spatial deficits 

(neglect) with or without distractor inhibition difficulties. This novelty in 

diagnosis test allows a better understanding of patient profiles and may lead 

to predictions in the efficacy of treatment success (i.e., with profiles of 

attention impairments predicting compromising efficacy).  

Previous research on cognitive assessment in aged participants has 

demonstrated better response to non-immersive VR (niVR) relative to iVR 

with the iVR sometimes causing participant stress126. Stress can be further 

increased by the shorter proximity to stroke onset (i.e., time since stroke)126. 

Nevertheless, recent studies involving immersive VR in older adults with 

cognitive decline have reported high levels of acceptance127. This may be 

related to advancements in head-mounted displays, which reduce cyber 

sickness and provide immersive experiences that closely mimic real-world 

environments, reducing stress and anxiety127. Therefore, the debate in the 

literature remains active, with findings highlighting both challenging and 

promising outcomes. 

We decided to recreate the REAsmash in a non-immersive environment 

(i.e., REAsmash-niVR). Non-immersive VR is typically defined as 

interaction with digital content through input peripherals (e.g., keyboard, 

touchscreen or hand tracker) and an output device (e.g., screen or tablet)57. 

The REAsmash-niVR adheres to this format by offering an interactive 

virtual environment on a large touch-sensitive screen (i.e., the REAtouch®), 

without the use of immersive head-mounted displays. This technology 

brings the advantages of VR, without increasing stress to individuals, 
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thereby providing test quality suitable for acute and sub-acute patients128,129. 

REAsmash can be used as an assessment tool in both clinical and research 

settings for cognitive impairments, supporting both diagnosis and future 

stratification of post-stroke patients thanks to its accessibility and user-

friendly interface for both patients and clinicians.  

Given the increasing clinical integration of VR technologies in 

neurorehabilitation, demonstrating standard cognitive effects in VR 

environments represents an essential step toward supporting their use in 

evidence-based assessment. In this context, we describe the technical 

implementation of the REAsmash-niVR and present a proof-of-concept 

investigation aimed at demonstrating its feasibility and sensitivity in 

detecting group-level attentional deficits. While the establishment of 

criterion validity against traditional neuropsychological measures remains a 

critical objective, it falls beyond the scope of this initial study. 

We contrasted a group of 15 post-stroke participants with a control group of 

15 mean age-matched healthy volunteers. Based on previous literature, we 

hypothesised an overall general FIT effect for all participants: (i) longer 

mean response time to accomplish the task in low compared to high salience 

conditions; and (ii) an interaction effect, with no effect of distractor number 

for the high salience condition and increased time to find the target with 

increased distractors in the low salience condition. Furthermore, we 

predicted (iii) an interaction between group and salience, with post-stroke 

participants exhibiting a specific difficulty in inhibiting distractors, 

characterised by slower responses, in the low salience condition, but with no 

significant group differences in the high salience condition. 

In addition to the FIT effect and group differences, the REAsmash measures 

peripersonal space reaching responses, offering the possibility to investigate 

differences in the position of the target stimulus relative to the response 

hand.  

In this study we contrasted target position relative to response hand 

(congruent vs incongruent hemi-field), making (iv) the hypothesis of a 
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target-response hand congruency effect showing faster responses for 

congruent relative to incongruent (i.e., showing a Simon effect122), and no 

interactions with distractor salience, distractor number and group.  

Materials and Methods 

Study design 

The protocol was approved by the Saint Luc-UCLouvain Hospital-Faculty 

Ethics Committee (Belgium) (2015/10FEV/053) and registered on 

clinicaltrial.gov (NCT04694833). 

Participants 

Sample size estimation was guided by a power analysis performed using 

G*Power® (version 3.1.9.7), and data from a previous study that 

investigated the REAsmash interaction between target-distractor saliency 

and distractor number (FIT)124. This interaction effect underlies the task 

objective to measure distractor inhibition. From these data (healthy 

participants) a significant interaction effect was reported (F(2,114) = 

117.58, p < 0.001, η² = 0.67), with an associated effect size (Cohen’s f) of 

1.425. Based on these parameters, the power analysis indicated that a 

sample of 4 participants would be sufficient to detect this interaction with 

80% power at an alpha level of 0.05. Since our study involved a between-

group design comparing post-stroke participants with healthy controls, we 

opted for a more conservative sample size of 15 participants per group. A 

post-hoc power check confirmed this sample was sufficient to detect the 

observed between-group effect (η² = 0.391). 

Post-stroke participants were recruited from the physical medicine and 

rehabilitation department of the Cliniques universitaires Saint-Luc in 

Brussels, and all were hospitalised or discharged patients. The inclusion 

criteria were: (1) presence of an ischemic or haemorrhagic first cortical 

and/or sub-cortical stroke, diagnosed by CT (computed tomography) or MRI 

(magnetic resonance imaging) and (2) a good understanding of the task 

instructions. The latter was assessed through a verbal walkthrough of the 
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task with verbal confirmation followed by a simulated brief trial practice 

session. Participants were included only if they successfully completed the 

practice. The exclusion criteria were: (1) uncorrected vision deficiencies 

(e.g., hemianopia, peripheral vision loss, amblyopia, color blindness or 

uncorrectable visual acuity deficits); (2) the presence of other neurological 

conditions (e.g., dementia or extrapyramidal disorders) or orthopaedic 

dysfunction that could influence upper extremity function; (3) cognitive 

impairment (indicated either by MoCA scores46 below 20 out of 30, 

administered no more than 7 days prior to the trial, or by an inability to 

complete the practice task) and (4) too poor trunk control to sustain the trial. 

Recruitment started in February 2023 and ended in June 2024. The post-

stroke participants group consisted of 15 participants (1 female, all right-

handed) with an average age of 59.6 years (SD = 13.0), 1 non-naïve for VR. 

Average time from the stroke was of 13 months (SD = 13) with 9 

participants in sub-acute phase and 6 in chronic phase at the time of the trial, 

average MoCA score was of 26.2 (SD = 2) (See Table 1). 

From the 15 participants, 8 had a history of visual spatial attention deficits 

reported in the medical records. We therefore tested all post-stroke 

participants with gold standard tests for spatial attention at the time of 

testing. Further, we conducted a post-hoc analysis (first post-hoc analysis) 

on participants without signs of visual USN at the time of testing relative to 

healthy controls. The post-hoc sample was composed of 12 participants (1 

female, all right-handed, average age 59.5 years, SD 14.3). See the 

Procedure section for details of the gold standard tests. 
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Table1. The demographic characteristics of the post-stroke participants. 

F = Female, M = Male; Isch= Ischemic, Herm= Hemorragic; MCA= Middle cerebral artery, Sylv= Sylvian 

Segment of MCA; Nps= neuropsychological therapy, OT= Occupational Therapy, PT = Physiotherapy. 

ID Sex Age (years) Height (cm) VR naive

The response 

hand was the 

dominant 

one?

 Months 

from the 

stroke

Stroke type
Brain lesion 

side

Brain lesion 

location
MoCA score

History of 

spatial 

attention 

impairment

Current 

spatial 

attention 

impairment

Current 

Rehabilitati

on

P1 M 69 172 Yes Yes 6 Hem Right Sylv+Deep 26 Yes No Nps+OT+PT

P2 M 65 176 Yes No 2 Isch Left MCA 25 No No Nps+OT+PT

P3 M 62 183 Yes Yes 5 Isch Right MCA 27 Yes Yes Nps+OT+PT

P4 M 53 173 Yes No 4 Isch+Hem Left Sylv 20 No No Nps

P5 M 65 180 Yes No 38 Isch Left MCA 26 No No No more

P6 F 52 166 Yes No 20 Isch Left Sylv 26 No No PT

P7 M 52 178 Yes Yes 23 Isch Right Sylv 28 Yes Yes No more

P8 M 62 164 Yes No 16 Hem Left MCA 25 No No No more

P9 M 64 181 Yes Yes 41 Isch Right Sylv 27 No No PT

P10 M 54 180 Yes Yes 23 Isch+Hem Right Sylv 28 Yes No No more

P11 M 21 172 No Yes 2 Hem Right Sylv 26 Yes No Nps+OT+PT

P12 M 60 182 Yes Yes 3 Isch Right Sylv 26 Yes No Nps+OT+PT

P13 M 71 173 Yes No 5 Isch Left MCA 28 No No Phys

P14 M 66 178 Yes Yes 4 Isch Right MCA 28 Yes Yes Nps+OT+PT

P15 M 78 178 Yes Yes 4 Isch Right Sylv 27 Yes No Nps+OT+PT



Chapter 2  

34 

The group of 15 healthy adults (7 females, 4 left-handed), with an average 

age of 57.9 years (SD = 14.0), were recruited between November 2021 and 

March 2024 through the University of Louvain participation panel and 

social media groups (See Table 2). The participants had normal or corrected 

to normal vision and no neurological, psychiatric or orthopaedic disorders 

potentially affecting compliance or limiting cognition and / or upper limb 

functionality. Difficulty in understanding French (the language of the task 

instructions) was an exclusion criterion. Two healthy volunteers were non-

naïve for VR. 

Table2. The demographic characteristics of the heathy participants. 

F = Female; M = Male. 

The post-stroke and control groups were mean age matched (59.6 years vs 

57.9 years respectively, with a t-test showing no significant difference in 

Sex Age
Height 

(cm)
VR naive

Dominant 

hand

HS1 M 48 180 No Right

HS2 F 21 168 Yes Right

HS3 M 45 178 Yes Left

HS4 F 54 166 Yes Left

HS5 F 67 174 Yes Right

HS6 M 55 182 Yes Right

HS7 M 61 181 Yes Left

HS8 M 75 178 Yes Left

HS9 M 65 173 Yes Right

HS10 F 55 164 Yes Right

HS11 M 61 180 Yes Right

HS12 F 64 165 Yes Right

HS13 F 64 163 Yes Right

HS14 F 81 164 Yes Right

HS15 M 52 184 No Right
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age between the two groups (t (28) = 0.351, p = 0.726). All the participants 

volunteered to participate in the study, providing written informed consent 

before participation. 

Materials 

The REAsmash-niVR was developed to run on the REAtouch® 

(Axinesis®) interactive medical device. This was composed of a touch-

sensitive screen (43”, 95 x 53 cm) incorporated in a motorised structure that 

allowed customised screen lifting and inclination tilting (Fig. 1). The 

REAtouch® provides multisensory and real-time performance feedback and 

is designed to allow uni- or bi-manual interaction by direct hand-contact 

with the screen. 

Figure 1. The non-immersiveVR device. REAtouch® (Axinesis®) touch-

sensitive 43” screen tablet with multisensory and real-time performance 

feedback. The height and inclination of the screen can be adjusted. In the 

present study, the inclination was the same as that presented here (i.e., 0°). 
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The REAsmash was developed using Unity 2019.3 software (C#). It 

displayed a cartoon-like garden containing 24 molehills (6 columns and 4 

rows), placed on an active playing surface of 95x42cm. The stimuli 

consisted of moles emerging from the molehills, with each mole and 

molehill covering a surface of 8x8cm. The stimuli were presented in 7 trial 

blocks, with the target mole (wearing a red miner’s helmet) pseudo-

randomly appearing one time from each of the 24 molehills for each trial 

block, making 24 trials. In the baseline (level 1), no distractors were 

presented with the target mole, allowing a baseline measure of participants 

response time without distractor inhibition demands. In the high saliency 

target-distractor contrast conditions, the target was presented with distractor 

moles wearing blue helmets (miner’s or horned) (levels 2, 3 and 4). In the 

low saliency target-distractor contrast conditions, the target was presented 

with distractor moles wearing blue miner’s or red horned helmets (levels 5, 

6 and 7), with the distractors sharing a conjunction of features with the 

target. In each of the two target-distractor salience conditions, 11, 17 or 23 

distractors accompanied the target (respectively), making randomised 

stimuli sets of 12, 18 and 24 stimuli (Fig. 2).  
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Figure 2. Target-distractor search stimuli. Examples of stimulus settings 

in: (i) Levels 2 and 4 (i.e., high salience) with 11 and 23 distractors wearing 

horned or miner’s blue helmets and (ii) levels 5 and 7 (i.e., low salience) 

with 11 and 23 distractors wearing red helmets with horns or blue miner's 

helmets. For both high and low saliency conditions, there were two 

intermediate levels (i.e. levels 3 and 6) with 17 distractors. 

Procedure 

The study was run in a controlled laboratory at the Cliniques universitaires 

Saint-Luc of Brussels (Belgium). Participants were asked to sit on a chair, 

with their feet on the ground, positioned in front of the REAtouch® and 

aligned with the central sagittal axis of the interactive touch-sensitive 

screen. For participants in wheelchairs, the wheelchair was appropriately 

positioned to align the participant in the same playing conditions as the 

other participants, with their feet placed on the footrest of the wheelchair. 

The screen was adjusted to a suitable height to make the reaching span of 

the participant comfortable and safe. The touch-sensitive screen was 

presented at a horizontal angle of zero degrees relative to the ground. The 
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participants were instructed to begin each trial by touching a “X” with their 

playing hand that appeared in the central mid-lower edge of the touchscreen. 

This was used to provide a consistent starting point prior to each trial 

response. After touching the start position, the trial began, and the 

participant was instructed to touch the target as quickly as possible using 

their dominant hand in the case of healthy control participants and the less-

impaired hand in the case of post-stroke participants. This approach helped 

to minimise the impact of motor impairments, ensuring a clearer assessment 

of cognitive function. The instructions were given orally by the examiner 

before the start of the session and displayed on the touchscreen immediately 

before the session began. Prior to the main experiment, a 10-trial practice 

session was used to familiarise participants with the test and device. A 20-

second rest period was provided between each of the 7 trial blocks (24 trials 

in each block; 168 total trials). The trial blocks were run from easy to 

difficult levels (1-7). Each target stimulus was presented for a maximum 

duration of 7 seconds. Correctly responding to the target within 7 seconds 

was designated as a correct response time (i.e., the time between the 

beginning of the stimuli presentation and the manual response). Omissions 

were defined as the target not being found within the 7 seconds, and errors 

responses were defined by the participant responding to a distractor instead 

of the target. For all manual response (irrespective of correct or incorrect), 

the position of final response on the stimulus playing field was recorded, 

along with the position of the target stimulus for that trial. Participants, 

including those with cognitive deficits, completed the full assessment in 

under 10 minutes (average time approximately 8 minutes).  

All post-stroke participants underwent a battery of neuropsychological tests 

to explore spatial attention within 7 days of the niVR session. This 

assessment included the Bells Test30, a paper-and-pencil cancellation task in 

which participants are asked to circle bell figures scattered among various 

distractor figures. This test evaluates egocentric neglect by examining the 

number and spatial distribution of target omissions across the visual field. In 

addition, participants completed the Apple Cancellation Test130, which is 

specifically designed to distinguish between egocentric and allocentric 

neglect. In this task, participants must identify and cancel only complete 
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apple figures while ignoring distractor apples that are incomplete on either 

the left or right side. As for the Bells Test, egocentric neglect is defined by a 

difference in target omissions for contralesional relative to ipsilesional 

targets. Allocentric neglect is defined by error responses to the incomplete 

distractors, and more errors when the incomplete side is contralesional 

relative to ipsilesional. Finally, participants were assessed using the Visual 

Field and Visual Scanning subtests from the computerised Test for 

Attentional Performance (TAP) battery131. The Visual Field subtest assesses 

the presence of visual field deficits by measuring detection speed across 

various spatial locations, while the Visual Scanning subtest evaluates the 

participant’s ability to systematically explore and search for targets within a 

structured visual array. Participants were considered to have visual USN if 

they had pathological results in any of the tests. Results showed that 

participants either showed peri-personal egocentric USN on all tests or 

showed no evidence of USN. There are no validated gold standard tests that 

systematically assess distractor inhibition impairments when searching for a 

target. 

Data analyses 

Data analyses were performed using SPSS 27.0 (IBM®). Omissions and 

error percentage responses were analysed using chi-square analysis (relative 

to correct responses). Mean correct response time analyses were first 

verified for data normality using the Shapiro-Wilk test, and then analyses 

were made using repeated measures ANOVAs. Post-hoc analyses were 

performed with Bonferroni with corrections for multiple comparisons. 

The independent within-participant variables were target-distractor saliency 

(high vs low), distractor number (11, 17 and 23), and target-response hand 

congruency (congruent vs incongruent). For example, when participants 

played with their right hand, targets presented in columns 1-3 (i.e., left 

hemifield) were defined as incongruent targets, and targets presented in 

columns 4-6 (i.e., right hemifield) were defined as congruent targets. This 

definition was used to align the Simon effect relative to spatial targets, 

whereby incongruent trial corresponds to targets positioned in contralesional 
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space. For the within-participant manipulations (2x3x2; 144 trials across 6 

levels), a mean derived from 12 trials (collapsing target position) were used. 

We also tested the between-participants variable of group (post-stroke vs 

healthy). The dependant variables were omissions, error responses and 

correct target response time. Mean response time refers to the time between 

the appearance of the target mole stimulus and the response to correctly 

touch the target. Mixed measures ANOVA were used to test within-

participant variability across task conditions (i.e., salience, distractor 

number, and target-hand congruency), and between participant groups. 

Results 

All participants completed the experiment without adverse event. In a 

general feedback discussion session with the participants after the study, 

they all described the experimental tasks as non-stressful and engaging. No 

participants asked to stop the experiment prematurely or to extend the rest 

periods. 

For the post-stroke participant group, from the total dataset of 2520 trials 

(i.e., 7 levels x 24 trials x 15 participants), 51 trials were excluded due to 

technical issues in data collection. From the remaining 2469 trials, there 

were 76 omissions (3.1%), 37 error responses (1.5%) and 0 anticipatory 

responses (i.e., responses executed in less than 250ms). For healthy controls, 

from the total dataset of 2520 trials, there was one trial excluded due to 

technical issues. From the remaining 2519 trials, there were 9 omissions 

(0.3%), 8 error responses (0.4%) and 1 anticipatory response (0.04%). We 

used a standard practice three standard deviation confidence interval filter 

for response time to remove 36 outliers (1.4%) from the control data. No 

outlier filter was applied to the patient data. 

Chi-square analyses for error and omission rates relative to correct 

responses, showed a significant group effect. The post-stroke participants 

committed significantly more errors and omissions than healthy participants 

(X2(1) = 19.452, p < 0.001 and X2(1) = 55.108, p < 0.001 for errors and 

omissions respectively, on a dataset of N = 4988). Because of the low 
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number of omissions and error responses, no further analyses could be 

conducted. 

The ANOVA for mean response time showed a significant between-

participants group effect, (F (1,28) = 17.957, p < 0.001, η2 = 0.391), with 

slower mean response times for the post-stroke relative to healthy 

participant group (mean 1571ms, SD 69.905 and 1152ms, SD 69.905 for 

post-stroke and healthy participants respectively). The ANOVA supported 

the FIT effect, showing within-participants main effects of saliency, (F 

(1,28) = 497.626, p < 0.001, η2 = 0.947) and number of distractors (F (2,56) 

= 24.968, p < 0.001, η2 = 0.471). As predicted, the results showed faster 

responses in high (mean 900ms, SD 45.531) compared to low (mean 1824, 

SD 60.584) target-distractor salience conditions and increased response time 

with increased numbers of distractors (mean 1276ms, SD 52.310; mean 

1371ms, SD 52.726 and mean 1439ms, SD 48.533 for 11, 17 and 23 

distractors respectively) (Fig. 3.a). There was also a significant main effect 

of target-hand congruency (F (1,28) = 10.414, p = 0.003, η2 = 0.271), with 

slower mean response times when target position was incongruent to the 

response hand (mean 1440ms, SD 65.249) compared to congruent (mean 

1284ms, SD 42.279). Significant interactions were found between saliency 

and number of distractors (F (2,56) = 26.616, p < 0.001, η2 = 0.487) 

(replicating the FIT effect) and between saliency and group (F (1,28) = 

7.794, p = 0.009, η2 = 0.218) (Fig. 3). Target-hand congruency and group 

was also significant (F (1,28) = 4.499, p = 0.043, η2 = 0.138). No other 

interactions were significant. 

To analyse the interactions, separate ANOVAs were run for each saliency 

condition and group. Concerning the interactions with the saliency 

condition, the high saliency target-distractor condition showed no 

significant differences for number of distractors or group. However, for the 

low saliency target-distractor condition, there was a significant effect for 

distractor number (F (2,56) = 30.005, p < 0.001, η2 = 0.517) (as predicted 

by the FIT effect) and group (F (1,28) = 19.459, p < 0.001, η2 = 0.970). 

Analysis of distractor number showed increased mean response time 

increased with increased numbers of distractors (mean 1656ms, SD 65.587; 
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mean 1831ms, SD 67.865 and mean 1984ms, SD 62.464 with 11, 17 and 23 

distractors respectively). Analysis of group showed slower mean response 

times for the post-stroke relative to healthy participant group (mean 

2091ms, SD 85.678 and mean 1556ms, SD 85.678 respectively). 

Concerning target-hand congruency interaction with group, healthy 

participants showed no target-hand congruency effect (F (1,14) = 1.754, p = 

0.207, η2 = 0.111). However, post-stroke participants showed a significant 

main target-hand congruency effect (F (1,28) = 8.661, p = 0.011, η2 = 

0.382) with mean response times slower for incongruent (mean 1700ms, SD 

122.849) relative congruent (mean 1443ms, SD 68.548) condition (Fig. 3.b). 
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Figure 3.a Number of distractors and target-distractor saliency interaction for mean response. Presentation of 

the mean response time (in milliseconds) as a function of distractor number and target-distractor saliency 

contrast. On the Y-axis the response time. On the X-axis the three possible distractor number conditions (11, 17 

and 23). Outlined circles represent high salience conditions; black-filled circles represent low salience conditions. 

On the left, the group of post-stroke participants and on the right, the healthy controls. The error bars show the 

95% confidence interval. “*” represent significant main effect for distractor number. 

Figure 3.b. Mean response times levels from 2 to 7 organised according to target-hand congruency, in post-

stroke with sequelae vs healthy controls groups. Presentation of the mean response times (in milliseconds) in 
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successful trials with target emerging in the two alternative positions. On the Y-axis the mean response time. On 

the X-axis the two possible target position (i.e., hemifield contralateral vs. ipsilateral to the playing hand). The 

error bars show the 95% confidence interval. Outlined circles represent post-stroke participants; black-filled 

circles represent healthy controls. “*” represent significant main effect of target-hand congruency. 
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For the first post-hoc analysis, we removed three participants diagnosed 

with visual USN within 7 days prior to niVR session. The objective of this 

analysis was to test if the significant interactions between saliency and 

group, and target-hand congruency and group mean response time was 

caused by the inclusion of these three participants with spatial attention 

impairments. The ANOVA of the mean response times confirmed the same 

significant effects. There was a significant effect of group (F (1,25) = 

12.695, p = 0.002, η2 = 0.337), target-distractor saliency (F (1,25) = 

559.773, p < 0.001, η2 = 0.957) and distractor number (F (1,25) = 27.365, p 

< 0.001, η2 = 0.523). Significant interactions were found between saliency 

and group (F (1,25) = 13.478, p = 0.001, η2 = 0.350) and saliency and 

distractor number (F (2,50) = 27.097, p < 0.001, η2 = 0.520). Target-hand 

congruency also remained significant (F (1,25) = 6.780, p = 0.015, η2 = 

0.213), but now with no interaction between target-hand congruency and 

group (F (1,25) = 2.363, p = 0.137, η2 = 0.086). 

The second post-hoc analysis focused on the baseline level, contrasting the 

15 post-stroke participants with the 15 healthy controls. The aim of this 

analysis was to explore the effect of target position (congruent vs 

incongruent hemi-field) relative to the response hand on mean response time 

in a search task without distractor inhibition demands. The ANOVA on 

mean response times showed a main target-hand congruency effect (F (1,28) 

= 8.982, p = 0.006, η2 = 0.243) and a significant interaction between target-

hand congruency and group (F (1,28) = 7.801, p = 0.009, η2 = 0.218). 

Separate ANOVAs per group showed a target-hand congruency effect only 

in the post-stroke participants group (F (1,14) = 10.271, p = 0.006, η2 = 

0.423), with longer response times in the incongruent target-hand condition 

(mean 1026.593ms, SD 126.509 and mean 801.288ms, SD 76.463 

respectively) (Fig. 4). 
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Figure 4. Mean response times in baseline level organised according to 

target-hand congruency, in post-stroke with sequelae vs healthy controls 

groups. Presentation of the mean response times (in milliseconds) in 

successful trials of level 1 with target emerging in the two alternative 

positions. On the Y-axis the mean response time. On the X-axis the two 

possible target position (i.e., hemifield contralateral vs. ipsilateral to the 

playing hand). The error bars show the 95% confidence interval. Outlined 

circles represent post-stroke participants; black-filled circles represent 

healthy controls. “*” represent significant main effect of target-hand 

congruency. 

Combining the two planned post-hoc analyses, a further ANOVA 

contrasting the healthy controls with the 12 post-stroke participants without 

signs of visual USN showed a main target-hand congruency effect (F (1,25) 

= 6.904, p = 0.014, η2 = 0.216) and a significant interaction between group 

and target-hand congruency (F (1,25) = 5.052, p = 0.034, η2 = 0.168). 

Separate ANOVAs per group showed a target-hand congruency effect only 

in the post-stroke participants group (F (1,11) = 24.043, p < 0.001, η2 = 

0.686). 
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Discussion 

Compared to currently available gold standard diagnosis tests, the 

REAsmash SG, based on Feature Integration Theory (FIT)125, provides a 

novel systematic evaluation of distractor inhibition attention. Further, the 

REAsmash SG involves direct reaching responses to the target stimuli in 

peripersonal space, providing interesting target-hand congruency response 

time measures that depend on the spatial position of the target relative to the 

response hand.  

This present study aimed to provide a preliminary investigation into the 

potential of the niVR version of REAsmash as a diagnostic tool for 

distractor inhibition. We contrasted, for the first time, the mean response 

times of post-stroke participants and healthy controls. Our results replicated 

Ajana et al.29 who presented the iVR version of REAsmash SG on healthy 

aged adults, further demonstrating a replication of the FIT effect using 

gamified stimuli. Post-stroke participant outcomes probed the presence of 

specific attentional and motor response selection deficits that might remain 

undetected by conventional clinical assessments. The observed group 

differences, including the Simon effects, underscore the value of a task 

sensitive to both spatial and non-spatial aspects of attention. 

The analyses of mean response time supported the FIT effect, characterised 

by longer mean response times to find and point to the target in low 

compared to high salience conditions (hypothesis 1), and an interaction 

effect (hypothesis 2), with no effect of distractor number for the high 

salience condition, but increased time to find the target with increased 

distractor numbers in the low salience condition. 

For mean response time, we also reported a main effect of group, with the 

post-stroke group responding slower than the healthy control group. The 

third hypothesis predicted an interaction between saliency and group, which 

was supported. In the high salience condition with low distractor inhibition 

demands, there were no differences in mean response times. However, for 

the low salience condition with high distractor inhibition demands, the post-
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stroke participants were significantly slower than the control group. This 

finding suggests potential inhibition difficulties in the post-stroke 

participants. This interaction remained consistent in the first post-hoc 

analysis, where participants with visual USN were excluded, suggesting that 

the effect was not simply driven by the presence of USN in some 

individuals. 

The fourth hypothesis, which predicted a target-hand congruency (Simon 

effect) effect, was confirmed in the principal analyses. Mean response time 

analyses showed an interaction between target-hand congruency and group, 

demonstrating significant differences in mean response times only for the 

post stroke group. Interestingly, we found this same effect in the baseline 

post-hoc analysis. In the present version of the REAsmash SG, we 

introduced a baseline level (level 1), making it possible to benchmark 

response times to targets presented without distractor inhibition demands. 

As for the principal analysis of data, this analysis of baseline demonstrated a 

significant interaction between target-hand congruency and group, with a 

target-hand congruency effect only in the post-stroke participants group, and 

longer response times in the incongruent than congruent target-hand 

condition. This suggests that the interaction effect is unrelated to distractor 

inhibition cognition, and more related to hand response after target attention 

selection. The interaction between target-hand congruency and group 

disappeared in the post-hoc ANOVA on the selected group of 12 post-stroke 

participants without signs of visual USN. However, the interaction between 

target-hand congruency and group for the baseline post-hoc ANOVA on the 

selected group of 12 post-stroke participants again showed the same 

interaction effect as the principal results. This variance in consistency of 

results would merit further investigation with a larger sample of participants 

with and without signs of spatial attention deficit in order to understand 

whether the target-hand congruency and group interaction is caused by 

spatial attention impairments. 

The results of the present paper, and the paper by Ajana et al132 demonstrate 

that the REAsmash (iVR and niVR versions) provides a new assessment of 

distractor inhibition demands on spatial target search performance. The SG 
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was well received by participants, demonstrating the potential value that the 

test brings to testing participants, and maintaining their motivation. In line 

with the observed attentional patterns, we plan to conduct dedicated 

analyses on participants diagnosed with visual USN. Future investigations 

will explore the reliability of REAsmash in detecting spatial lateral biases 

(i.e., slower response times to contralesional versus ipsilesional targets) in 

individuals with USN. These analyses will help disentangle spatial 

attentional impairments from motor planning or execution difficulties. A 

preliminary version of these analyses, based on the participants identified 

with USN in the present data using gold-standard tests is provided as 

Supplementary Materials. Embedding both spatial target selection and 

distractor inhibition into a single SG framework offers a promising avenue 

for stratifying stroke survivors, for instance by differentiating patients with 

hemiparesis with or without co-occurring inhibitory deficits, distinguishing 

patients with hemiparesis with or without spatial attention impairments and 

distinguishing patients with hemiparesis and spatial attention impairments 

with or without co-occurring inhibitory deficits.  

The target-hand congruency effect and group interaction results are 

interesting as they highlight a potential difference for post-stroke 

participants. The results suggests that this difference is not caused by 

distractor inhibition, but rather is more likely linked to problems in motor 

processes related to the cortical or subcortical lesion. Particularly when the 

task requires reaching movements across the midline, the increased demand 

for postural control and coordination of the trunk and upper limb may 

expose impairments in motor planning or execution in post-stroke 

individuals. It is well known that individuals post-stroke often face 

impairments in trunk control133,134. The trunk plays a crucial role in 

stabilising the pelvis and supporting upper limb movements, enabling 

coordinated reaching tasks and maintaining overall core stability during 

functional activities135. Furthermore, previous research has demonstrated 

that even the less-affected upper limb may exhibit subtle yet functionally 

relevant motor deficits in post-stroke individuals, particularly during 

reaching movements that require proximal arm control and precision136,137. 

Although cognitive causes cannot be ruled out, such ipsilesional 
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impairments can influence motor response strategies, contributing to 

prolonged response times and increased variability in movement 

trajectories, even in the absence of overt functional limitations in the post-

stroke population. Lateral and diagonal reaching, especially to distant, such 

as those needed in the target-hand incongruent condition of our SG, required 

greater trunk control than the congruent condition138. The incongruent 

target-hand condition could therefore constitute a further motor challenge 

for stroke survivors. Future studies on REAsmash could benefit from the 

introduction of a trunk control rating scale (as the Trunk Impairment 

Scale139,140) in the assessment battery. 

The present study has nevertheless some limitations. We chose not to divide 

participants based on their stage of post-stroke recovery, principally due to 

the participants sample size. However, the stage of recovery (subacute vs 

chronic) could impact outcomes in complex task such as REAsmash. 

Controlling for gender was not prioritised, as the FIT processes under 

investigation generally believed to operate independently of gender-related 

differences 125. Nevertheless, gender-based differences may provide 

meaningful insights into other factors, such as differences in engagement of 

the SG. Another limitation is that our sample included both participants with 

prior VR experience and VR naïve. Given the cross-sectional clinical design 

of this study, lack of familiarity with VR may have influenced the findings. 

Future research, aiming to establish REAsmash as a diagnostic tool, should 

explore how recovery phases, gender and familiarity with VR may influence 

outcomes in both iVR and niVR versions. 

We plan to include 3 populations (i.e., (i) post-stroke participants with signs 

of visual USN on gold standard tests, (ii) post-stroke participants without 

signs of visual USN on gold standard tests and (iii) healthy controls). This 

will allow for further understanding of the interactions between distractor 

inhibition attention, spatial attention and target-response hand congruency 

effects post stroke. Furthermore, contrasting results between the REAsmash 

iVR and niVR versions on the same participants, we hypothesise that the 

two tests will show the same results (i.e., equivalence). These data will be 

important for developing tests to be used with post-stroke individuals in the 
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acute to sub-acute stages, starting with niVR, and transferring to iVR 

versions that can be used by post-stroke individuals in the sub-acute to 

chronic stages, particularly for outpatient diagnosis measures. 

Beyond diagnostic potential, the REAsmash offers practical advantages in 

rehabilitation. The motivational affordances of serious gaming are known to 

enhance engagement and reduce performance variability across sessions, 

thereby enabling more consistent longitudinal tracking of patient progress61. 

We are currently conducting studies aimed at validating rehabilitation-

oriented versions of REAsmash that specifically challenges difficulties 

experienced by the post-stroke individual (i.e., distractor inhibition attention 

vs spatial target-hand congruency and motor impairment). Future 

publications will report on their effectiveness, allowing clinicians and 

researchers to follow the evolution of this tool for neurorehabilitation 

purposes. 

Conclusions 

In conclusion, we have shown that REAsmash niVR test provides measures 

of non-spatial distractor inhibition attention, replicating the results of the 

iVR version, and the FIT paradigm. The REAsmash provides an ideal 

candidate to study whether and how distractor inhibition demand influences 

attention performance. Future studies will explore the effects of different 

degrees of immersion (iVR vs niVR) for the REAsmash and will contrast 

groups of participants with and without signs of visual USN to better 

understand distractor inhibition, spatial attention and target-response hand 

congruency effect in stroke survivors. 
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Supplementary Material 

Supplementary Analysis: Spatial Performance in Participants with 

Visual USN 

This supplementary section reports exploratory analyses (requested by peer-

review) for the participants diagnosed with USN. Mean response times of 

successful trials for participants with confirmed left visual USN (N = 3) 

were compared to those of the control group. Mixed measures ANOVAs 

were used to test within-participant variability across task conditions (i.e., 

salience, distractor number, and target-hand congruency) and between 

participant groups. 

Results and Discussion 

The ANOVA for mean response time showed a significant between-

participants group effect, (F (1,16) = 34.748, p < 0.001, η2 = 0.685), with 

slower mean response times for the post-stroke with visual USN relative to 

healthy participant group (mean 1831ms, SD 105.116 and 1152ms, SD 

47.009 for post-stroke and healthy participants respectively). The ANOVA 

showed within-participants main effects of saliency, (F (1,16) = 225.046, p 

< 0.001, η2 = 0.934) and number of distractors (F (2,32) = 4.481, p = 0.019, 

η2 = 0.219). There was also a significant main effect of target-hand 

congruency (F (1,16) = 22.441, p < 0.001, η2 = 0.584), with slower mean 

response times when target position was incongruent to the response hand 

(mean 1620ms, SD 67.799) compared to congruent (mean 1363ms, SD 

59.179). Significant interactions were found between saliency and number 

of distractors (F (2,32) = 6.574, p = 0.004, η2 = 0.291) and between target-

hand congruency and group (F (1,16) = 14.102, p = 0.002, η2 = 0.468). No 

other interactions were significant. 

To analyse the interactions, separate ANOVAs were run for each saliency 

condition and group.  

Concerning the interactions with the saliency condition, the high saliency 

target-distractor condition showed no significant differences for number of 
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distractors. The group effect was significant (F (1,16) = 39.858, p < 0.001, 

η2 = 0.714).  

For the low saliency target-distractor condition, there was a significant 

effect for distractor number (F (2,32) = 6.341, p = 0.005, η2 = 0.284) and 

group (F (1,16) = 21.990, p < 0.001, η2 = 0.579). Analysis of distractor 

number showed increased mean response time with increased numbers of 

distractors (mean 1742ms, SD 77.952; mean 1919ms, SD 84.723 and mean 

2002ms, SD 85.257 with 11, 17 and 23 distractors respectively).  

Analysis of group showed slower mean response times for the post-stroke 

relative to healthy participant group in both saliency condition (high 

salience: mean 1443ms, SD 100.414 and mean 748ms, SD 44.907 

respectively; low salience: mean 22219ms, SD 129.085 and mean 1556ms, 

SD 57.728 respectively). 

Concerning target-hand congruency interaction with group, healthy 

participants showed no target-hand congruency effect (F (1,14) = 1.754, p = 

0.207, η2 = 0.111). Post-stroke participants also showed no target-hand 

congruency effect (F (1,2) = 9.712, p = 0.089, η2 = 0.829) (Fig. 5). 
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Figure 5. Mean response times in levels with distractors (i.e., from 2 to 7) 

organised according to target-hand congruency, in post-stroke with 

sequelae vs healthy controls groups. Presentation of the mean response 

times (in milliseconds) in successful trials with target emerging in the two 

alternative positions. On the Y-axis the mean response time. On the X-axis 

the two possible target position (i.e., hemifield contralateral vs. ipsilateral 

to the playing hand). The error bars show the 95% confidence interval. 

Outlined circles represent post-stroke participants with USN at the gold 

standard tests; black-filled circles represent healthy controls. 

The present analysis revealed no statistically significant target-hand 

congruency effect in either the healthy control group or the post-stroke 

group with visual USN.  

While the control group showed a negligible effect, the post-stroke group 

demonstrated a large effect size despite failing to reach conventional 

statistical significance. This is likely attributable to the very small sample 

size (N = 3). With such a limited number of participants, the statistical 

power of the analysis is substantially reduced, increasing the likelihood of a 

Type II error. 
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These findings suggest that future research should include a larger sample of 

post-stroke participants with visual USN to adequately test for group 

differences in target-hand congruency effects. 
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Chapter 3 - The REAsmash serious game for the post-stroke diagnosis of distractor inhibit ion: Contrast between immersive and non-immersive virt ual reality test versions 
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Abstract 

BACKGROUND: Virtual Reality (VR) Serious Games (SG) offer greater 

sensitivity and specificity than traditional diagnostics. The playfulness of 

the serious games reduces stress, enhancing motivation and reliability. We 

developed immersive (iVR) and non-immersive (niVR) versions of 

REAsmash, a SG based on Feature Integration Theory (FIT) to assess 

distractor inhibition attention.  

AIM: To verify the transfer of the REAsmash FIT diagnostic properties 

across VR devices with different degrees of immersion. 

DESIGN: Cross-sectional clinical study.  

SETTING: Inpatient, outpatient and healthy controls.  

POPULATION: Post-stroke and healthy individuals. 

METHODS: The REAsmash involves searching for a (target) mole with a 

red miner’s helmet. The target is either presented alone (baseline), or 
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presented with distractors (11, 17 or 23) that contrast the target by high or 

low saliency (moles with blue miner’s and horned helmets vs blue miner’s 

and red horned helmets). Stimuli appeared randomly from a 24-molehill 

grid. Participants (15 with and history of cortical-subcortical stroke and 15 

age matched controls) hit the target with their response hand in niVR and 

with a virtual hammer in iVR. Post-stroke participants used their less 

impaired hand, controls their dominant hand. ANOVA tested VR type 

(niVR vs iVR), group (post-stroke vs healthy), saliency (high vs low) and 

distractor number (11, 17, 23), with the interaction between saliency and 

distractor number defining FIT. The dependent variable was relative mean 

response time, calculated by subtracting the mean baseline response time 

from each response to targets presented with distractors, for each 

participant. This variable exemplifies the costs to response time cause by the 

manipulation of independent variables. 

RESULTS: We found significant main effects and an interaction for 

saliency and distractor number, confirming FIT. Group and VR type main 

effects were significant, with slower responses for post-strokes and for iVR, 

but with no interactions. 

CONCLUSION AND CLINICAL REHABILITATION IMPACT: To 

evaluate performance across acute to chronic post-stroke phases, diagnostic 

measures must be transferable between test devices, ensuring compatibility 

from hospital to outpatient settings. Our results demonstrated that the 

REAsmash diagnostic properties were consistent across immersive and non-

immersive VR, as well as within both groups of participants. 

Key words 

Immersive Virtual Reality; Non-Immersive Virtual Reality; Distractor 

Inhibition; Stroke, Rehabilitation; Cognitive Evaluation; Assessment. 

  



 

Introduction 

There are an estimated 80 million disabled stroke survivors worldwide101, 

making stroke the leading cause of long-term disability in high-income 

countries2. With increased innovations in health care and longer average life 

expectancy, a 35% increase in stroke prevalence is expected by 20303,4. 

Because of these two factors, it is paramount to develop new and improved 

diagnosis and neurorehabilitation methods for stroke care.  

Currently, the estimated prevalence of post-stroke cognitive impairments is 

uncertain, with estimates varying from 24 to 96%141. Part of this variance is 

explained by the different domains of cognition that can be affected by 

stroke. However, another contributor to this variance results from routine 

evaluation of cognitive deficits being overlooked in most clinics47,48. Even 

though the literature clearly demonstrates the impact of cognitive deficits on 

global post-stroke recovery, and makes frequent calls for more 

comprehensive, precise and routine evaluations of cognition during post-

stroke diagnosis of impairments18,120. 

The use of Virtual Reality (VR) and Serious Games (SG) methods provide 

promising reliable tools for cognitive assessment and rehabilitation142. VR is 

defined as a computer-generated immersive experience56. It ranges from 

non-immersive (niVR) to fully immersive (iVR)56. In niVR, participants 

typically interact with content via input peripherals (e.g., keyboard, 

touchscreen or hand tracker) and an output device (e.g., screen or tablet)57. 

Fully iVR generally refers to technology that recreates an interactive three-

dimensional and multisensorial experience using a head mounted display 

(HMD), large screen projection system (SPS) or cave automatic virtual 

environment (CAVE)59. The HMD is a wearable device equipped with two 

small screens positioned near the eyes, typically within goggles or a helmet. 

It includes a head-tracking sensor that adjusts the visual display according to 

head movements, and it has headphones for delivering auditory feedback59. 

The SPSs are large displays that project the virtual environment onto a 

screen. The CAVE consists of a room featuring four to six screens, which 

when used with 3D glasses, provide an immersive and continuous 



Chapter 3  

60 

visualization of virtual spaces. This setup is further enhanced by a head-

tracking sensor and speakers to deliver audio stimuli59. 

SG are games designed with a primary purpose other than pure 

entertainment, such as education and training143. As suggested by Tong et 

al., specially adapted SG can be leveraged to create an interactive and 

engaging tool that promotes patient-centered cognitive assessment54. The 

primary objective of a SG using VR for cognitive assessment is to motivate 

the participant to perform the task. The SG incorporates challenging goals 

and are fun to play144. SG promotes maximised user performance (the best 

ability of the player), increasing test/re-test reliability145 and allowing the 

collection of large amounts of digital measurement data, boosting 

measurement sensitivity and specificity. Furthermore, as for all 

computerised assessments146, the possibility of randomising the presentation 

of the stimuli allows the SG to diminish practice effects, while maintaining 

control and standardization across individuals. 

The impact of the degree of immersion in VR is a topic that is still not fully 

understood, especially in post-stroke populations. Immediately post stroke, 

patients tend to have increased anxiety128 caused by a change to personal 

routine and future uncertainty, which typically dissipates with time. Anxiety 

can moderate user experience when using VR technology129. For example, 

studies on cognitive assessment have demonstrated that VR naïve relative to 

experienced participants show more difficulties when performing tasks in 

iVR than niVR, explained by anxiety147. A similar effect is reported for age, 

with aged relative to young participants showing more difficulties in iVR 

relative to niVR126, again explained by anxiety. However, despite these 

results, recent research with iVR on older adults with cognitive decline has 

shown good acceptance, possibly due to the use of new HMDs that 

minimise cyber sickness and allow immersive experiences more closely 

resembling real life127. Nevertheless, iVR effects on sense of presence, flow, 

and the transfer of skills or knowledge to real-world contexts remain a 

matter of debate in the academic literature148. Taking the overall results, it 

may be the case that niVR relative to iVR is better suited to acute and sub-

acute post-stroke patients who are naïve in the use of VR technology, 



 

regardless of patients’ age, and that with increased time, there becomes no 

difference in user experience between niVR and iVR, making a transition to 

iVR possible for sub-acute to chronic patients. This pathway of technology 

would allow use of niVR in clinical settings, transitioning to the use of iVR 

in outpatient and home-based settings.  

From a broader clinical standpoint, the economic implications of device 

selection remain a pivotal consideration. In resource-limited regions, as well 

as within healthcare systems of low- and middle-income countries, the 

financial investment in diagnostic technologies cannot be overlooked149. 

This is particularly relevant given the substantial cost differential, ranging 

from tens of thousands of euros for niVR devices to mere hundreds of euros 

for iVR solutions. Our study contributes to the discussion about the 

appropriateness of choosing one type of VR over another already in the 

diagnostic field. 

Recently we developed the REAsmash124, a SG adaptation of the classic 

fairground and arcade game, Whac-A-Mole. The objective was to create a 

new assessment tool that systematically evaluates distractor inhibition 

attention. Although the disruptive effect of distracting stimuli (i.e., 

irrelevant information41) has a known impact on performance125, with many 

replications of the effect in the literature39, there is currently no validated 

diagnosis test for distractor inhibition impairment that is routinely used in 

clinical practice. The REAsmash aims to address this unmet need. The SG 

was validated for full iVR with healthy participants (REAsmash-iVR)124, 

and has recently been tested with different groups of post-stroke 

participants132. The REAsmash SG is based on Feature Integration Theory 

(FIT) by Treisman and Gelade125, which contrasted response time 

performance to two target-distractor contrast conditions. In a high saliency 

target-distractor contrast condition, the target differed by one salient feature 

from the distractors (e.g., a red target presented with blue distractors), 

leading to “parallel search” where the target “pops-out” from the distractors.  

This effect shows that attention is directly drawn to the target stimulus. In 

contrast, in a low saliency target-distractor condition, the target differs from 
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the distractors by a conjunction of features (e.g., a red circular target 

presented with blue circular and red square distractors, with red and circle 

features shared with the distractors). This condition leads to “serial search”, 

where the participant spatially scans the stimuli one at a time, attentionally 

inhibiting the distractor stimuli until they find the target. Treisman and 

Gelade showed that in parallel search, increasing numbers of distractors did 

not change response time. However, response time in the serial search 

condition was influenced by distractor number, with increased numbers of 

distractors increasing response time. Therefore, the diagnosis criteria for 

measuring distractor inhibition relies on the interaction effect between 

salience and distractor number.  

The REAsmash aims to replicate the FIT paradigm using gamified animated 

complex stimuli in both niVR and iVR, showing: (i) overall longer response 

times to accomplish the task in low compared to high salience conditions 

and (ii) an interaction effect, with no effect of distractor number for the high 

salience condition and increased time to find the target with increased 

distractors in the low salience condition. In earlier preliminary studies using 

the iVR version (submitted132), post-stroke participants were contrasted to 

healthy controls. No participants were enrolled in both the preliminary and 

the study concerned in this article. Post-stroke participants showed 

particularly pronounced difficulties in low-salience target-distractor levels, 

where they exhibited substantially prolonged response times and higher 

rates of errors and omissions. This finding suggests a specific impairment in 

serial search and distractor inhibition in this population, distinguishing them 

from healthy controls. 

Few studies in the literature have compared the same cognitive task in 

different degrees of VR immersion, and we found no studies exploring this 

issue in relation to tests of distractor inhibition.  

In our main experiment, we tested a group of post-stroke participants and an 

age-matched group of healthy controls on the REAsmash presented in niVR 

and iVR. The main objective was to verify the transfer of the FIT effect 

across devices with different degrees of VR immersion. We thus 



 

hypothesized to replicate our preliminary research findings, showing a 

significant saliency by distractor number interaction effect (demonstrating 

FIT), and no differences, or interactions between use of niVR and iVR 

(particularly for the diagnostic criteria). As a secondary objective we 

explored possible differences between groups to investigate possible 

interactions between VR types (iVR vs niVR), cognitive demand (parallel 

vs serial research) and groups. Prior to the main experiment described in this 

paper, we ran a preliminary study on healthy participants playing with both 

niVR and iVR REAsmash SG, testing possible differences in hand use 

(dominant vs non-dominant) on outcomes. Our hypothesis was that, because 

of a consistent neutral starting position (in the center of the playing field), 

response times, as well as error and omission rates, would not be affected by 

the hand used. 

Materials and methods 

Study design 

This study uses a cross-sectional clinical study design and followed the 

STROBE guidelines150. The protocol was approved by the Saint Luc-

UCLouvain clinical ethics committee (Belgium) (2015/10FEV/053) and 

registered on clinicaltrial.gov (NCT04694833). Details on the design of the 

study are reported in the following sections. 

Participants 

To determine the required sample size, an a priori power analysis using 

G*Power® (version 3.1.9.7) was performed on previous data testing the FIT 

effect with 60 healthy participants. The power analysis was conducted 

considering a single group, as the primary objective was to establish the 

necessary sample size to detect the FIT interaction effect across different 

VR technologies. This data showed the hypothesised significant interaction 

between target-distractor saliency contrast and distractor number (F(2,114) 

= 117,58, p < 0,001, η² = 0,67), and an effect size (Cohen's f) of 1.425.  
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Using these parameters, the G*Power analysis indicated that a total sample 

size of 4 participants is required to show the FIT effect interaction, with a 

power of 0.80 for detecting the specified effect size at an alpha of 0.05. For 

our study, which involved contrasting a group of post-stroke participants 

with healthy participants, we decided to increase the sample size to 15 

participants per group. Retrospectively, a sample size of 15 participants per 

group was deemed sufficient to detect a significant between-group effect 

(η2 = 0.96). 

Post-stroke participants were recruited from the physical medicine and 

rehabilitation department of the Cliniques universitaires Saint-Luc in 

Brussels and were either currently hospitalised or already discharged. 

Recruitment took place from December 2022 to March 2024. The post-

stroke participants were selected using the following inclusion criteria: (1) 

adult participants (i.e., minimum age of 18 years old); (2) presence of an 

ischemic or haemorrhagic first cortical and/or sub-cortical stroke, diagnosed 

by CT or magnetic resonance imaging and (3) a good understanding of the 

task instructions. The exclusion criteria were: (1) uncorrected vision 

deficiencies; (2) MoCA46 score less than 20 out of 30 points; (3) presence of 

other neurological conditions (e.g., major neurocognitive disorder or 

extrapyramidal disorders) that could bias the outcomes; (4) medication-

resistant epilepsy; (5) orthopaedic dysfunction that could influence upper 

extremity function and; (6) too poor trunk control to sustain the trial. Points 

(5) and (6) were clinically evaluated by a Physical Medicine and 

Rehabilitation specialist in the week preceding the VR sessions. The post-

stroke group (n=15; 14 males) had a mean age of 58.4 years (SD=12.4; 

range: 21-71) and a mean height of 175.5 cm (SD=6.5). Most participants 

were VR naïve (93%), 54% reported the less impaired hand (i.e., the 

response hand) was their pre-stroke dominant hand. The average time since 

stroke was 7 months (range: 1-132 months), 7 participants were in sub-acute 

phase (i.e., within 6 months from the stroke) and 8 in chronic phase, with 12 

ischemic and 3 hemorrhagic strokes. Lesions were located on the right 

hemisphere in 9 participants and on the left in 6, primarily affecting the 

Sylvian regions. The mean MoCA score was 26.2 (SD=2.4; range: 20-30). 

Rehabilitation status varied, with 8 participants still undergoing 



 

neuropsychological, occupational, and/or physical therapy at the time of 

testing. 

Healthy controls were recruited between November 2021 and March 2024 

through the University of Louvain participation panel and social media 

groups. The participants were selected using these inclusion criteria: (1) 

they should have normal or corrected to normal vision and (2) no 

neurological, psychiatric or orthopaedic disorders potentially affecting 

compliance or limiting upper limb functionality. Difficulty in understanding 

French (the language of the task instructions) was an exclusion criterion. 

The healthy control group (n=15; 7 males) had a mean age of 58.1 years 

(SD=14.4; range: 21-81) and a mean height of 170.3 cm (SD=8.1), showing 

no significant age and height differences to the control group. Although 

gender ratio was different between groups, we expected no gender effects 

for FIT (with males and females showing equal ability to inhibit visual 

distractors). Most participants were VR naïve (86%). Further details, 

including individual participant data, are provided in Tables 1a and 1b, 

available as online-only supplementary material. All the participants 

volunteered to participate in the study, providing written informed consent 

before participation. 

Materials 

The ‘REAsmash’ Serious Game (SG) was created using Unity 2019.3 

software (in C# language). The REAsmash presented a visual display of 24 

molehills displayed in a cartoon-like garden (organized into 6 columns and 

4 rows). The grid of molehills was aligned with an active surface of 100 x 

50cm in both the niVR and iVR devices. The stimuli presented to 

participants was organized by 7 blocks of 24 trials (game levels). The 

participant was instructed to ‘Smash’ (hit) the target stimulus that pseudo-

randomly appeared from one of the 24 molehills, making the 24 trials for 

each block / level. The target stimulus was a mole wearing a red miner’s 

helmet. In the baseline level 1 trial block, no distractors were presented. In 

the remaining trial block levels, distractors were presented with the target 
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mole. The distractor moles wore different helmets and were used to create 

high versus low saliency contrasts to the target mole (creating a measure of 

distractor inhibition demands). In the high saliency target-distractors 

contrast condition, the target was presented with distractor moles wearing 

blue helmets (miner’s or horned) (levels 2, 3 and 4). In the low saliency 

target-distractors contrast condition, the target was presented with distractor 

moles wearing either blue miner’s or red horned helmets (levels 5, 6 and 7). 

In the high salience condition, the target differed from the distractors by 

colour, whereas in the low salience condition, the target differed from the 

distractors by a conjunction of features (both colour and helmet shape). In 

each of the two target-distractor salience conditions, 11, 17 or 23 distractors 

accompanied the target, making stimuli sets of 12, 18 and 24 stimuli 

(corresponding to levels 2, 3 and 4, and levels 5, 6 and 7; Figure 1). 



 

Figure 1. The REAsmash target-distractor search stimuli.Examples of 

stimuli settings. The upper images show level 4 (high salience) with 23 

distractors wearing horned or miner’s blue helmets. The lower images show 

level 7 (low salience) with 23 distractors, wearing red helmets with horns 

and blue miner's helmets The two images on the left column represent the 

stimuli as they appeared in the REAsmash-niVR version of the SG, while the 

images on the right are taken from the REAsmash-iVR SG. 

The REAsmash-niVR ran on the REAtouch® (Axinesis®) interactive 

medical device. This was composed of a touch-sensitive screen (43”, 95 x 

53 cm) incorporated in a motorized structure that allowed customised screen 

lifting and inclination tilting. The REAtouch® provides multisensory and 

real-time performance feedback and is designed to allow uni- or bi-manual 

interaction by direct hand-contact with the screen. The hardware for the 

REAsmash-iVR consisted of an immersive VR headset (Oculus Quest 2) 

and one Oculus Quest motion controller. When the virtual hammer hits the 

mole helmet, Oculus Quest 2 provides a real-time performance acoustic 
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feedback, and the respond controller vibrates. The experiment was 

monitored through a live stream from the Oculus App (Figure 2). 

Figure 2. The non-immersiveVR and immersiveVR devices. On the left, the 

REAtouch® (Axinesis®), a touch-sensitive 43” screen tablet with 

multisensory and real-time performance feedback. The height and 

inclination of the touch-sensitive screen can be adjusted. In the present 

study the inclination was the same as that presented here (i.e., 0°). On the 

right,the Oculus Quest 2®, the immersive VR headset (with a per-eye 

resolution of 1832×1920, and a refresh rate of 120 Hz), and one Oculus 

Quest motion controller (left or right according to the response hand), used 

for manual responses. 

Procedure 

The study was run in controlled laboratories at the Cliniques universitaires 

Saint-Luc of Brussels (Belgium) and at the University of Louvain 

(UCLouvain). All sessions were conducted by a PMR specialist, who was 

the intervention provider for the project. Before the study, participants were 

given instructions regarding the experimental design, and they were invited 

to sign a consent form. They were informed that they could withdraw from 

the study at any time.  



 

When playing the REAsmash-niVR SG, participants were asked to sit on a 

chair positioned in front of the REAtouch® and aligned with the central 

sagittal axis of the interactive touch-sensitive screen (see Figure 2), with 

their feet placed on the ground. The screen was adjusted to a suitable height, 

allowing the participant to make responses to all parts of the screen, and 

making their position comfortable for the experiment. The touch-sensitive 

screen was presented at a horizontal angle of zero degrees relative to the 

ground. Participants were instructed, by means of a superimposed message 

on the playing field that was also verbally spoken by the software, to touch 

the target as quickly as possible with their playing hand. To begin each trial, 

the participant had to touch an “X” stimulus that appeared at the mid-lower 

edge of the touchscreen. This was used to provide a consistent starting point 

prior to each trial response. After touching the start position, the trial would 

begin. 

The format of the REAsmash-iVR SG experiment matched that of the 

REAsmash-niVR SG. Participants were invited to sit on a chair, wearing the 

iVR headset and hold the controller in their response hand. Multimodal (i.e., 

written and verbal) instructions were played at the beginning of the SG, 

instructing the participants to hit the target stimulus as fast as they could, 

using a virtual hammer that was controlled with the iVR controller. As in 

the case of niVR, the height of the playing field could be adjusted for 

comfort, allowing participant to interact with all parts of the display. Before 

each trial, to provide a consistent starting point, two red squares were 

displayed floating in front of the participants, aligned with the central 

sagittal axis of the playing field and placed on the edge nearest to the player 

(matching the location of the X in the niVR display). One square had a 

pictogram of an eye, and the second had a pictogram of a hammer. The 

participants had to simultaneously fixate on the eye-square and place the 

hammer on the hammer-square to initiate each trial. When the participant's 

head and virtual hammer positions were correctly located, the two red 

squares turned green, and the trial began (Figure 3). Note that the iVR used 

head tracking to measure head rather than eye position. 
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Figure 3. The starting position in iVR. When the cubes with the eye and 

hammer pictogram turned from red (left frame) to green (right frame), both 

the position of the head and the response hand were correctly placed and 

the trial was initiated. 

In the case of participants in wheelchairs, the wheelchair was appropriately 

positioned aligning the participants to the same playing conditions as the 

other participants. A 10-trial practice session was used to familiarize 

participants with the devices before each session. A 20-second rest period 

was provided between each game level. The 7 levels were run from easy to 

difficult (levels 1-7 in sequence). 

All mole stimuli appeared for a maximum time of 7 seconds. If the 

participant made no response, the trial was considered as an omission, while 

if they responded to a distractor stimulus, the trial was considered as an 

error response. If a correct response was made within 7 seconds, the trial 

was terminated, and the next trial was initiated. 

The playing hand, in the case of post-stroke subjects was the less impaired 

hand. In current clinical cognitive diagnosis tests, post-stroke individuals are 

frequently asked to use their less impaired (ipsi-lesional) hand for making 

responses. This is carried out to reduce the influence that motor impairments 

have on the interpretation of cognitive impairments.  



 

Prior to the main experiment, we conducted a preliminary experiment on 

healthy participants to verify the hand used had no effect on response times. 

In this preliminary study, 10 healthy participants (average age 60 years, SD 

10.6) performed the REAsmash with both hands, randomising the hand 

order. These data are presented in the Results section. 

All participants performed the two versions of the REAsmash (niVR and 

VR). The order of the two sessions were randomised and took place with a 

maximum of one week separation to minimize potential cross-platform 

practice effects. 

Outcomes  

The following behavioral outcomes were measured in this paper, 

constituting the dependent variables. 

For the preliminary experiment, the primary outcome was absolute mean 

response Time (AT), consisting of the mean response time between target 

appearance and manual response (i.e., the virtual hammer hits the mole 

helmet) in successful trials. 

For the main experiment, we introduced Relative mean response Time (RT) 

for successful trials. This outcome was calculated by subtracting the mean 

response time of baseline level (Level 1) from the mean response times 

recorded in Levels 2 to 7. RT highlights the temporal cost of different task 

conditions, isolating the cognitive demands of distractor inhibition from 

individual variability in absolute response time. The dependent variables RT 

was introduced to control for individual variability intra- and inter-group. 

In both experiments, two further outcomes were collected: (i) Error Rate, 

defined as responses made to distractor stimuli instead of the target and (ii) 

Omission Rate, defined as the failure to respond to the target within the 7-

second time limit. Both error and omission rates were calculated as 

proportions out of the total number of trials for each condition. 
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Data analyses 

Data analyses were performed using SPSS 27.0 (IBM®). The normality of 

the data was investigated using the Shapiro-Wilk test, and then repeated 

measures ANOVAs. Post-hoc analyses were performed with Bonferroni 

corrections for multiple comparisons.  

For the preliminary experiment on healthy participants contrasting hand use, 

the dataset consisted of 3360 trials (i.e., 7 levels x 24 trials x 10 participants 

for the dominant and non-dominant hand) for each VR type. The 

independent variables were hand (dominant vs non dominant) and game 

level (7 levels), with a separate ANOVA for each VR type (as the intention 

here was to isolate differences for hand used).  

For the main experiment, we focused on target-distractor saliency and 

number of distractors, comparing groups and type of VR. Each participant 

group was composed of a total dataset of 5040 trials (i.e., 7 levels x 24 trials 

x 15 participants x 2 VR type). The independent variables were VR type 

(iVR vs niVR), target-distractor saliency (high vs low), distractor number 

(11, 17 and 23) and group (post-stroke vs healthy controls).  

Availability of Data and Materials 

The datasets used during the current study are openly available in the open 

data archive of University of Louvain 

(https://dataverse.uclouvain.be/dataset.xhtml?persistentId=doi:10.14428/DV

N/OM0TIM). 

Results 

The post-stroke group included 1 female, and all participants were right-

handed, with an average age of 58.4 years (SD 12.4). The control group 

included 8 females and 4 left-handed participants with an average age of 

58.1 years (SD 14.4) (see Tables 1.a and 1.b). The post-stroke and control 

groups were mean age matched, with a t-test showing no significant 

difference in age between the two groups (t (28) = -.125, p = .902).  

https://dataverse.uclouvain.be/dataset.xhtml?persistentId=doi:10.14428/DVN/OM0TIM
https://dataverse.uclouvain.be/dataset.xhtml?persistentId=doi:10.14428/DVN/OM0TIM


 

No participants withdrew before the end of the study. No adverse events 

occurred during the experiment. The sessions were well tolerated and 

overall described as non-stressful and engaging. No participants asked to 

stop the experiment prematurely or to extend the rest periods. 

The preliminary experiment testing hand differences in healthy 

participants 

Concerning the preliminary experiment, the niVR dataset, there were 12 

omissions (0.3%), 11 errors (0.3%), 5 anticipatory responses (0.1%) (i.e., 

responses imitating in less than 250 ms) and 48 outliers (1.4%) (defined by 

a three standard deviation confidence interval). In the iVR dataset, there 

were 24 omissions (0.7%), 19 errors (0.6%), 0 anticipatory responses and 67 

outliers (2%).  

The ANOVA on RT for the niVR dataset showed a significant main effect 

of game level, F (6,54) = 300.7, p < 0.001, η2 = 0.97, but no significant 

main effect of the response hand F (1,9) = 0.235, p = 0.639, η2 = 0.03, and 

no interaction between level and response hand F (6,54) = 0.340, p = 0.913, 

η2 = 0.04. Similarly, the ANOVA for the iVR dataset showed a significant 

main effect of game level, F (6,54) = 238.347, p < 0.001, η2 = 0.96, but no 

significant effect for response hand F (1,9) = 0.001, p = 0.982, η2 = 0.000, 

and no significant interaction F (6,54) = 0.364, p = 0.899, η2 = 0.04. 

Therefore, these data showed that starting from a consistent central position, 

the response showed no differences between hand used to respond to a 

spatial target. 

The main experiment 

For the post-stroke group, in niVR, there were 71 omissions (1.4%), 10 

errors (0.2%) and 4 anticipatory responses (0.07%), and in iVR, there were 

89 omissions (1.8%), 30 errors (0.6%) and 0 anticipatory responses. For the 

healthy control group, in niVR, there were 9 omissions (0.2%), 7 errors 

(0.1%), 5 anticipatory responses (0.1%) and 37 outliers (0.7%), and in iVR, 

they made 29 omissions (0.6%), 15 errors (0.3%), 0 anticipatory responses 

and 51 outliers (1%).  
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The ANOVA for RT showed significant main effects of target-distractors 

saliency F (1,28) = 630.15, p < 0.001, η2 = 0.96, distractor number F (2,56) 

= 82.62, p < 0.001, η2 = 0.75, VR type F (1,28) = 99.18, p < 0.001, η2 = 

0.78 and group F (1,28) = 12.25, p = 0.02, η2 = 0.96). Multiple interactions 

were also statistically significant: (i) saliency and distractor number, F 

(2,56) = 79.26, p < 0.001, η2 = 0.74; (ii) VR type and saliency, F (1,28) = 

58.19, p < 0.001, η2 = 0.68; (iii) VR type and distractor number, F (2,56) = 

8.31, p < 0.001, η2 = 0.23 and (iv) VR type, saliency and distractor number 

F (2,56) = 7.13, p 0.002, η2 = 0.20 (Figure 4). No significant interaction was 

found between VR type and group F (1,28) = 2.19, p = 0.150, η2 = 0.07, and 

there were no other significant interactions.  



 

 

Figure 4. Mean relative response time for independent variables of target-

distractor saliency, number of distractors and group (milliseconds). The 

upper plots show the low saliency conditions while the lower plots show the 

high saliency conditions. On the left, the results in niVR and on the right, 

the results of the iVR. The error bars show the 95% confidence interval. 

Black-filled circles represent post-stroke participants; Outlined circles 

represent healthy controls. “*” represent significant main effect for 

distractor number; “#” represent significant main effect for VR type. The 

results for both VR types showed the classic FIT effect, with the number of 

distractors showing no differences for high target-distractors saliency, but a 
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significant increase in mean relative response time with increased number 

of distractors in the low target-distractors saliency. The post-stroke group 

was significantly slower than the healthy controls group. The iVR responses 

were significantly slower than the niVR responses (relative to baseline). 

We first focus on the interaction between target-distractor saliency and 

distractor number. To analyse the interaction, we ran two separate ANOVAs 

for each target-distractor saliency condition (high and low). As predicted, 

the high saliency condition showed no significant differences for numbers 

of distractors F (2,56) = 0.07, p = 0.935, η2 = 0.002, whereas for the low 

saliency condition, there was a significant effect F (2,56) = 86.198, p < 

0.001, η2 = 0.755, with RT increasing with increased numbers of distractors 

(M = 1081.54ms, SD 46.86; M = 1340.18ms, SD 58.80 and M = 

1565.73ms, SD 50.65 with 11, 17 and 23 distractors respectively). 

We next focus on the three-way interaction between VR type, target-

distractor saliency and distractor number (i.e., the FIT effect versus VR 

type), which encompasses the interaction effects between VR type and 

saliency, and VR type and distractor number. Separate ANOVAs were run 

for each saliency condition, testing distractor number and VR type. For the 

high saliency target-distractors condition there was a significant effect of 

VR type (F (2,28) = 24.95, p < 0.001, η2 = 0.471), with slower responses 

for iVR relative to niVR. No other statistically significant results were 

found for high saliency condition. For the low saliency target-distractors 

condition, there was a significant effect of numbers of distractors F (2,56) = 

86.20, p < 0.001, η2 = 0.75 (showing increased RT with increased numbers 

of distractors) and VR type F (1,28) = 112.05, p < 0.001, η2 = 0.80 

(showing slower relative response time for iVR than niVR), as well as a 

significant interaction between VR type and numbers of distractors F (2,56) 

= 8.90, p < 0.001, η2 = 0.241. We further separated the low saliency 

condition by distractor number and found significant main effects of VR 

type in all the three distractor conditions (F (1,28) = 41.63, p < 0.001, η2 = 

0.598; F (1,28) = 74.88, p < 0.001, η2 = 0.728 and F (1,28) = 117.94, p < 

0.001, η2 = 0.808 for 11, 17 and 23 distractors respectively) with longer RT 

in iVR than niVR (M = 860.80ms, SD 47.17 vs M = 1302.27ms, SD 67.15; 



 

M = 1045.53ms, SD 53.69 vs M = 1634.83ms, SD 79.70 and M = 

1201.75ms, SD 56.64 vs M = 1929.71ms, SD 64.57 with 11, 17 and 23 

distractors in niVR relative to iVR respectively). 

Discussion 

From a general perspective, this paper adds new understanding on the use of 

VR in SG for improving the cognitive diagnosis of distractor inhibition, for 

which there is currently no objective clinical diagnosis test used in clinical 

practice. 

Firstly, the preliminary study on 10 healthy participants confirmed that the 

design of our SG and the choice of introducing a consistent neutral and 

central starting position in both types of VR minimised differences between 

the hand used for the task. This was demonstrated by the data showing no 

performance difference between use of the dominant compared to non-

dominant hand. However, the potential problem with this decision is that 

some patients will make responses with their pre-stroke dominant hand, 

whereas others will now make responses with their pre-stroke non-dominant 

hand, potentially causing differences in response efficacy. To improve 

diagnosis tests requiring manual responses, we suggest that a consistent 

starting position is necessary to eliminate subjacent differences that are not 

stroke-related, such as making responses with the former dominant 

compared to former non-dominant. Such differences of hand dominance are 

removed with the central starting position.  

The main objective of this paper was to verify the transfer of the FIT effect 

between iVR and niVR versions of the SG, contrasting post-stroke 

participants with healthy age-matched controls. For this purpose, we used 

the dependent variable of RT. This modified measure (relative to the usual 

AT) adds a second new value to the diagnosis literature proposing a strategy 

to minimise potential differences introduced by different VR devices, where 

one requires direct hand interaction, and the other uses an iVR controller. 

For the main objective of the study, the contrast between types of VR (iVR 

vs niVR), we found a significant main effect of VR type, with RT slower in 
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iVR than niVR. We also found interactions between VR type and the FIT 

effect. The interaction is likely explained by increasingly greater F ratios, all 

being significant, with increasing numbers of distractors in low saliency 

condition for both VR types. Post-hoc analyses demonstrated the FIT effect 

in both types of VR, as explained above, but also a consistent effect of 

slower RT for iVR than niVR for contrasts in saliency and distractor 

number, with none of the interactions showing more effects. These results 

suggest that the degree of VR immersion has increased cognitive cost. 

Currently, there is no literature comparing the same cognitive inhibition task 

in different degrees of VR immersion. However, our results are in line with 

Makransky et al151,152, who demonstrated reduced performance in immersive 

compared to non-immersive environments, arguing that immersive VR adds 

extraneous cognitive load (i.e., increased task demands relative to the 

individual’s cognitive capacity153). This may be explained by the iVR 

creating a more absorbing experience than niVR. 

A final interesting value of the present study was the significant effect of 

group, but with no interactions between group and the other variables. 

Although the purpose of this article was not to validate the REAsmash as an 

assessment tool, this result is particularly interesting in this respect. The 

REAsmash seems able to maintain the FIT characteristics in high and low 

cognitive load VR environments, replicating results from healthy 

participants. The stability of the FIT effect, irrespective of the speed of 

response, the two devices, and for different populations, makes the 

REAsmash an ideal candidate for a clinical evaluation tool. Overall, these 

results support the ability to transfer diagnosis tests between two different 

devices. This consistency in diagnostic characteristics allows a strategy 

where one could use niVR in the acute to sub-acute phase post-stroke, 

transitioning to iVR in the sub-acute to chronic phase. This allows for 

increased neurorehabilitation possibilities for post-stroke individuals, 

potentially extending rehabilitation to telemedicine methods, and use of iVR 

in the home or in outpatient settings. In the case of extended 

neurorehabilitation, the REAsmash can be used as an independent test to 

verify progress in treatment. 



 

The present study has some limitations. The preliminary study conducted on 

10 healthy participants provides limited evidence, and its findings should 

not be generalized to the broader population without further validation. 

Additionally, while the results suggest that the starting position effectively 

reduces variability related to handedness in this specific task, contrasting 

findings in the literature warrant caution in extending these conclusions 

beyond the context of this study. 

We decided not to segregate participants by post-stroke phase, resulting in a 

single group of post-stroke participants in different recovery phases (from 

one month to 11 years since the stroke). Since the results suggest a higher 

cognitive load in iVR than niVR, further research on REAsmash should 

investigate differences caused by post-stroke phase (sub-acute vs chronic), 

to verify whether niVR is more suitable for the sub-acute phase. 

The absence of proper haptic and force feedback in the iVR setting is a 

limitation, particularly for the stroke group, where the lack of feedback may 

have influenced task performance by reducing sensory-motor integration 

demands. Future iterations of this study could explore the inclusion of 

haptic technologies in iVR, which might better leverage the immersive 

medium’s capabilities and provide additional insights into user responses. 

This study did not match participants by gender as no effects for the primary 

task based on FIT have been reported in the literature, demonstrating that 

cognitive and attentional processes are unlikely affected by gender 

differences125. Therefore, controlling gender was considered unnecessary for 

the scope of this research. Nonetheless, we acknowledge that gender 

differences might provide valuable insights for other contrasts, such as use 

of technology. Future research should balanced gender representation to 

better understand cognitive performance and task engagement. 

Another limitation is that we included both VR naïve and non-naïve 

participants. As our study used a cross-sectional clinical design, not having 

prior experience with VR might have influenced the outcome results147. 
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Future studies which aim to clinically validate the REAsmash as a 

diagnostic tool should take this into account. 

Observation during the sessions led to the realisation that trunk control, 

especially in iVR, played an important role in task execution. The iVR 

sessions induced the participant to maintain postural control of the response 

upper limb. As there is no true contact between the hammer and mole’s 

helmet, no external forces stopped the movement once the helmet had been 

hit. The participant therefore had to actively control the movement 

throughout the entire trial. Even when the response hand was the less 

impaired (as in our experiment), the trunk played an important role in 

balancing forces and stabilising posture, but also in the execution of the 

movement, which includes torsion movements of the trunk to reach the 

furthest targets. Future studies on the REAsmash would benefit from the 

introduction of a trunk control measure, such as a rating scale (e.g., the 

Trunk Impairment Scale139,140) or an objective motion tracking measure of 

trunk movement, integrated into the assessment. 

Conclusions 

As we hypothesised, and in accordance with what has been theorised in the 

literature, we demonstrated that while the type of VR immersion influenced 

response time, the diagnostic criteria of the REAsmash test was unaffected 

by type of VR. To successfully evaluate cognitive performance across 

different post-stroke phases, it is important to develop measures that are 

transferable between test devices, providing diagnostic compatibility from 

hospital to outpatient settings (for example, from bulky niVR to wearable 

and more ecological iVR devices). Our results demonstrated that the 

diagnostic properties of REAsmash were consistent across the two types of 

VR, as well as within both groups of participants. The REAsmash is a useful 

new assessment tool able to systematically evaluate distractor inhibition 

attention in both niVR and iVR. Future SG with search tasks should 

consider the transferability of the test diagnostic criteria for different types 

of VR immersion, providing more value to patient clinical care. 
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Supplementary Material 

Tables for online version 

Table I.a The demographic characteristics of the post-stroke subjects.  

F = Female, M = Male; Isch= Ischemic, Herm= Hemorragic; MCA= Middle cerebral artery, Sylv= Sylvian 

Segment of MCA; MoCA=Montreal Cognitive Assessment25; Nps= neuropsychological therapy, OT= Ocupational 

therapy, PT = Physiotherapy.

P1 M 69 172 Yes Yes Sub-acute Hem Right Sylv+Deep No Yes Nps+Ergo+Phys

P2 M 65 176 Yes No Sub-acute Isch Left MCA No Yes Nps+Ergo+Phys

P3 M 62 183 Yes Yes Sub-acute Isch Right MCA Yes Yes Nps+Ergo+Phys

P4 M 53 173 Yes No Sub-acute Isch+Hem Left Sylv No Yes Nps

P5 M 65 180 Yes No Chronic Isch Left MCA No Yes No more

P6 F 52 166 Yes No Chronic Isch Left Sylv No Yes Phys

P7 M 52 178 Yes Yes Chronic Isch Right Sylv Yes Yes No more

P8 M 62 164 Yes No Chronic Hem Left MCA No Yes No more

P9 M 64 181 Yes Yes Chronic Isch Right Sylv No Yes Phys

P10 M 54 180 Yes Yes Chronic Isch+Hem Right Sylv No Yes No more

P11 M 21 172 No Yes Sub-acute Hem Right Sylv No Yes Nps+Ergo+Phys

P12 M 60 182 Yes Yes Sub-acute Isch Right Sylv No Yes Nps+Ergo+Phys

P13 M 71 173 Yes No Sub-acute Isch Left MCA No No Phys

P14 M 66 178 Yes Yes Sub-acute Isch Right MCA Yes Yes Nps+Ergo+Phys

P15 M 60 184 Yes No Sub-acute Isch Left Sylv No No Phys

Stroke Phase Stroke type Brain lesion side
Brain lesion 

location

Current spatial 

attention 

impairment

Current 

Rehabilitation

History of 

cognitive 

impairment

ID Sex Age (years) Height (cm) VR naive

Was the 

response hand 

the dominant 

one before the 

stroke?
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Table I.b The demographic characteristics of the healthy controls.  

F = Female, M = Male. 
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Abstract 

BACKGROUND: Virtual Reality (VR) Serious Games (SGs) can provide a 

functionally relevant framework to capture cognitive and motor dynamics. 

Their interactive and engaging nature improves compliance, measurement 

reliability and allows for more frequent evaluations. Additionally, VR SGs 

enable the parallel collection of multiple types of data within a single 

session. We present REAsmash-ET, an immersive VR adaptation of the 

REAsmash SG, grounded in Feature Integration Theory (FIT) and 

integrating eye-tracking (ET) and upper limb kinematic (UL) analyses. 

REAsmash-ET introduces a novel methodological framework for the 

simultaneous assessment of attentional and motor functions in VR. 

METHODS: REAsmash is an interactive search-and-reach task designed to 

elicit structured visual exploration and UL motor responses under varying 

target-distractor saliency conditions. Custom algorithms extract metrics on 

visual search strategies and UL motor efficiency. Three age groups of adult 

healthy participants (n=15 each) were included to test the feasibility and 
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methodological consistency of the task and its metrics. Relative Response 

Time (RRT) and ET metrics were analyzed using ANOVA with factors: age 

group (20-39, 40-59, 60-80 years), target-distractor saliency (high vs. low), 

and number of distractors (11, 17, 23). Kinematic metrics were analyzed by 

age group and response hand (dominant vs. non-dominant).  

RESULTS: REAsmash-ET differentiated visuomotor performance across 

task conditions. RRT and ET metrics showed significant effects of saliency, 

number of distractors, and their interaction, consistent with FIT. Age-related 

differences emerged in both RRT and visual search efficiency. Kinematic 

analyses revealed slower and less efficient movements in older participants, 

with effects of hand dominance. The results support the robustness and 

feasibility of REAsmash-ET as a methodological framework. 

CONCLUSIONS: The results support the robustness and internal 

consistency of REAsmash-ET as a methodological framework for the 

integrated assessment of visual attention and UL motor control in immersive 

VR. The task’s ability to capture visuomotor variability and its 

multidimensional approach highlight its potential for future research and 

clinical applications in both healthy and clinical populations. 

REGISTRY NUMBER: This study was registered at ClinicalTrials.gov 

(NCT04694833). 

Keywords 

Eye tracking; Virtual reality; Spatial attention; Distractor inhibition; 

Cognitive evaluation; Upper limb kinematics; Cognitive-motor interaction. 
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Background  

Context 

With around 80 million survivors worldwide, stroke is the primary cause of 

long-term disability in developed countries2 and the third cause of long-term 

disability worldwide1. Stroke prevalence is expected to further increase in 

the next years3,4. Despite improvements in post-stroke care, survivors 

typically present a combination of long-term cognitive and motor deficits13.  

Estimates of cognitive impairment among stroke survivors remain uncertain 

and highly variable, with prevalence in the acute / sub-acute stages ranging 

from 24 to 80%44, partially explained by a lack of consensus in assessment 

protocols141. Comprehensive cognitive assessments are not systematically 

performed on a routine basis in clinics47,48, due to the limited number / 

availability of neuropsychologist specialists trained for cognitive 

assessment. Access to stroke-specific cognitive rehabilitation services in 

community settings is also limited, further reducing cognitive follow-up 

chances in the post-discharge phase154. 

Furthermore, clinical presentations of cognitive impairments in stroke 

survivors typically involve multiple cognitive functions (such as 

visuospatial abilities, inhibition, memory, executive functioning105–109) with 

great variability in survivors’ cognition and brain lesion profiles155. This 

variability further complicates assessment and, as a consequence, the 

rehabilitation process13,110. 

Classical neuropsychological testing procedures, such as paper-and-pencil 

tests, often diverge from real-world demands, as they rarely provide 

complex and dynamic scenarios, and are susceptible to practice effects33. 

Computerized cognitive assessments can provide quantitative data such as 

speed and response consistency33, however, they typically require long 

administration times, and often lack motivational appeal33,38. Furthermore, 

computerized cognitive assessments are usually conducted in 2D 

environments that do not reflect real-life interactions. In this context, 

assessment of visuospatial attention appears to be more sensitive when 
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performed in immersive virtual reality (iVR) compared to traditional paper-

and-pencil tests156. Gamifying computerized cognitive assessments can 

improve participant engagement, while maintaining the accuracy of 

quantitative data collection157. 

Motor deficits, intended as loss or limitation in muscle control or reduced 

mobility158 are well-documented in the literature, affecting approximately 

80% of stroke survivors159. Consistent evidence indicates that over 75% of 

survivors experience persistent Upper Limb (UL) impairment during the 

chronic stage160. UL impairments can result in difficulties with reaching and 

grasping abilities161, limiting individuals' autonomy to accomplish Activities 

of Daily Living (ADLs)162. For UL motor evaluation, the literature 

recommends several tests (e.g., Fugl-Meyer Assessment163, Box and Block 

Test164, and Action Research Arm Test102)165. These tests align with the 

International Classification of Functioning, Disability and Health (ICF)166 

framework, serving as reliable and valid tools in post-stroke assessment167. 

These tests are widely used worldwide, providing a reliable picture of the 

functional condition of the UL affected by stroke167. However, despite their 

strong measurement properties168,169, most of these clinical assessments 

exhibit floor and ceiling effects170.  

These effects can be attributed to several well-known limitations171: (i) 

limited sensitivity. Most assessments use ordinal scales, which may not 

detect minor yet clinically significant improvements during rehabilitation172; 

(ii) lack of movement quality analysis. Traditional tests focus on task 

completion but do not provide detailed insights into movement 

characteristics such as speed, smoothness, or coordination173. These 

kinematic parameters could help distinguish between active restorative 

movements and compensatory strategies174 and (iii) observer-dependent 

variability. Some assessments rely heavily on clinical observation, 

introducing subjectivity and inter-rater variability, which can affect the 

consistency and reliability of assessment outcomes175. 

Integrating kinematic analysis can help address these limitations, enhancing 

the precision and objectivity of motor function evaluation176. However, 



89 

introducing these technologies into clinical practice faces challenges related 

to clinical utility, including high costs, the need for specialized equipment 

and trained personnel, time-consuming data processing, and the absence of 

standardized, easy-to-use protocols suitable for everyday healthcare 

settings177. Furthermore, kinematic metrics are typically not collected during 

training (in-game), but only during specific assessment tasks performed 

outside the training sessions178. 

Differences in addressing motor and cognitive deficits may be related to the 

traditional approach of managing cognitive and motor impairments as 

distinct issues, with motor recovery often being the primary goal179. 

However, the combined presence of motor and cognitive disabilities further 

reduces individual autonomy in ADLs and quality of life, increasing 

caregiver dependency and reducing social participation180. These findings 

highlight the critical need for reliable and routine cognitive assessments and 

neuropsychology practice in post-stroke care, as frequently advocated in the 

literature181. Increasing evidence points to a strong connection between 

cognitive and motor functions, supporting the importance of integrating 

cognitive assessment with quantitative (kinematic) evaluation of residual 

motor abilities in stroke182. A large body of studies has shown that cognitive 

functions, such as attention and visuospatial abilities19, play a crucial role in 

guiding motor performance, motor learning, and overall recovery18. 

Notably, recent evidence suggests that simulating ADLs in controlled 

settings provides a meaningful framework for assessing cognitive-motor 

interaction, as these tasks require the simultaneous engagement of motor 

control, attention, executive functioning, and memory183. 

The first challenge for both neuroscientific research and clinical settings is 

thus to propose a consistent, objective, and reliable assessment of both 

cognitive and motor impairments, integrated into the overall rehabilitation 

process to facilitate the development of personalized and effective 

rehabilitation programs, while ensuring clinical utility through feasible, 

accessible, and time-efficient tools that can be easily implemented in routine 

clinical practice. 
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Through the integration of different technologies including Virtual Reality 

(VR), Eye-Tracking (ET) and motion tracking sensors, Serious Games 

(SGs) offer a novel interactive approach to assess both cognitive and motor 

functions61,184. SGs are, by definition, games (i.e., gamified tasks) designed 

with a primary purpose beyond entertainment51, often aimed at facilitating 

learning, incorporating challenging tasks to keep participants motivated52. 

They enable the collection of extensive quantitative (e.g., response times 

and number of fixations) and qualitative data (e.g., task strategies or 

behavioral patterns inferred from gaze trajectories) during task execution, 

increasing the potential to capture subtle motor and attentional differences 

by capturing real-time information on performances53. Additionally, as with 

computerized assessment146, the randomization of stimulus presentation can 

help minimize practice effects while ensuring consistency and 

standardization across individuals.  

REAsmash-ET is a SG we developed for investigating and objectifying 

visual search through the integration of ET technology into our original SG, 

the REAsmash124. REAsmash-ET enables precise measurement of cognitive 

visual-spatial attention interactions within compact 3D Regions of Interest 

(ROIs) representing the stimuli in a fully immersive VR environment. The 

REAsmash-ET presents stimuli in a horizontal playing field, matching the 

orientation of traditional paper and pencil tests, and the orientation of a 

consistent part of the ADLs185. From a technical perspective, this orientation 

presents challenges in fine-tuning the algorithm for raw ET data 

interpretation, as both accuracy and precision are strongly influenced by the 

spatial distance of the stimulus (i.e., whether it is located close to or far from 

the observer relative to the horizontal axis)186. This paper aims to address 

these challenges, demonstrating suitability for capturing and analyzing gaze 

behavior in dynamic, horizontally structured settings. 

We aim to propose our serious game as a tool for studying different 

components of visuospatial attention involved in a target search-and-reach 

task, including distractor inhibition and working memory, reflected by the 

tendency to fixate repeatedly on distractors or return to them during visual 

exploration. 
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We further leveraged the built-in features of VR systems to analyze motor 

performance data, including speed, precision, and smoothness of the UL 

response. 

Before introducing the REASmash-ET, we describe an overview of the two 

main technologies employed in this project: iVR and ET. 

Fully immersive VR (iVR) 

Definition of fully iVR 

Fully iVR generally refers to technologies designed to create an engaging 

interactive, three-dimensional, multisensory environment by employing 

Large Projection Systems (LPSs), Cave Automatic Virtual Environments 

(CAVEs) or Head-Mounted Displays (HMDs)59. SPSs consist of large 

screens that project the virtual environment onto a display surface. A CAVE 

is a room equipped with four to six projection screens that, when viewed 

with 3D glasses, create a continuous and immersive visual experience. This 

setup is further improved with head-tracking sensors and speakers to 

provide audio stimuli59. HMDs are wearable devices equipped with 

integrated screens, head-tracking sensors, and auditory feedback systems59. 

Their strong clinical utility relies on their portability, ease of use, and 

minimal setup requirements, which make them well-suited for hospitalized 

patients, outpatient care, and potentially even home-based rehabilitation62–

64. In contrast to other immersive VR systems that require complex and 

expensive infrastructures, HMDs offer a practical and scalable solution for 

routine clinical applications. 

Interest of fully iVR in Neurorehabilitation 

Fully iVR enables the design of safe, fully immersive 3D virtual 

environments, typically difficult or impossible to replicate within a clinical 

setting, such as street-crossing or virtual supermarkets187. These 

environments can provide a multisensory experience, combining visual, 

auditory, and motor stimulation, which allows for customized levels of 

challenge and engagement tailored to individuals with varying severities and 
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types of deficits92,188. The field of motor assessment has played a pioneering 

role in integrating new technologies into clinical practice189. A growing 

body of literature supports the use of iVR for rehabilitative purposes in post-

stroke, highlighting its potential to enhance engagement, functional 

outcomes, and therapy adherence70. 

Interest of iVR in Assessment 

iVR technologies have been demonstrated as valuable tools for evaluating 

complex and/or multiple tasks190,191. In particular, the introduction of 

reliable kinematic measures during iVR tasks reinforces traditional practices 

by providing objective data192. Kinematic analysis is now a well-recognized 

methodology for quantifying motor-related metrics193. Fully iVR-based 

cognitive assessment showed greater accuracy than conventional paper-and-

pencil methods194. HMDs allow for the consistent recreation of ideal testing 

conditions, independent of the real environment, enabling excellent session 

standardization with minimal disruption from real-world stimuli and 

excellent clinical utility62–64,195. Modern devices allow for the integration of 

various types of data, including behavioral outcomes, kinematic measures 

and gaze metrics. These data streams can be used independently (e.g., 

kinematics to assess motor execution or gaze metrics to evaluate attention 

and decision-making) but can also be combined to explore the interaction 

between cognitive and motor domains in ecologically valid, task-based 

scenarios65. This characteristic makes these tools particularly valuable in 

complex assessment settings, such as post-stroke, where different types of 

deficits often coexist and are interdependent. 

Eye-tracking 

The elementary components of gaze movements and definition  

of Eye-Tracking 

The elementary components of gaze movements while free viewing, reading 

or visual searching for a target are classically distinguished by fixations and 

saccades196. Fixations occur when the gaze remains relatively stable for a 
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sufficient period, allowing cognitive processing of the stimulus upon which 

the gaze persists67. Saccades, on the other hand, are ballistic movements of 

the eye between two fixation points, during which limited cognitive 

interaction is possible67. There is a third category of eye macro-movements 

named ‘smooth pursuit’, which occurs when a visual pursuit of a moving 

stimulus is required197. 

ET technology refers to the measurement of eye movements to understand 

where an individual’s visual attention is directed66. It is based on the 

principle that eye movements are used to bring the visual area to be 

explored into the center of the visual field (i.e., the foveal region), where the 

highest concentration of photoreceptors enables detailed visual 

processing68,198. 

Various types of eye-tracking technologies are available today. A broad 

classification based on device setup divides ET technologies into two 

groups: remote and wearable systems. Remote ET systems are typically 

used in screen-based studies, enabling natural computer interaction while 

collecting gaze data without physical contact199. However, while they 

simplify data handling, remote systems are restricted to fixed locations and 

may produce gaps or artefacts if participants move their heads 

excessively200. 

Wearable or head-mounted ET systems, such as headbands, glasses, and 

helmet-mounted devices often feature a secondary scene camera capturing 

the participant’s field of view201. These devices enable free movement 

during experiments and are valued for their binocular vision accuracy41. 

Mobile ET technologies are particularly suitable for real-world studies, 

although tracking peripheral gaze is less precise, and gaze data must be 

recorded in the scene camera’s coordinate system due to the lack of a fixed 

reference frame199.  

An innovative system is represented by iVR-ET HMDs202, a particular type 

of mobile device with ET systems built into HMD for fully iVR. As recently 

suggested by Kaise et al.194, this novel technology provides an 



Chapter 4 

94 

unprecedented opportunity in visual exploration, allowing the capture of 

detailed and accurate temporal and spatial data cross the entire visual field 

while allowing for full-body movements improving ecological validity. 

Interest of ET in neurorehabilitation 

ET is a well-established technology in the field of cognitive neuroscience31 

and offers significant potential in neurorehabilitation due to its ability to 

track and analyze visual attention in real time and across different types of 

tasks. Studies using ET have been used for assessment in peri-personal (i.e., 

within arm’s reach)203–205 and extra-personal (i.e., beyond arm’s reach) 

spaces206,207 paving the way for studies that co-investigate eye-hand 

interaction. In terms of stimuli, the literature reports wildly different setups, 

including elementary geometrical shapes208, everyday photographs209,210 and 

videos211, and more complex stimuli212. Different tasks have been employed, 

such as reading tasks213, free viewing209, and visual search tasks214. In the 

neurorehabilitation field, these types of tasks can be fine-tuned to target 

specific cognitive functions, including spatial and sustained attention, 

distractor inhibition, and working memory, increasing real-world 

applicability through ecological design.  

Interest of ET in assessment 

ET technology provides a valuable tool for the assessment of visual 

attention by measuring parameters such as the number and distribution of 

fixations194,215, promoting a deeper understanding of cognitive and motor 

interactions65. Additionally, ET presents a non-verbal, less cognitively 

demanding approach for monitoring disease progression in individuals with 

cognitive deficits65. 

ET technology demonstrated its validity in various experimental setups, 

allowing researchers to assess attentional mechanisms across different 

contexts and task demands in controlled and naturalistic environments216. 

Furthermore, emerging evidence217 indicates that ET data aligns closely 

with established cognitive evaluation methods, suggesting its potential as a 

tool for assessing severity and monitoring recovery in neurological 



95 

conditions. Despite advancements in ET technology, its adoption in clinical 

settings remains limited218. 

REASmash-ET 

Our research team developed REAsmash219, a SG adaptation of the classic 

fairground and arcade game Whac-A-Mole built within a structured 

paradigm that provides an advanced gamified adaptation of a well-

established cognitive paradigm based on Treisman and Gelade’s Feature-

Integration Theory (FIT) of attention125. FIT distinguishes between high- 

and low-saliency target-distractor conditions. In high target-distractors 

saliency, the target is prominent among the distractors and attention is 

directly drawn to the target stimulus through pre-attentive bottom-up 

“parallel search”37. In low-saliency conditions, individual stimuli need to be 

recognized as distractor stimuli and inhibited prior to target detection. This 

process is defined by “serial search”37. Parallel search times remain 

unaffected by distractor number, whereas serial search times increase with 

increased distractor number due to the need for more individual distractors 

to be inhibited.  

The primary objective of REAsmash was to evaluate the impact of target-

distractor salience on visual search efficiency during a structured search-

and-reach task, with a focus on visuospatial attention and distractor 

inhibition measures. To this end, we analyzed behavioral outcomes 

including error and omission rates and response time for successful trials 

(see Materials section). The test supports adjustable saliency conditions and 

has demonstrated cognitive stability when transitioning from classical 2D 

stimuli to complex 3D cartoon-like animated VR presentations220. The iVR 

version integrates UL kinematic tracking and has been shown to enable 

precise motor performance evaluation132,221. 

Previous research on visual exploration has predominantly employed non-

immersive VR, focusing on static panoramas209,222,223 or 2D visual search 

tasks215,224–229. These studies indicate that fixation duration is influenced by 

target-distractor similarity, perceptual difficulty, and stimulus density, with 
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similarity increasing fixation time and salience capturing attention. The 

REAsmash-ET aims to extend this knowledge by proposing, for the first 

time, ET measurements of visual search during a fully iVR SG, replicating 

the FIT and without body movement restrictions. 

In the following sections, we present the REAsmash-ET methodological 

framework, including a detailed explanation of the tasks as well as the 

strategies for processing ET and UL kinematic data. We also provide 

descriptive ET and motor performance data across the three age groups. 

Materials and Methods 

REAsmash SG 

The REAsmash124,132,220 was developed using Unity 2019.3 in C# and 

featured a cartoon-like 3D garden within a VR environment. The garden 

contains 24 molehills (6 columns and 4 rows) placed on an active playing 

surface of 150×100 cm. The task was built on a Whac-a-mole game that is 

widely known and intuitively understood thereby facilitating accessibility 

even for individuals with cognitive or comprehension difficulties. A cartoon-

style was adopted to minimize both the emotional impact of a game that 

could otherwise appear violent and the risk of cybersickness230,231. The 

number of stimuli was defined based on the playing field size and stimulus 

dimensions, which allowed a maximum of 24 items (1 target and 23 

distractors). From this configuration, two additional levels were created with 

progressively fewer distractors (17 and 11), thereby providing a controlled 

manipulation of distractor number and saliency across game levels 

(consistent with FIT). In total, seven levels were implemented: one baseline 

level with no distractors and six experimental levels crossing two target-

distractor saliency conditions (high vs. low) with three distractor set sizes 

(11, 17, and 23). This structure allowed for systematic modulation of task 

difficulty while maintaining experimental control and ensuring sufficient 

data points to detect both within- and between-subject variability. Moreover, 

the seven-level configuration provides an optimal trade-off between ability 

to capture performance changes and overall task duration, making it suitable 
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for future clinical applications. 

The task was designed to assess participant response times and accuracy in 

identifying a target stimulus, a mole wearing a red miner’s helmet. The 

target stimulus appears pseudo-randomly, appearing once from each 

molehill (24 positions) during each of the seven trial levels, with each game 

level composed of 24 trials. In the baseline condition (level 0), no 

distractors are presented, whereas in the high-saliency target-distractor 

contrast conditions (levels 1 to 3), the target appears alongside distractor 

moles wearing blue miner’s or horned helmets. In the low-saliency contrast 

conditions (levels 4 to 6), distractors wear either blue miner’s helmets or red 

horned helmets, sharing a conjunction of features with the target (Figure 1). 

Across levels one to six, 11, 17, or 23 distractors accompany the target, 

creating stimulus sets of 12, 18, or 24 elements, respectively, with 2, 3, or 4 

stimuli per column. In high-saliency contrast levels, blue miner’s and blue 

horned helmet distractors are equally distributed (i.e., 6, 9, and 12 per type 

in the 3 levels). In the 3 low-saliency levels, blue distractors with horns are 

replaced by red distractors with horns. We use the collider engine from 

Unity to detect responses. Every region of interest (i.e. the hammer, the 

target and the distractors) is matched to a 3D collider, and a response is 

defined by the collision between the hammer and target or distractor. 
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Figure 1. Target-distractor search stimuli. On the left a frame form level 3 

(i.e., high target-distractor salience condition) with 23 distractors wearing 

horned or miner’s blue helmets and, on the right, level 6 (i.e., low target-

distractor salience) with 23 distractors, wearing red helmets with horns or 

blue miner's helmets. 

VR equipment 

Participants were immersed in the virtual environment using an HMD 

(model: HTC Vive Pro Eye®, nominal field of view ≈110° according to 

manufacturer specifications; effective horizontal field of view ≈98° as 

reported in the literature232, with a per-eye resolution of 1440 × 1600 pixels) 

and one hand-held controller. Participants interacted naturally with the 

scene, without body movement restrictions, by means of a virtual 3D 

hammer operated using the controller. The HTC Vive Pro Eye® uses two 

fixed infrared stations to create a calibrated tracking environment. These 

base stations emit structured infrared signals, which are detected by sensors 

on the HMD and controller to ensure accurate spatial positioning. The HTC 

Vive Pro Eye® provides eye-tracking accuracy of 0.5-1.1° at 120 Hz233(p), 

with empirical validation showing mean accuracy ≈1.23° and RMS 

precision ≈0.62°234. Tracking via SteamVR of the Vive Pro Eye® controllers 

in static conditions has shown spatial errors on the order of a few 

millimeters to about a centimeter, depending on axis and setup235,236. The 

HMD was connected to an Alienware® x15 R2 laptop, which acted as the 

primary computing unit, managing software execution. This setup allowed 
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real-time monitoring of the participant’s field of view on the laptop display 

while ensuring stable system performance. Previous validation work has 

shown that the HTC Vive Pro Eye® provides high precision tracking with 

low latency (~22 ms), but that absolute positional accuracy can be affected 

by changes in the reference plane after temporary loss of tracking235. 

Procedure 

Before the experiment, participants received written and verbal instructions. 

They were then seated on a standard four-legged office chair without wheels 

or armrests, equipped with an HTC Vive Pro Eye® and a controller in their 

response hand. Participants were asked to remain seated throughout the VR 

session. The proximal edge of the playing surface was located 

approximately 20 cm in front of the player’s eyes in the orthogonal 

projection, with an eye-playing field center distance of 75cm (see Figure S1 

and Table S1 in the supplementary material for further details about visual 

angle subtended by the playing field and angular separation between 

stimuli). 

They were allowed to lean forward from the backrest, while remaining 

seated with both feet on the ground. Eye-tracking calibration was performed 

using the built-in VIVE Pro Eye® procedure, and assisted by the 

experimenter. On-screen messages guided the participant to wear the 

headset in the correct position, adjust the interpupillary distance, and follow 

a moving dot with their gaze as prompted by the system. 

Prior to each trial, two red squares, aligned with the center of the playing 

field, appeared in front of the participant. One square contained an eye 

pictogram and the other contained a hammer pictogram. To initiate each 

trial, participants were required to fixate on the eye-square and position the 

virtual hammer on the hammer-square (Figure 2). Once correctly aligned, 

the squares turned green and disappeared, signaling the start of the trial. 

This procedure ensured consistent starting coordinates of both gaze and 

hammer prior to each trial response. At the beginning of the SG, participants 

were instructed to hit the target stimulus as quickly as possible with the 



Chapter 4 

100 

virtual hammer while ignoring the distractors. The response hand had to be 

the same for all game levels. Once the 7 game levels were completed, the 

task was repeated with the other hand following a 5-minute pause. The 

response hand order was randomized.  

Stimuli were presented for a maximum duration of seven seconds, with 

omissions recorded if no response was made, and errors recorded if the 

participant struck a distractor instead of the target. A correct response was 

defined as the virtual hammer colliding with the target within the seven-

second time window, terminating the trial and initiating the next trial. 

Participants completed a 10-trial practice session to familiarize themselves 

with the VR environment, and a 10-second rest period was provided 

between each trial block (level). The experiment progressed from the easiest 

condition (no distractors) to the most difficult (23 low-saliency distractors). 

The full session, including all trial blocks and breaks, lasted approximately 

20 minutes per hand. 

Figure 2. The starting position. Before each trial, the participants viewed 

the 24 empty molehills and two reference squares, one with an image of an 

eye that they had to fixate, and one with an image of a hammer, on which 

they placed their virtual hammer. This enabled a consistent starting point 

for each trial. 

Outcome measures were organized into three domains: (i) task performance, 

including Relative Response Time (RRT), omission rates, and error rates; 
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(ii) eye-tracking, including cumulative and mean fixation time on 

distractors, as well as the number of capture and re-capture fixations; and 

(iii) upper limb kinematics, including mean and peak velocity, smoothness 

(SPARC), and coefficient of variation of velocity. This structured 

framework enabled the parallel assessment of attentional and motor 

performance within the same immersive VR task, while the following 

sections detail the feature extraction strategies for ET and UL data. 

Eye-Tracking data processing strategy: the semi-adaptive 

dispersion-threshold approach 

Raw ET data were tracked with the integrated ET system of the HTC Vive 

Pro Eye®. The HMD recorded head position and gaze point relative to the 

3D colliders of the VR stimuli at a sampling frequency of 50 Hz. The 

stimuli represented the ROIs. ET data were recorded from the start of each 

trial (i.e., when the participant reached the initial position and the two 

squares turned green and disappeared) until the trial ended (i.e., manual 

response or end of the 7 seconds allowed per trial). The spatial and temporal 

positions of head and gaze points constituted the raw ET dataset, stored as 

“CSV” files on the headset's hard drive for each participant. 

To study gaze behavior, we employed a revised version of the dispersion-

threshold algorithm by Llanes-Jurado et al.237. Starting from the original 

algorithm237, we first resolved coding bugs related to the computation of 

gaze vectors238 and then implemented further refinements to improve data 

accuracy and robustness (explained below). The original dispersion-

threshold algorithm analyses consecutive gaze points according to fixed 

Angular Dispersion (AD), where AD is defined as the angle between two 

gaze vectors originating from the eyes and reaching two consecutives gaze 

points. Depending on the distance (d) between the eyes and the stimuli, a 

fixed AD can lead to variations in Linear Dispersion (LD), defined as the 

linear distance between two consecutive gaze points (Figure 3). This 

consideration implies a major limitation to the application of fixed AD for 

our task (or any tasks to stimuli oriented on the horizontal plane) where 
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ROIs are spatially compact (13x16cm) and vary in retinal size according to 

d from less than 0.5 to 1.5 meters. 

 

 

Figure 3. Variation in Linear Dispersion (LD) at constant Angular 

Dispersion (AD). The white dots indicate two consecutive gaze points on a 

distractor. Angular Dispersion (AD) is defined as the angle (in green) 

between two gaze vectors (blue arrows) originating from the eyes and 

extending to the respective gaze points. The illustration demonstrates that, 

with a constant AD between gaze points, the Linear Dispersion (LD) between 

the two dots can greatly vary depending on the distance between the 

observer and the stimulus. In this example, LD1 refers to the dispersion on a 

closer distractor (first row), whereas LD2 corresponds to a more distant 

distractor (fourth row) from the participant’s perspective. 

To increase the accuracy of gaze data interpretation in our task, we 

implemented a semi-adaptive AD approach. Specifically, different AD values 

were applied within predefined d ranges, ensuring that gaze points were 

spatially analyzed under a consistent LD while accounting for variations in 

eyes-ROI distance. 

Basing our calculations on anthropometric norms of human height and 

proportions239, we derived d for each ROI as d = √𝑑⊥
2 + ℎ2

 , here d⊥ 
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represents the orthogonal distance between the eyes and the stimuli ROI and 

h is the height difference between the eyes and the ROI. Our analysis was 

centered on the position of the mole helmets, which served as the 

distinguishing feature among the stimuli (Figure 4). 

 

Figure 4. Computation of eyes-ROI distance. Graphical 3D representation 

of d computation, with d⊥ representing the orthogonal distance between the 

eyes and each ROI and h the height difference between the eyes and the 

ROI. The virtual objects (i.e., the playing field and the moles) are 

schematically represented with dotted black lines. 

For the REASmash-ET setting, d was estimated to range from 

approximately 45 cm to 130 cm according to the ROI position on the 

playing field. We then divided the playing field into three distinct 8 ROIs 

zones based on d: (i) proximal; (ii) intermediate and (iii) distal. The average 

d was approximately 60 cm for the proximal zone, 90 cm for the 

intermediate zone, and 120 cm for the distal zone (Figure 5). 
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Figure 5. Division of the playing field into three zones according to the average distance between eyes - ROIs. 

Visual representation of the d (i.e., eyes-ROI distances) in centimeters across the playing field. The three graphics 

illustrate the classification of ROIs into proximal (a), intermediate (b), and distal (c) zones, based on their 

estimated distances from the participant's eyes. Colors indicate the measured distance in centimeters, with warmer 

shades representing shorter distances and cooler shades representing longer distances. 
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To ensure a constant LD across the three zones, AD was calculated as a 

function of d for a given LD, using the formula AD(d) = 2 ⋅ tan-1(LD/d). We 

tested the AD for LD of 1.5, 2, and 2.5 cm (Figure 6). An LD in the range of 

1.5 to 2.5 cm allows us to discriminate fixations on specific features within 

the stimuli, such as horns.  

 

 

Figure 6. Relationship between Angular Dispersion (AD) and Eye-ROI 

Distance (d) across different Linear Dispersion (LD) conditions. Graphical 

representation of the relation between AD, d and LD. As d increases, the 

required AD decreases to maintain a constant LD with shorter LD requiring 

smaller AD. 

The literature suggests AD between 1° and 2° for visual search tasks similar 

to the REASmash-ET240. A LD of 2cm was the only value that fell within the 

suggested AD range for d values consistent with our task: an AD around 2° 

was needed for an eyes-ROI mean distance of 60cm (proximal zone) and an 

AD around 1° was needed for an eyes-ROI mean distance of 120cm (distal 
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zone). We then calculated the AD for an LD of 2cm with an eyes-ROI mean 

distance of 90cm (intermediate zone) and found an AD of 1.3° (Figure 7). 

 

Figure 7. The Angular Dispersion (AD) for the three zones of the playing 

field. A LD of 2cm corresponds to: (i) a AD of approximately 2° for d of the 

proximal zone (60cm), (ii) a AD of approximately 1.3° for d of the 

intermediate zone (90cm) and (iii) a AD of approximately 1° for d of the 

distal zone (120cm). 

Following the spatial definition of fixation based on the dispersion of gaze 

points, we then evaluated fixation using temporal criterion. This is 

necessary to ensure that the gaze remains sufficiently stable for a minimum 

duration, allowing cognitive engagement with stimuli located within the 

foveal region. In accordance with the literature240–245, we set the time 

threshold at 100ms to exclude false positives and micro-fixations that do not 

reflect cognitive visual engagement with stimuli. True fixations were gaze 

points remaining within AD, whereas saccades were implicitly classified as 

any gaze movements that did not meet the fixation criteria. For each 

fixation, duration was calculated as the time difference between fixation 

onset and offset, corresponding to the time between the first and the last 

gaze point classified within the fixation. Fixation location was calculated by 

determining the 3D coordinates of the centroid (i.e., the average spatial 

position of all gaze points belonging to the same fixation). Fixated objects 
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were identified by projecting the binocular gaze vector into the virtual 

scene. When multiple intersections with colliders occurred, the collider with 

the shortest distance from the gaze origin was selected. 

To test the reliability of our ET data, we contrasted distractor fixation 

duration metrics to behavioral outcomes. This approach permitted to make 

hypotheses grounded on the FIT to verify the efficacy of REAsmash-ET to 

detect real cognitive interactions on compact 3D VR stimuli. In high target-

distractor saliency trials, the time spent fixating distractors was expected to 

be close to zero (parallel search). In contrast, in low saliency trials, a 

positive correlation was expected between the number of distractors and the 

ET metrics, reflecting visual serial search. 

The spatio-temporal computation of the ET data made it possible to study 

overlapping fixations. We defined capture fixations as two or more 

consecutive fixations on the same stimulus (i.e., the gaze remains locked on 

a single object without shifting to others) 51,75 and re-capture fixations as 

instances where the gaze returns to a stimulus after having shifted to one or 

more different stimuli209,246,247. An augmented number of capture fixations 

likely suggests difficulties in disengaging attention from a stimulus (i.e., a 

distractor inhibition impairment)211,246,248 while an augmented number of re-

capture fixations has been interpreted in the literature as a possible marker 

of spatial working memory impairment209,246,247. Although there is relative 

consensus regarding the underlying pathological mechanisms of overlapping 

fixations209,211,246, to date there are no norms regarding these ET metrics. We 

hypothesized an age effect related to a general decrease in visual exploration 

efficiency with age249. 

The semi-adaptive dispersion-threshold algorithm described here constitutes 

a general-purpose solution for gaze data analysis in 3D environments with 

variable eye-to-stimulus distances. 

Upper limb kinematic data processing strategy 

As for the ET data analyses, we only considered data of successful trials. 

The 3D position of the controller used for manual responses collected from 
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the stimuli appearance to manual response with a sampling rate of 60 Hz. 

UL kinematic raw data were stored as export files (.csv) on the headset's 

hard drive for each participant. 

This strategy made it possible to study the metrics of UL movement in the 

temporal window corresponding to response time. Kinematic data were then 

analyzed using a custom program developed in Python99. We first 

performed a visual inspection of the controller’s 3D position over time to 

ensure data reliability. To reduce acquisition noise, a fourth order 

Butterworth filter (sampling frequency = 60 Hz; cut-off frequency = 10 Hz) 

was applied to each dataset. Then, for each consecutive time point, we 

calculated the Euclidean distance traveled in 3D space and divided it by the 

time interval (s), to compute the instant velocity signal (v(ti)). For each trial, 

we calculated in 3D space: (i) Mean velocity; (ii) Peak velocity; (iii) 

Spectral arc length (SPARC) and (vi) Coefficient of variation of the 

velocity.  

(i) 𝑀𝑒𝑎𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =  
∆𝑑

∆𝑡
 

Mean velocity, computed as the mean rate of change position (Δd/Δt), was 

calculated from the beginning of the trial to the manual response. 

(ii) 𝑃𝑒𝑎𝑘 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =  𝑚𝑎𝑥 (𝑣(𝑡𝑖)) 

Peak velocity corresponded to the maximal instant velocity (𝑣(𝑡𝑖)) within a 

trial. 

(iii)      𝑆𝑃𝐴𝑅𝐶 = − ∫ [(
1

𝜔𝑐
)

2

+ (
𝑑𝑉(𝜔)

𝜔𝑐
)

2

]

1

2

𝑑𝜔;
𝜔𝑐

0
 

𝑤𝑖𝑡ℎ 𝑉̂(𝜔) =
𝑉(𝜔)

𝑉(0)
 and 𝜔𝑐 =

𝑚𝑖𝑛 {𝜔𝑐
𝑚𝑎𝑥,  𝑚𝑖𝑛{𝜔, 𝑉̂(𝑟) <  𝑉̅ ∀ 𝑟 >  𝜔}} 

SPARC is a smoothness metric ranging from -∞ to 0, with higher values 

corresponding to a smoother movement. It consists in the arc length of the 



109 

spectrum of the normalized instant velocity signal (𝑉̂(𝜔)) 250,251. To 

compute SPARC, we first applied a fast Fourier transform (FFT) to the 

instant velocity signal in order to obtain its amplitude spectrum as a function 

of frequency. The spectrum was then normalized by dividing all amplitudes 

by the maximum amplitude value, scaling the curve from 0 to 1. We 

computed the arc length of this normalized spectrum within a defined 

frequency range (ωc to ωmax ). Finally, a negative sign was applied to the 

resulting arc length, so that larger arc lengths (i.e., more irregular and less 

smooth velocity profiles) correspond to lower SPARC values, while 

smoother movements yield higher SPARC values. 

(iv) 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =  
𝑆𝐷 (𝑣(𝑡𝑖))

𝑚𝑒𝑎𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
 

Coefficient of variation of the velocity is another smoothness metric ranging 

from 0 to 100% with lower values corresponding to a smoother movement. 

The metric is a ratio between the standard deviation (SD) of the instant 

velocity (𝑣(𝑡𝑖)) and the mean velocity.  

Participants 

Participants were recruited between July 2023 and April 2024 through the 

University of Louvain participation panel and social media groups in 

Belgium and Italy. All the participants gave their written informed consent 

prior to the beginning of the study. The protocol was approved by the Saint 

Luc-UCL Hospital-Faculty Ethics Committee (Belgium) (2015/10FEV/053) 

prior to the initiation of the study and registered on clinicaltrial.gov 

(NCT04694833). The participants had normal or corrected to normal vision 

and no neurological, psychiatric or orthopedic disorders potentially affecting 

compliance or limiting upper limb functionality. The REAsmash-ET 

instructions were presented in French or Italian depending on the location of 

testing, and the insufficient understanding of any of these languages was a 

further exclusion criterion. All participants were naïve to our SG and to 

iVR.  
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To explore differences in age, we divided participants into three age-based 

groups, each consisting of 15 participants, ensuring a balanced number of 

left-handed individuals and different genders. Groups were composed as 

follow: Group 20-39 years, 7 females, 1 left-handed, average age of 24.6 

years (SD = 4.52); Group 40-59 years, 7 females, 2 left-handed, average age 

of 49.9 years (SD = 5.93) and Group 60-80 years, 6 females, 1 left-handed, 

average age of 69.6 years (SD = 3.88). 

Data analyses 

All statistical analyses were conducted using SPSS 27.0 (IBM®). The 

normality of residuals was verified using the Shapiro-Wilk test and in case 

of significant deviations, data were also log-transformed to assess 

robustness against potential violations of normality assumptions. Since the 

results of the ANOVAs were unchanged, we report here the analyses on the 

untransformed data for clarity. Outlier exclusion was performed using the 

conventional ±3 SD rule, applied separately within each age group for each 

dependent variable (e.g., response times, fixation metrics, kinematic 

measures). Specifically, trials with values exceeding the mean ± 3 SD of the 

distribution for that group and variable were removed. The significance 

threshold was set at α = 0.05, and Bonferroni corrections were applied for 

post-hoc comparisons when appropriate. 

Replicating recent publications using REAsmash220, we selected mean 

Relative Response Time (RRT) as the main dependent variable for 

behavioral outcomes. RRT was calculated by subtracting the average 

response time in the baseline condition (level 0, without distractors) from 

each response in levels 1 to 6. This measure reflects the additional cognitive 

cost associated with increasing distractor number and decreasing target-

distractor saliency.  

To test REAsmash-ET for detecting fixations, we verified the FIT on eye-

tracking outcomes. For this purpose, the primary dependent variables were 

(i) the total cumulative fixation time on distractors per trial and (ii) the mean 

fixation duration on distractors per trial. Secondary metrics included (iii) the 
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number of distractors with at least one capture fixation and (iv) the number 

of distractors with at least one re-capture fixation. Concerning UL 

kinematics, the dependent variables included (i) mean velocity, (ii) peak 

velocity, (iii) SPARC and (iv) the coefficient of variation of velocity.  

Only successful trials were analyzed for RT, gaze metrics and UL 

kinematics. Outlier exclusion was performed applying the standard practice 

of using a three SD confidence interval filter within each age group. 

For RRT and gaze metrics, repeated-measures ANOVAs were performed on 

the dependent variables, with (i) target-distractor saliency (high vs low) and 

(ii) number of distractors (11, 17, 23) as within-subject independent 

variables, and (iii) age group (20-39, 40-59, 60-80 years) as a between-

subject independent variable.  

For kinematic data, the response hand (dominant vs. non-dominant) was 

chosen as within-subject independent variable. This within-subject factor 

was intended to assess the ability of kinematic metrics to detect 

physiological motor asymmetries, even in neurologically healthy 

individuals. Age group was a between-subject independent variable. 

In the presence of significant interactions, separate ANOVAs were 

conducted within the independent variables concerned by the interaction 

effect. Due to their low frequency, omissions and errors were reported in the 

Results section, without further statistical analysis. 

Results 

All participants completed the experiment. In a general feedback discussion 

session with the participants after the study, they all described the 

experimental tasks as non-stressful and engaging. No participants asked to 

stop the experiment prematurely or to extend the rest periods. No serious 

and non-serious adverse events, such as cybersickness or epileptic seizures, 

occurred. 
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Behavioral outcomes 

Concerning behavioral outcomes, each participant (age) group contributed a 

total of 5,040 trials (7 levels × 24 trials × 15 participants × 2 hands) for a 

total data set of 15120 trials. The error and omission rates are presented in 

Table 1. 

Outlier RTs were removed from the successful trial dataset of each group, 

causing the removal of 62 trials (1.2%) for the 20-39 years group, 92 trials 

(1.8%) for the 40-59 years group, and 121 trials (2.4%) for the 60-80 years 

group. No anticipatory responses (i.e., responses faster than 250 ms) were 

observed in any group (See Table 1). 

Table 1. The error and omission rates of the 3 groups.  

 

The ANOVA for mean RRT demonstrated significant main effects of target-

distractors saliency (F (1,42) = 1897.68, p < 0.001, η2 = 0.98) and distractor 

number (F (2,84) = 276.46, p < 0.001, η² = 0.87), with longer RTs observed 

in the low saliency condition and with increasing numbers of distractors. A 

significant effect of group (F (1,42) = 19.35, p < 0.001, η² = 0.48) was also 

found. Multiple interactions were also statistically significant: (i) target-

distractors saliency and distractor number (F (2,84) = 234.56, p < 0.001, η² 

= 0.85); (ii) target-distractors saliency and group (F (2,42) = 23.10, p < 

0.001, η² = 0.52) and (iii) target-distractors saliency, distractor number and 

group (F (4,84) = 3.12, p = 0.019, η² = 0.13) (Figure 8). No other significant 

main effects and interactions were found. 

To analyze the interaction between target-distractors saliency and distractor 

number, separate ANOVAs were run for high versus low saliency condition. 

20-39 years 8 (0.2%) 5 (0.1%) 62 (1.2%) None

40-59 years 34 (0.7%) 11 (0.2%) 92 (1.8%) None

60-80 years 77 (1.5%) 27 (0.5%) 121 (2.4%) None

Age group
Outliers Removed 

(number, %)

Anticipatory 

Responses

Omissions 

(number, %)

Errors 

(number, %)
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The ANOVA for the high saliency condition showed no significant 

differences for numbers of distractors on mean RRT (F (2,84) = 2.41, p = 

0.1, η² = 0.05). In contrast, the ANOVA for the low saliency condition 

showed a significant distractor number effect (F (2,84) = 281.24, p < 0.001, 

η² = 0.87), with RRT increasing with increased numbers of distractors (M = 

912.01 ms, SD 29.15; M = 1216.79 ms, SD 29.16 and M = 1428.05 ms, SD 

26.50 with 11, 17 and 23 distractors, respectively). 

Concerning the interaction between target-distractor saliency and age group, 

these analyses demonstrated a significant group effect only in the low 

saliency condition (F (2,42) = 24.49, p < 0.001, η² = 0.54). No significant 

group effect was found in the high saliency condition (F (2,42) = 0.353, p = 

0.70, η² = 0.02). Mean RRT for high target-distractor saliency conditions 

were 96.96 ms (SD 18.42), 103.93 ms (SD 18.42) and 118.42 ms (SD 

18.42) for age groups 20-39, 40-59 and 60-80, respectively. Mean RRT for 

low target-distractor saliency conditions were 976.13 ms (SD 43.86), 

1165.84 ms (SD 43.86) and 1411.88 ms (SD 43.86) for age groups 20-39, 

40-59 and 60-80, respectively, showing increased RRT with age. 

For the three-way interaction between target-distractor saliency, distractor 

number and group (i.e., the FIT effect versus age group), separate ANOVAs 

per group, confirmed the FIT effect in the three groups (F (2,28) = 53.25, p 

< 0.001, η² = 0.79; F (2,28) = 66.62, p < 0.001, η² = 0.83 and F (2,28) = 

128.62, p < 0.001, η² = 0.90 for group 20-39 years, 40-59 years and 60-80 

years, respectively). This interaction shows that the age effect was 

specifically apparent in the low target-distractor saliency condition. 
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Figure 8. Mean RRT (seconds) for independent variables of target-distractor saliency, number of distractors 

and group. The left graph illustrates the high saliency condition, while the right graph shows the low saliency 

condition. Error bars represent 95% confidence intervals. Blue lines indicate participants aged 20-39 years, 

purple lines represent those aged 40-59 years, and green lines represent participants aged 60-80 years. Hash 

symbols (‘#’) indicate significant main effects of saliency; Carets (‘^’) indicate significant main effects of the 

number of distractors and Asterisks (‘*’) indicate significant main effects of age group. Results confirmed the 
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classic FIT pattern, with a significant increase in mean RRT as the number of distractors increased only under 

low saliency conditions. Additionally, a significant age effect was observed in the low saliency condition. 



Chapter 4 

116 

ET outcomes 

Statistical analyses on ET metrics were performed on a dataset of 12752 

trials corresponding to the total dataset of levels with distractors minus 208 

trials consisting of errors and omissions. No trials were excluded because of 

incorrect gaze starting position. We excluded 161 trials (1.26% of the initial 

dataset) that didn’t end with a fixation of the target. The distractor fixation 

dataset was composed of 14489 measures.  

Concerning the main ET outcomes (i.e., total cumulative time spent fixating 

on distractors and mean distractor fixation time), we then excluded 85 

outliers (2.2%) for group 20-39 years, 104 outliers (2.1%) for group 40-59 

years, and 112 outliers (1.9%) for group 60-80 years. The final dataset was 

thus composed of 14188 valid measures. Although the main analyses 

reported in the manuscript focused on fixation duration, for descriptive 

purposes we also provide, in the supplementary material, 3D plots of 

fixation counts across the playing field (Figure S2). These visualizations 

illustrate the relative distribution of attention across stimulus positions. 

Total cumulative time spent fixating on distractors per trial 

We found a significant main effect of (i) target-distractors saliency (F(1, 42) 

= 219.581, p < 0.001, η² = 0.839) and (ii) distractor number (F(1, 42) = 

150.102, p < 0.001, η² = 0.781), with longer cumulative time spent fixating 

on distractors for low saliency condition and with increasing number of 

distractors (Figure 9). 

The two-way interaction between target-distractors saliency and distractor 

number (FIT effect) was also significant (F(2, 42) = 114.497, p < 0.001, η² = 

0.732). Post hoc analyses showed a significant main effect of distractor 

number in both (i) high saliency condition (F(1, 42) = 26.050, p < 0.001, η² 

= 0.383), and low saliency condition (F(2, 42) = 135.864, p < 0.001, η² = 

0.764).  
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We also found a significant effect of group (F(2, 42) = 3.231, p = 0.050, η² 

= 0.133) with older age groups showing longer cumulative fixation times on 

distractors.  

The interaction between target-distractor saliency and group was also 

significant (F(2, 42) = 3.231, p = 0.050, η² = 0.133). The effect of saliency 

was most pronounced in the group of 60-80 years, where the mean increased 

from M = 0.031 (SD = 0.003) in high saliency to M = 0.342 (SD = 0.032) in 

low saliency. A similar pattern was observed in group 40-59 years, with an 

increase from M = 0.025 (SD = 0.003) to M = 0.280 (SD = 0.032). In group 

20-40 years, the effect was less marked, with means rising from M = 0.022 

(SD = 0.003) to M = 0.225 (SD = 0.032). 

The ANOVA for the high saliency condition showed a significant main 

effect of distractor number (F(1, 42) = 26.050, p < 0.001, η² = 0.383), with 

longer cumulative fixation times on distractors with increasing number of 

stimuli. For high saliency condition, the effect of group was not significant, 

(F(2, 42) = 1.656, p = 0.203, η² = 0.073). 

The ANOVA for the low saliency condition showed a significant main 

effect of distractor number (F(2, 42) = 135.864, p < 0.001, η² = 0.764), with 

longer cumulative fixation times on distractors with increasing number of 

stimuli. A significant main effect of group (F(2, 42) = 3.278, p = 0.048, η² = 

0.135) was also observed. For low target-distractor saliency, a significant 

main group effect was found between group 20-40 years and group 60-80 

years (F(1, 28) = 5.537, p = 0.026, η² = 0.165), with older age groups 

showing longer cumulative fixation times on distractors. The other pairwise 

comparisons between groups did not reveal any statistically significant 

differences. (Figure 9, supplementary Table S2 lists the reference values for 

each condition). 

  



Chapter 4 

118 

Figure 9. Total cumulative time spent fixating on distractors (seconds) for independent variables of target-

distractor saliency, number of distractors and group. The left graph illustrates the high saliency condition, while 

the right graph shows the low saliency condition. Error bars represent 95% confidence intervals. Blue lines 

indicate participants aged 20-39 years, purple lines represent those aged 40-59 years, and green lines represent 

participants aged 60-80 years. Hash symbols (‘#’) indicate significant main effects of saliency; Carets (‘^’) 

indicate significant main effects of the number of distractors and Asterisks (‘*’) indicate significant main effects of 

age group. Results showed a significant main effect of target-distractors saliency, with longer cumulative fixation 

times in low saliency condition. A significant increase in mean cumulative fixation time was also observed as the 

number of distractors increased, for both high and low saliency conditions. Additionally, a significant age effect 

was observed in the low saliency condition. 



119 

Mean distractor fixation time 

We did not find a significant main effect for target-distractors saliency (F(1, 

42) = 1.015, p = 0.320, η² = 0.024), or distractor number (F(1.738, 72.984) 

= 2.874, p = 0.070, η² = 0.064). Similarly, there was no significant main 

effect of group (F(2, 42) = 0.390, p = 0.679, η² = 0.018).  

None of the interactions reached significance, including the three-way 

interaction of saliency, distractor number, and group (F(4, 84) = 0.798, p = 

0.354, η² = 0.050) (Figure 10, supplementary Table S3 lists the reference 

values for each condition). 
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Figure 10. Mean fixation duration (seconds) for independent variables of target-distractor saliency, number of 

distractors and group. The left graph illustrates the high saliency condition, while the right graph shows the low 

saliency condition. Error bars represent 95% confidence intervals. Blue lines indicate participants aged 20-39 

years, purple lines represent those aged 40-59 years, and green lines represent participants aged 60-80 years. No 

significant main effects or interaction were observed.
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Distractor capture fixations  

Concerning the distractor capture fixations number analysis, the total dataset 

was composed of 14216 measures. A three SD confidence interval filter was 

applied, removing 333 outliers. The analyses showed significant main 

effects for (i) target-distractors saliency (F(1, 42) = 376.624, p < 0.001, η² = 

0.900) and (ii) distractor number (F(1, 42) = 162.394, p < 0.001, η² = 

0.795). The interaction between saliency and distractor number was also 

significant (F(1, 42) = 122.214, p < 0.001, η² = 0.744). Separate ANOVAs 

for saliency showed a significant main effect of distractor number for both 

high (F(2, 42) = 38.872, p < 0.001, η² = 0.481) and low saliency conditions 

(F(2, 42) = 145.793, p < 0.001, η² = 0.776) (Figure 11, supplementary Table 

S4 lists the reference values for each condition), with increasing number of 

capture fixations on distractors with increasing number of stimuli. For the 

between-subjects effects, the main effect of group was not significant (F(2, 

42) = 2.032, p = 0.144, η² = 0.088) and there were no significant interactions 

with group. 
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Figure 11. Mean number of caption fixations on distractors for independent variables of target-distractor 

saliency, number of distractors and group. The left graph illustrates the high saliency condition, while the right 

graph shows the low saliency condition. Error bars represent 95% confidence intervals. Blue lines indicate 

participants aged 20-39 years, purple lines represent those aged 40-59 years, and green lines represent 

participants aged 60-80 years. Hash symbols (‘#’) indicate significant main effects of saliency; Carets (‘^’) 

indicate significant main effects of the number of distractors and Asterisks (‘*’) indicate significant main effects of 

age group. Results showed a significant main effect of target-distractors saliency, with higher number of capture 
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fixations in low saliency condition. A significant increase in mean number of capture fixations as the number of 

distractors increased was also observed for both high and low saliency conditions. No age effect was observed. 



Chapter 4 

124 

Distractor re-capture fixations 

Concerning the distractor re-capture fixations number analysis, the total 

dataset was composed of 614 measures. A three SD confidence interval 

filter was applied, removing 3 outliers from group 60-80 years.  

We found a significant main effect for (i) target-distractors saliency (F(1,42) 

= 57.307, p < 0.001, η² = 0.577) and (ii) distractor number (F(1,42) = 

27.634, p < 0.001, η² = 0.397). 

The interaction between saliency and distractor number was also significant 

(F(1, 42) = 27.925, p < 0.001, η² = 0.399). Posthoc analyses showed that the 

ANOVA for the high saliency condition showed no significant main effect 

of distractor number (F(2,42) = 1.000, p = 0.372, η² = 0.023), whereas the 

ANOVA for the low saliency condition showed a significant main effect of 

distractor number (F(2, 42) = 27.845, p < 0.001, η² = 0.399), with increasing 

number of re-capture fixations on distractors with increasing number of 

stimuli. 

A significant main effect of group (F(2,42) = 5.256, p = 0.009, η² = 0.200) 

was found. However, the interaction between distractor number and group 

was not significant, (F(4, 42) = 1.231, p = 0.306, η² = 0.055) (Figure 12, 

supplementary Table S5 lists the reference values for each condition). 
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Figure 12. Mean number of re-caption fixations on distractors for independent variables of target-distractor 

saliency, number of distractors and group. The left graph illustrates the high saliency condition, while the right 

graph shows the low saliency condition. Error bars represent 95% confidence intervals. Blue lines indicate 

participants aged 20-39 years, purple lines represent those aged 40-59 years, and green lines represent 

participants aged 60-80 years. Hash symbols (‘#’) indicate significant main effects of saliency; Carets (‘^’) 

indicate significant main effects of the number of distractors and Asterisks (‘*’) indicate significant main effects of 

age group. Results showed a significant main effect of target-distractors saliency, with higher number of re-

capture fixations in low saliency condition. A significant increase in mean number of re-capture fixations was also 
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observed as the number of distractors increased, for both high and low saliency conditions. Additionally, a 

significant age effect was observed in the low saliency condition. 



127 

Kinematic outcomes 

As for ET metrics, statistical analyses on kinematic metrics were performed 

on a dataset of 12,752 trials. A three SD confidence interval filter was 

applied to each variable. After filtering, the number of valid trials per metric 

was as follows: Mean Velocity (12,648 trials), Peak Velocity (12,571 trials), 

SPARC (12,390 trials), and Coefficient of Variation of Velocity (12,501 

trials). 

Mean Velocity 

We found a significant main effect for (i) response hand (F(1,42) = 5.320, p 

= 0.026, η² = 0.112) and (ii) group (F(2,42) = 20.488, p < 0.001, η² = 0.494). 

The interaction between group and response hand was not significant 

(F(2,42) = 0.559, p = 0.576, η² = 0.026). The significant main group effect 

showed differences between: (i) group 20-39 years and group 40-59 years 

(F(1, 28) = 17.591, p < 0.001, η² = 0.386), (ii) group 40-59 years and group 

60-80 years (F(1, 28) = 5.746, p = 0.023, η² = 0.170) and (iii) group 20-40 

years and group 60-80 years (F(1, 28) = 41.797, p < 0.001, η² = 0.599), with 

a gradual reduction in mean velocity as the group’s mean age rises 

(supplementary Table S6.a.b list the reference values for group and response 

hand). 

Peak Velocity 

A significant group effect (F(2,42) = 9.733, p < 0.001, η² = 0.317) was 

observed, but no response hand effect (F(1,42) = 3.156, p = 0.083, η² = 

0.070) and no interaction between group and response hand (F(2,42) = 

0.876, p = 0.424, η² = 0.040). The significant main group effect showed 

differences between: (i) group 40-59 years and group 60-80 years (F(1, 28) 

= 6.046, p = 0.020, η² = 0.178) and (ii) group 20-39 years and group 60-80 

years (F(1, 28) = 20.721, p < 0.001, η² = 0.425) , with a gradual reduction in 

peak velocity as the group’s mean age rises (supplementary Table S7). 
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SPARC 

Group (F(2,42) = 0.917, p = 0.407, η² = 0.042) and response hand (F(2,42) 

= 0.025, p = 0.876, η² = 0.001) effects were not significant. The interaction 

between group and response hand was also not significant (F(2,42) = 1.911, 

p = 0.161, η² = 0.083). 

Coefficient of variation of the velocity 

Group (F(2,42) = 0.413, p = 0.664, η² = 0.019) and response hand (F(2,42) 

= 0.030, p = 0.862, η² = 0.001) effect were not significant. The interaction 

between group and response hand was also not significant (F(2,42) = 0.101, 

p = 0.905, η² = 0.005). 

Discussion 

This study aimed to present REAsmash-ET, a methodological framework 

for the integrated assessment of visuospatial attention and UL motor control 

in iVR. Through the combination of behavioral outcomes, ET metrics and 

kinematic analysis within a structured search-and-reach task, we tested three 

main hypotheses. First, based on FIT, we hypothesized that behavioral 

outcomes, specifically RTs, would vary as a function of target-distractor 

saliency, number of distractors. Second, we hypothesized that eye-tracking 

metrics would reflect differences in visual search strategies under different 

task conditions. Third, we hypothesized that kinematic metrics would 

capture variations in motor performance associated with hand dominance, 

providing complementary information on UL function. We also 

hypothesized an age effect on RT, ET metrics and motor control. 

The behavioral outcomes confirmed the reliability of our SG in replicating 

the FIT in a different HMD set-up relative to previous studies with 

REAsmash124,132,220. We observed progressively longer RTs as the number 

of distractors increased, but only in the low salience target-distractor 

condition. This effect was accompanied by a clear age-related decline in 

RRT specifically for the low salience target-distractor condition. Consistent 

with previous studies employing REAsmash on healthy 
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participants132,219,220, the frequency of errors and omissions remained very 

low, confirming the reliability of the task. 

Overall, ET metrics confirm the REAsmash-ET as an effective framework 

for measuring the cognitive cost of visual search under different stimuli 

conditions and assessing visual exploration strategies. In accordance with 

the FIT, the total fixation time spent on distractors showed a significant 

interaction between target-distractor salience and the number of distractors, 

with progressively higher values when the number of distractors increased 

for the low salience condition. While statistical significance for distractor 

number was observed for some ET dependent variables in high salience 

conditions, these effects were much smaller than the effects in the low 

salience conditions (see the accompanying figures and tables in the 

supplementary material), and likely clinically irrelevant. In the high salience 

conditions, the time spent looking at distractors remained close to zero 

regardless of the distractor number. This finding confirms that participants 

detected the target with minimal engagement of distractors, likely relying on 

bottom-up processes typical of parallel search37,211. 

In low-salience conditions, consistent with top-down processing involved in 

visual serial search37,211, the effect of distractor number was both robust and 

clinically relevant. In this low saliency condition, compared to the 11-

distractor level, the mean total cumulative time spent fixating on distractors 

increased by 62% and 100% with 17 and 23 distractors respectively. 

The emergence of group differences further supports the ability of 

REAsmash-ET in detecting subtle variations in visual attention performance 

across the lifespan, even in a healthy population. This is consistent with 

previous evidence showing that ageing is associated with reduced visual 

search efficiency, particularly in tasks requiring serial attentional processes, 

with older adults exhibiting slower response times and altered gaze patterns 

when confronted with increased visual complexity252. 

Regarding the mean duration of distractor fixations, no significant effects 

were found for target-distractor saliency, distractor number, or age group, 
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nor were any interactions observed. Results on distractor fixation duration 

suggest that, while task complexity influences how often participants fixate 

on distractors, the length of each fixation remains substantially stable, 

regardless of search difficulty or age in healthy individuals. As suggested by 

previous research253,254, under conditions of time pressure, as in the 

REAsmash-ET, fixation durations may remain stable regardless the stimuli 

set (i.e., features and number of distractors), likely due to limited time for 

attentional adjustment. This feature of REAsmash-ET is expected to provide 

a valuable framework for future comparisons between individuals with 

cognitive impairments and normative data from healthy controls. The 

present findings allow us to speculate that in the presence of cognitive 

impairments, individuals may exhibit longer average fixation durations. 

This may indicate a reduced ability to adapt to the temporal constraints of 

the task, which requires exploring as many stimuli as possible within a 

limited time window, while maintaining an organized search path and 

ensuring sufficient accuracy in distractor detection and inhibition. 

While disruptive effect of distractors on performance is well established, 

with numerous replications in the literature39,41, yet no tool for assessing 

distractor inhibition is available in routine clinical practice. From a clinical 

standpoint, prolonged fixations on distractors may serve as a marker of 

impaired distractor inhibitory control, which in patients could manifest as 

slowed information processing and greater susceptibility to interference in 

everyday tasks. REAsmash-ET ability to elicit and assess distractor 

inhibitory control is thus particularly valuable in stroke survivors, where 

deficits in attentional control can hinder functional recovery and daily 

performance255. 

Building on these considerations, we analyzed the results related to 

overlapping fixations with a focus on serial search. These metrics allowed 

us to further investigate whether and how REAsmash-ET can detect the 

efficiency of visual exploration from a spatial perspective (i.e., spatial 

distribution of a sequence of fixations). Concerning capture fixations, our 

results suggest that the likelihood of consecutive fixations on the same 

distractor increases with the number of distractors on the playing field, 



131 

regardless of the age of the participant. According to the literature, a 

pathological number of capture fixations likely indicates difficulties with 

attentional disengagement211,246,248. However, our data suggests that during 

complex search tasks, capture fixations are present even in healthy controls. 

This consideration calls for the introduction of normative data if the aim is 

to introduce these metrics in cognitive assessment. 

Although re-capture events were extremely rare, significant age-related 

differences emerged, particularly between younger and older participants. 

These differences reflect subtle variations in spatial exploration efficiency, 

highlighting the capacity of REAsmash-ET in detecting age-related changes 

in attentional control, reinforcing its value beyond clinical diagnostics. 

These results support the proposed methodological approach and confirm its 

potential for use in both normative research and clinical adaptation for 

assessing visual attention in naturalistic goal-directed immersive settings. 

Overlapping fixation patterns mirror clinical profiles commonly observed in 

patients with right hemisphere stroke256 or frontal executive dysfunction257. 

Clinically, excessive capture or re-capture fixations may signal inefficient 

allocation of (inhibitory) attentional resources and working memory, linked 

to disorganized visual exploration after stroke. An increase in capture 

fixations indicates difficulty disengaging from irrelevant stimuli, reflecting 

impaired distractor inhibition. Increased re-capture fixations (i.e., 

perseveration)211,246,248 is caused by a combination of visuospatial working 

memory and the inability to correctly inhibit a previously viewed 

distractor209,246,247. These findings highlight the potential of REAsmash-ET 

for fine-grained diagnostic assessment. 

Concerning UL speed metrics, findings align with previous works with 

REAsmash99, showing that both mean and peak velocity slow with age. As 

expected, the dominant UL was faster than the non-dominant one, 

confirming the ability of REAsmash to detect asymmetries in motor 

performance even within healthy participants. However, the lack of 

significant interaction between age and response hand suggests that age-

related slowing occurs equally in both ULs. Movement smoothness, 
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measured by SPARC, was not significantly affected by age or response 

hand, indicating that older adults maintain relative smooth trajectories 

despite moving more slowly. Similarly, movement consistency, assessed 

through the coefficient of variation of velocity, remained stable across age 

groups and response hand. These findings highlight the value of REAsmash-

ET in detecting age-related motor changes while distinguishing between 

declines in movement speed and the preservation of movement quality. The 

stability of smoothness and consistency is particularly relevant, as their 

deterioration is typically associated with pathological motor impairment 

rather than healthy ageing. These results may serve as an initial reference 

point for exploring motor performance in clinical populations, particularly 

in conditions characterized by unilateral motor deficits. Beyond statistical 

differences across age groups, these kinematic measures provide clinically 

relevant insights into motor efficiency. By revealing diminished motor 

control in older participants, reductions in peak velocity highlight the 

capacity of these measures to discriminate within the healthy spectrum, 

thereby underscoring their value for probing pathological motor deficits, as 

documented in post-stroke populations178,258,259. Importantly, these 

continuous, objective measures should overcome the floor and ceiling 

effects of traditional ordinal scales, supporting the development of more 

precise and individualized assessments of motor recovery complementary to 

conventional clinical assessments. 

Unlike previous iVR-ET studies, which have predominantly focused on 

passive or non-motor visual exploration tasks, REAsmash-ET combines 

active motor responses with structured visual search, allowing the 

simultaneous investigation of attentional and motor dynamics within a 

single naturalistic goal-directed immersive framework260. By interpreting 

the results within this clinical framework, REAsmash-ET emerges not only 

as a methodological innovation but also as a tool that can contribute to 

advancing neurorehabilitation practice by supporting the integrated 

assessment of cognitive and motor functions within a single task. 
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Limitations 

The present study aimed to define a framework for the extraction and 

interpretation of eye-tracking metrics in a structured search-and-reach task. 

As a preliminary investigation of the reliability of a novel methodological 

approach, we acknowledge that the present study has several limitations. 

Because only healthy participants were included, the present study does not 

allow us to draw conclusions regarding the ability of REAsmash-ET to 

detect motor deficits or to capture cognitive-motor interference effects that 

typically occur in clinical populations, such as stroke. The next step will be 

to test REAsmash-ET in a post-stroke population, where aspects such as 

consistency, sensitivity, reliability, and convergent validity with established 

gold-standard assessments will be systematically addressed. Preliminary 

results also suggest a potential age-related effect even among healthy 

individuals, particularly in visual search patterns such as re-capture 

fixations. However, the sample size of the present study was not designed to 

establish normative data, and these findings are therefore not conclusive. 

Future studies will include larger samples to further investigate the effect of 

age on overlapping fixations. 

Although participant groups were balanced for gender, no statistical 

analyses were conducted to investigate gender-related effects. This choice 

was based on previous findings and theoretical frameworks, such as the FIT, 

which suggest that cognitive and attentional processes involved in the 

primary task are unlikely to be influenced by gender125. Therefore, gender 

was not considered a critical factor for the current research aims. 

Nevertheless, we acknowledge that gender may still play a role in other 

dimensions, such as technology use or task engagement, and future studies 

should consider exploring these aspects more specifically. 

Recent work with REAsmash has shown that HMD hand controllers can 

provide reliable and sensitive kinematic measures to capture training-related 

changes in motor learning261. However, it remains a limitation that VR-

based kinematics are not fully equivalent to real-world movements, as the 

use of such controllers may influence natural motor execution. The absence 
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of physical object interaction and reduced haptic feedback can subtly affect 

movement trajectories, especially during the deceleration and endpoint 

phases262. 

Implications and Perspectives 

We consider REAsmash-ET a task of functional relevance, as it engages 

naturalistic goal-directed visuomotor behavior under standardized 

conditions. REAsmash-ET offers a robust and flexible framework for 

studying the interplay between cognitive and motor processes in immersive 

VR contexts. By combining behavioral, eye-tracking and UL kinematic data 

within structured task manipulations, it enables a multidimensional 

investigation of visual search, attentional control, and motor execution. This 

makes it a valuable tool for fundamental research on how attention and 

action co-regulate under time and performance constraints. 

From a clinical perspective, REAsmash-ET holds strong potential for 

assessing the interaction between cognitive functions frequently impaired in 

stroke survivors. For example, its metrics on distractor engagement and 

fixation dynamics may support the identification of attentional 

disengagement difficulties, such as those observed in USN248. Moreover, the 

framework could help explore how spatial working memory and selective 

attention interact during visual exploration, offering insights into 

compensatory mechanisms or deficits in goal-directed behavior. By 

highlighting individual profiles of cognitive-motor interplay, REAsmash-ET 

may inform targeted assessments and personalized rehabilitation strategies 

in clinical populations. 

As a planned extension of the REAsmash-ET framework, we aim to further 

investigate the interplay between cognitive and motor processes by 

segmenting upper limb kinematic data into distinct phases relative to eye-

tracking events. Specifically, we will distinguish (i) a first scanning phase, 

during which stimuli are displayed on the field but the target has not yet 

been fixated; (ii) a second phase, starting from the first fixation of the target 

and extending to the manual response / the end of the trial. By contrasting 
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post-stroke patients with healthy controls, this approach will allow us to 

explore in greater detail how cognitive demands and motor execution 

interact across task stages, thereby providing a more precise characterization 

of cognitive-motor interference under dual-task conditions. Furthermore, 

future analyses will leverage the recorded head coordinates to disentangle 

the relative contributions of head and eye movements to gaze deployment in 

REAsmash-ET. 

While this study was limited to healthy participants, the results support the 

potential clinical utility of REAsmash-ET as a single-task framework 

integrating information that currently requires multiple assessment tools. 

For instance, visuospatial attention is typically evaluated through subtests of 

the TAP battery131, while upper limb function is assessed with scales such as 

the Fugl-Meyer Assessment163. REAsmash-ET offers the possibility to 

capture both domains simultaneously and, importantly, provides metrics on 

distractor inhibition, a cognitive ability for which no standardized clinical 

test is currently available. This integrated approach could therefore 

streamline assessment protocols, while future studies in clinical cohorts will 

be needed to confirm its applicability and diagnostic value. 

An additional advantage of REAsmash-ET is its ease of use, which 

minimizes the learning curve for clinical personnel and facilitates rapid 

implementation in rehabilitation settings. Unlike classical non-immersive 

systems, which would require the parallel use of external eye-tracking 

devices and additional kinematic sensors to obtain the same range of 

information, REAsmash-ET provides an integrated solution that captures 

behavioral, oculomotor, and kinematic data with a single device.  

In addition, we are currently developing a fully adaptive algorithm in which 

AD tolerance is continuously adjusted to the average distance between eyes 

and consecutive gaze points. This approach is designed to keep LD constant 

within a physiologically meaningful AD range and to account for individual 

differences (e.g., height, posture), thereby supporting more robust and 

individualized fixation detection in future implementations of REAsmash-

ET. 



Chapter 4 

136 

Beyond its application in post-stroke assessment, our main target 

population, the REAsmash-ET framework may also have utility in other 

neurological conditions, such as mild cognitive impairment and early-stage 

dementia, where deficits in distractor inhibition, spatial and non-spatial 

attention have often been reported263. Its multidimensional approach could 

contribute to the early identification and characterization of attentional and 

working memory dysfunctions across clinical populations.  

In terms of ET algorithm, our semi-adaptive approach aims to provide a 

generalizable solution for fixation detection in immersive 3D environments, 

by adapting the angular dispersion threshold based on the average eye-to-

stimulus distance. Unlike purely spatial (Euclidean) methods that require 

precise 3D gaze coordinates, this method can be applied in situations where 

such data are unavailable, as long as an approximate stimulus distance is 

known or can be assumed.  

Conclusions 

This study introduced REAsmash-ET, a novel and generalizable 

methodological framework for combined cognitive and motor assessment in 

iVR. By combining behavioral outcomes, ET and UL kinematic measures 

within a naturalistic goal-directed search-and-reach task, REAsmash-ET 

enables the simultaneous investigation of attentional and motor control and 

their interaction. 

The framework’s structure, data processing pipeline, and convergence with 

theoretical predictions from FIT support its robustness and feasibility or 

future applications. 

Beyond its current implementation, REAsmash-ET is designed to be 

flexible and scalable, making it suitable for adaptation to other tasks, patient 

groups, or rehabilitation contexts. Taken together, these findings highlight 

the value of a multidimensional, theory-driven approach for advancing 

research and clinical assessment of motor-cognitive interactions in both 

healthy and neurological populations.  
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Supplementary Information 

The online version includes supplementary material containing (i) reference 

values for ET metrics and UL kinematics extracted from our study 

population; (ii) a graphical representation of the spatial distribution of 

distractor fixations across the playing field in the three age groups; (iii) the 

experimental setting and visual angles and (iv) a technical note concerning 

the instrument-level calibration and software validation tests for eye 

tracking and upper-limb tracking.  
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Supplementary Material 

Figure S1. Side-view illustration of the experimental setting. The red lines 

indicate real-world dimensions: eye height ~110 cm, seat height 45 cm, 

table height 74 cm, table depth 100 cm, and an eye-to-playing-surface 

center distance of ~75 cm (the head is ~70 cm behind and 35 cm above the 

table center). The virtual objects (i.e., the playing surface and the stimuli) 

are schematically represented with dotted black lines, with ROI helmet 

centers ~10 cm above the playing field. 

Relative to the participant’s seated resting posture depicted in the figure, 

the playing field had a visual angle of ~120° horizontally and ~40° 

vertically. The 3D space covered by the stimuli had maximum angles of 

~115° horizontally and ~35° vertically. 

The following table (Table S1) reports, for each row of stimuli on the 

playing surface, the mean edge-to-edge angular gap between adjacent 

stimuli and the within-row range. The overall mean angular gap across all 

rows was ~ 8°. 
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Table S1. Edge-to-edge angular gap between adjacent stimuli. 

 

 

These data illustrate the relative frequency with which different areas of the 

playing field were explored. Across all groups, fixations were not uniformly 

distributed but rather showed higher concentration in central columns. 

Contrasts between age groups showed an age-related increase in overall 

fixation counts. A left-right asymmetry emerged, with a predominance of 

fixations on the left relative to right side of the field. This pattern may 

reflect population bias, as all participants belonged to Western cultures 

where visual exploration typically follows a left-to-right scanning strategy, 

consistent with reading habits264–266. 

Row Mean gap (°)
Range within 

row (°)

Row 1 

(proximal)
11.40 5.42 - 21.37

Row 2 

(intermediate 

proximal)

8.60 6.22 - 11.54

Row 3 

(intermediate 

distal)

6.70 5.64 - 7.89

Row 4 (distal) 5.41 4.87 - 5.99
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Figure S2. Spatial distribution of distractor fixations across the playing 

field in the three age groups. The 3D bar plots presents the otal number of 

valid fixations (after 3 SD outlier removal) for each stimulus position on the 

6×4 playing surface. The three plots are for the 20-39, 40-59, and 60-80 

years-old groups. Bars indicate total fixation number per distractor 

locations, all trials merged (x-axis = column position; z-axis = row 

position; y-axis = fixation count). 
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Table S2. Reference values for total cumulative time (seconds) spent             

fixating on distractors according to age group, target-distractor 

saliency and distractor number. 

 

  

Lower Bound Upper Bound

11 0,016 0,003 0,009 0,022

17 0,024 0,004 0,016 0,033

23 0,028 0,004 0,019 0,036

11 0,136 0,028 0,08 0,193

17 0,227 0,036 0,153 0,3

23 0,31 0,037 0,235 0,386

11 0,018 0,003 0,012 0,025

17 0,023 0,004 0,014 0,031

23 0,034 0,004 0,026 0,042

11 0,177 0,028 0,121 0,234

17 0,308 0,036 0,235 0,382

23 0,355 0,037 0,279 0,43

11 0,022 0,003 0,015 0,028

17 0,035 0,004 0,026 0,043

23 0,036 0,004 0,028 0,044

11 0,236 0,028 0,18 0,293

17 0,354 0,036 0,28 0,427

23 0,435 0,037 0,359 0,511

60-80

High

Low

20-39

High

Low

40-58

High

Low

Age Group

Target-

Distractor 

Saliency

Distractor 

Number
Mean Std. Error

95% Confidence Interval
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Table S3. Reference values for mean duration (seconds) for distractor 

fixation according to age group, target-distractor saliency and 

distractor number. 

 

 

  

Lower Bound Upper Bound

11 0,137 0,009 0,118 0,156

17 0,134 0,007 0,12 0,148

23 0,133 0,006 0,12 0,145

11 0,137 0,002 0,132 0,141

17 0,137 0,002 0,132 0,142

23 0,139 0,002 0,135 0,144

11 0,124 0,009 0,105 0,143

17 0,13 0,007 0,116 0,144

23 0,142 0,006 0,129 0,154

11 0,138 0,002 0,133 0,143

17 0,139 0,002 0,134 0,144

23 0,139 0,002 0,135 0,144

11 0,128 0,009 0,109 0,147

17 0,147 0,007 0,133 0,161

23 0,146 0,006 0,133 0,158

11 0,136 0,002 0,132 0,141

17 0,137 0,002 0,132 0,142

23 0,141 0,002 0,136 0,146

60-80

High

Low

20-39

High

Low

40-58

High

Low

Age Group

Target-

Distractor 

Saliency

Distractor 

Number
Mean Std. Error

95% Confidence Interval
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Table S4. Reference values for distractor capture fixation number 

according to age group, target-distractor saliency and distractor 

number. 

 

 

  

Lower Bound Upper Bound

11 0,119 0,021 0,077 0,162

17 0,193 0,027 0,139 0,247

23 0,213 0,029 0,154 0,271

11 1,051 0,156 0,737 1,366

17 1,747 0,203 1,337 2,157

23 2,379 0,21 1,955 2,803

11 0,133 0,021 0,091 0,176

17 0,192 0,027 0,137 0,246

23 0,251 0,029 0,193 0,31

11 1,333 0,156 1,019 1,648

17 2,21 0,203 1,8 2,619

23 2,579 0,21 2,155 3,003

11 0,163 0,021 0,12 0,205

17 0,233 0,027 0,179 0,288

23 0,274 0,029 0,215 0,332

11 1,588 0,156 1,273 1,902

17 2,313 0,203 1,903 2,722

23 2,774 0,21 2,35 3,197

60-80

High

Low

20-39

High

Low

40-58

High

Low

Age Group

Target-

Distractor 

Saliency

Distractor 

Number
Mean Std. Error

95% Confidence Interval
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Table S5. Reference values for distractor re-capture fixation number 

according to age group, target-distractor saliency and distractor 

number. 

 

 

  

Lower Bound Upper Bound

11 0 0,001 -0,002 0,002

17 0 0,001 -0,002 0,002

23 0 0 0 0

11 0,017 0,016 -0,015 0,048

17 0,043 0,025 -0,007 0,093

23 0,078 0,032 0,012 0,143

11 0 0,001 -0,002 0,002

17 0 0,001 -0,002 0,002

23 0 0 0 0

11 0,039 0,016 0,008 0,07

17 0,099 0,025 0,049 0,149

23 0,146 0,032 0,08 0,211

11 0,001 0,001 0 0,003

17 0,003 0,001 0,001 0,005

23 0 0 0 0

11 0,074 0,016 0,042 0,105

17 0,151 0,025 0,101 0,201

23 0,203 0,032 0,137 0,268

60-80

High

Low

20-39

High

Low

40-58

High

Low

Age Group

Target-

Distractor 

Saliency

Distractor 

Number
Mean Std. Error

95% Confidence Interval
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Table S6. Reference values for group (a.) and response hand for mean 

velocity (m/sec). 

a. 

 

b. 

 

 

Table S7. Reference values for peak velocity (m/sec) according to age 

group. 

 

  

Lower Bound Upper Bound

20-39 0,579 0,017 0,544 0,613

40-59 0,514 0,017 0,479 0,548

60-80 0,425 0,017 0,39 0,459

Age Group Mean Std. Error
95% Confidence Interval

Lower Bound Upper Bound

Dominant 0,513 0,011 0,491 0,536

Non-dominant 0,498 0,01 0,478 0,518

Response Hand Mean Std. Error
95% Confidence Interval

Lower Bound Upper Bound

20-39 1,978 0,074 1,828 2,128

40-59 1,72 0,074 1,57 1,87

60-80 1,515 0,074 1,364 1,665

Age Group Mean Std. Error
95% Confidence Interval
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Technical note 

Instrument‑level calibration and validation tests for eye tracking and 

upper‑limb tracking 

In response to the reviewer’s concern that the manuscript did not report 

instrument‑level calibration or accuracy checks for eye tracking (ET) and 

upper‑limb (UL) tracking and that behavioral consistency alone is 

insufficient, this technical note documents the tests we performed to verify 

measurement accuracy, precision, and stability. 

Beyond the reported Methods, we implemented and verified the ET pipeline 

at software and data levels. The calibration criteria used to configure the 

fixation parser (i.e., number of fixations, percentage of points in fixation, 

mean fixation duration, and percentage of fixations within the region of 

interest, ROI) were implemented and unit‑tested to ensure functional 

correctness. We replicated the calibration plots across ranges of dispersion 

and duration values to check expected monotonic patterns and to confirm 

that conclusions were stable within a reasonable neighborhood of 

parameters (Figure 1). 

At the component level, the identification‑by‑dispersion‑threshold (I‑DT) 

algorithm was exercised on controlled cases: temporal‑window 

construction, sampling‑frequency checks, gaze‑vector and dispersion‑angle 

computation, and edge conditions (e.g., missing samples, boundary 

crossings). The Unity implementation was then cross‑checked against a 

reference implementation1. Discrepancies exposed defects in the published 

version which, once corrected, yielded matching outputs between both 

versions. 

In the post-processing stage, we verified the reaction-time script through 

integration tests that cross-checked, for each trial, the fixation timestamps 

(before and after target selection) against the recorded reaction times, to 

ensure temporal alignment between gaze and behavioral data. We also 

performed directory and output structure tests to confirm that the script 

consistently located the correct input files and produced reproducible output 
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files with a stable naming and schema across all participants. We also ran 

researcher user testing to verify that installation and execution procedures 

were robust for non‑developer use. During runtime profiling, we identified a 

software‑development‑kit (SDK) callback interaction that degraded 

performance and adjusted the data‑collection flow to avoid contention, 

restoring stable acquisition (Figure 2). 

For UL signals, operational quality control focused on pose availability 

(proportion of frames with valid six‑degrees‑of‑freedom, 6‑DOF, controller 

pose) and simple geometric sanity checks on instructed straight segments 

(straightness ratio and mean orthogonal deviation to a best‑fit line), with 

unstable segments flagged for review/exclusion. 
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Figure 1. Calibration sweeps. Monotonicity and stability across 

parameters. The fixation parser exhibits the expected monotonic patterns 

across dispersion thresholds and stable conclusions within a reasonable 

neighborhood of parameters. 
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Figure 2. Runtime profiling. Before/after SDK callback fix. Profiling 

identified a callback interaction that degraded performance during gaze 

collection; after disabling the conflict and revising data handling, 

acquisition stability was restored.
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Abstract 

BACKGROUND: Post-stroke attentional deficits are heterogeneous and 

may involve both spatial attention impairments, such as unilateral spatial 

neglect, and non-spatial deficits, including distractor inhibition. 

Conventional cognitive neurorehabilitation tasks often rely on fixed or 

manually adjusted difficulty levels to match the level of the patient, which 

may not adequately accommodate individual variability. Dynamic Difficulty 

Adjustment (DDA) algorithms offer a performance-driven approach to 

modulating task demands. The present study examined the feasibility of a 

theory-driven DDA algorithm integrating individual performance and 

normative data within a non-immersive virtual reality environment task. 

METHODS: A single-group repeated-measures feasibility study was 

conducted in inpatient and outpatient rehabilitation settings. Ten individuals 

with stroke completed three 15-minute sessions of DDA-REAsmash. The 
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multi-parameter DDA algorithm continuously adjusted stimulus 

presentation time, distractor inhibition demands, and spatial configuration 

based on real-time individual performance, aiming to maintain an optimal 

engagement range of 65-85% success rate. Normative reaction-time 

percentiles derived from an independent mean age-matched sample were 

implemented as lower algorithmic constraints. Feasibility was defined as 

stabilization of performance within predefined engagement boundaries, and 

adaptive behavior was examined in relation to baseline attentional profiles. 

RESULTS: All participants completed the protocol without adverse events. 

Across sessions, performance converged toward the target engagement 

range. 

CONCLUSIONS: These findings indicate the feasibility of a theory-driven 

multi-parameter DDA algorithm integrating individual performance and 

normative data to maintain individualized engagement in a heterogeneous 

post-stroke sample. Further controlled studies are required to determine 

clinical efficacy and functional outcomes. 

Key words  

Stroke, Unilateral Spatial Neglect, Distractor Inhibition, Dynamic Difficulty 

Adjustment, Serious Games, Virtual Reality, Neurorehabilitation. 

Introduction 

Despite increasing awareness of the importance of cognitive rehabilitation 

after stroke, visuospatial attention deficits, such as unilateral spatial neglect 

(USN)267, are frequently underdiagnosed and often not targeted effectively 

in rehabilitation programs43. Furthermore, key cognitive functions, such as 

distractor inhibition, lack in validated assessment and rehabilitation tools43. 

This under-diagnosis and under-treatment is often linked to limited 

resources, time constraints, and the shortage of trained neuropsychologists 

within rehabilitation settings154. Stroke rehabilitation requires regular and 

intensive sessions conducted by trained professionals to support functional 

recovery268. 
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Psychological factors such as reduced motivation, depression and anxiety, 

along with fatigue, can further complicate the rehabilitation process269. It is 

therefore essential to not only guarantee access to high-quality 

rehabilitation, ensuring adequate treatment intensity, but also to offer 

engaging and individualized sessions sustaining motivation and preventing 

dropout270,271. 

Digital technologies such as Virtual Reality (VR) Serious Games (SG) have 

gained growing interest in neurorehabilitation268,272. VR provides structured, 

interactive, and repeatable environments56, with non-immersive VR 

configurations enabling task execution through screens or touch-based 

interaction without requiring full sensory immersion273,274. SG consists of 

entertaining educational training143 that can facilitate patient-centered 

assessment and rehabilitation by encouraging participants to complete 

challenging and enjoyable tasks275. Research shows that VR SG enhances 

motivation and increases therapy intensity, further improving sensitivity and 

standardization in outcome measurement and rehabilitation92,268,272. Like 

other computerized technologies, VR SG enables the collection of diverse 

objective and quantitative data, such as behavioral and performance-based 

outcomes, increasing quantitative measurement sensitivity and 

specificity61,268,272.  

Despite positive evidence in stroke survivors276, the clinical adoption of VR 

SG for cognitive rehabilitation remains limited145. One major barrier is the 

heterogeneity of post-stroke cognitive profiles, with multiple cognitive 

functions typically affected13,110. This variability makes personalization of 

rehabilitation particularly challenging, as patients require task demands to 

be continuously tailored to their individual cognitive abilities277. 

Conventional VR SG often rely on manual, operator-dependent adjustment 

of task parameters, usually carried out at the beginning of the session, and 

with subsequent changes in task difficulty following fixed rules that do not 

allow for further customization278. Fixed-difficulty tasks often fail to 

maintain patient engagement, particularly because difficulty is not tailored 

to the individual’s varying abilities. Overly simple tasks reduce motivation 
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through being too easy, while overly difficult tasks cause frustration and 

dropout279,280. 

Conventional VR SG for cognitive rehabilitation entails two major practical 

limitations: (i) it requires trained personnel with sufficient expertise to 

accurately assess an individual’s cognitive deficits and select appropriate 

task difficulty parameters and (ii), it demands specific training in the use of 

VR SG software (difficulty adjustment), increasing personnel burden.  

To address this limitation, DDA SG have emerged as a promising 

approach90. DDA SG use algorithms to adjust task difficulty based on user 

performance88,91, aiming to provide challenging yet achievable levels that 

maintain optimal engagement, typically associated with success rates around 

75% (not too easy and not too difficult)91,281–283. Implementing DDA in 

cognitive rehabilitation requires finely tuned algorithms that are theory-

driven and sensitive to latent constructs93. 

Within this framework, we developed REAsmash, a modular VR SG 

grounded in Feature Integration Theory (FIT)40. The assessment module of 

the REAsmash has demonstrated replicable FIT effects, providing an 

assessment of spatial and non-spatial (distractor inhibition) visual-attention, 

and motor control in post-stroke and healthy populations in both immersive 

and non-immersive VR versions95,132,219,220. Here, we present a new 

REAsmash module implementing a DDA algorithm designed to provide 

individualized, theory-driven cognitive rehabilitation. A fully immersive VR 

version of DDA-REAsmash was recently used by Everard et al.261 to study 

motor learning in healthy older adults (with the DDA algorithm specifically 

designed to support motor learning). In this study, task difficulty was 

continuously adjusted to individual performance across training sessions, 

resulting in improvements in response speed, accuracy, movement 

smoothness, and manual dexterity, with retention and transfer to untrained 

tasks. In contrast, the present study introduces a novel, theory-driven DDA 

algorithm tailored to post-stroke cognitive rehabilitation, targeting spatial 

and non-spatial attentional deficits in a non-immersive VR setting. This new 

module introduces an additional innovation in DDA-SG design by 
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integrating normative performance data from age-matched healthy controls 

within the DDA update rules, extending standard DDA approaches that rely 

solely on individual performance284.  

Based on previous findings and FIT, three hypotheses were formulated. 

(i) Feasibility: The DDA-REAsmash will maintain performance within an 

optimal engagement range of 65-85% success rate (i.e., centered around the 

mean of 75%).  

(ii) Adaptability: To maintain the optimal success rate, the DDA algorithm 

will modulate task difficulty as a function of individual participant 

performance. 

(iii) We expect DDA-REAsmash to modulate task parameter difficulty to 

each participant’s cognitive profile, leading to a progressive stabilization of 

cognitive demand, reflecting clinically interpretable parameters. We expect 

longer stimulus presentation durations in individuals presenting impaired 

distractor inhibition, and we expect spatial configuration adjustment in 

individuals presenting lateralized visuospatial deficits. 

Materials and methods 

Study design 

This study employed a prospective single-group repeated-measures 

feasibility design. The objective was to examine the short-term behavior of 

a theory-driven DDA algorithm integrating individual and normative data 

within a non-immersive virtual reality environment. The study was 

conducted in accordance with the STROBE guidelines150 for observational 

studies, and the intervention description followed the TIDieR framework285. 

The study is part of a broader research program registered on 

ClinicalTrials.gov (NCT04694833); the registry reflects the overall study 

timeline, while recruitment for the present feasibility phase evaluating the 

DDA-REAsmash module took place between November 2024 and June 

2025. 
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Participants 

Given the feasibility design of this study, no formal a priori sample size 

computation was performed. Sample size was instead informed by previous 

work on the FIT interaction underlying the DDA algorithm. A prior study 

using the non-immersive REAsmash assessment module95 reported a large 

within-participant FIT effect (η² = 0.487; Cohen’s f ≈ 0.97). Based on this 

effect size, a power estimate suggested that nine participants would be 

sufficient to detect the effect with 80% power at α = 0.05. To account for 

potential dropouts, ten participants were recruited. 

Participants were recruited from the physical medicine and rehabilitation 

department of the Cliniques universitaires Saint-Luc in Brussels and were 

either currently hospitalized or already discharged. Recruitment took place 

from November 2024 to June 2025. The post-stroke participants were 

selected using the following inclusion criteria: (1) adult participants (i.e., 

minimum age of 18 years old); (2) presence of an ischemic or hemorrhagic 

first cortical and / or sub-cortical stroke, diagnosed by CT or magnetic 

resonance imaging; and (3) a good understanding of the task instructions. 

The exclusion criteria were: (1) uncorrected vision deficiencies; (2) 

presence of other neurological conditions (e.g., major neurocognitive 

disorder or extrapyramidal disorders) that could bias the outcomes; (3) 

medication-resistant epilepsy; (4) orthopedic dysfunction that could 

influence upper extremity function; and (5) too poor trunk control to sustain 

the trial.  

All participants were screened for visual USN. The assessment included a 

standardized battery of gold-standard tests: the Bells Test30, the Broken 

Hearts Test31, and Visual Field and Visual Scanning subtests from the 

computerized Test for Attentional Performance (TAP) battery131. The 

complete gold-standard assessment session also included the Go/NoGo 

subtest of the TAP and the Montreal Cognitive Assessment (MoCA)46 and 

lasted approximately 40-60 minutes. All participants also completed one 

session of the non-immersive REAsmash assessment module to estimate 

individual distractor inhibition deficits.  



157 

Assessment time windows were chosen a priori to balance clinical 

feasibility with the need to ensure that baseline assessments reflected 

participants’ current functional status. Participants in the subacute phase 

underwent the assessment within 10 days prior to the DDA-REAsmash 

sessions to minimize confounding effects of rapid spontaneous recovery and 

clinical fluctuations that are most prominent in the early post-stroke 

period286, participants in the chronic phase were assessed within up to 30 

days.  

Materials 

The DDA-REAsmash runs on the REAtouch® (Axinesis®), a non-immersive 

VR medical device. The REAtouch® consists of a 43” interactive touch-

sensitive screen (95 × 53 cm) mounted on a motorized structure that allows 

for customizable height adjustment and screen inclination (Figure 1). 
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Figure 1. The non-immersive VR device. The REAtouch® system consists 

of a 43-inch interactive touchscreen mounted on an adjustable support 

structure allowing customization of height and inclination. In the present 

study, the screen was positioned horizontally (0° inclination). Participants 

interacted directly with the touchscreen to perform the visual search task. 

Photograph taken by the authors. 

The DDA-REAsmash module maintains the graphical design of the 

REAsmash assessment module. It features a cartoon-style visual display and 

an active playing area measuring 95 × 45 cm. The playing field can present 

up to 24 molehills arranged in a 6 × 4 grid, with moles simultaneously 

emerging from different molehills. Each mole and molehill covers an area 

of 8 × 8 cm. The target mole is identified by a red miner’s helmet, while 

distractor moles have blue miner, blue horned, or red horned helmets. 

The DDA task parameters included (i) the number and distribution of the 

molehills (i.e., the active playing field), (ii) distractor salience and number, 

(iii) stimuli presentation time, and (iv) cues designed to attract attention to 
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the target (i.e., spatial auditory cues, and visual cues, each progressively 

simplifying the task difficulty relative to the no-cue condition). The first 12 

trials served as a baseline block presenting an ‘easy’ starting point. The 

presented stimuli had minimal task demands, with a reduced active playing 

field consisting of eight molehills arranged in a 4 × 2 grid centered close to 

the participant. In this initial phase, only the target mole was presented 

(requiring no distractor inhibition), and the target remained visible for 10 

seconds (maximum duration), with cues set at maximum intensity (helping 

the participant to find the target). 

All DDA parameters were then updated after each block of 12 consecutive 

trials, enabling the system to adjust task difficulty at regular intervals based 

on mean individual performance across the previous 12 trials. Each 

parameter was designed to stabilize a specific performance dimension 

corresponding to the individual’s profile, and together these adaptive 

mechanisms aimed to maintain an overall success rate of approximately 

75% (i.e., with difficulty specific to the individual’s profile and allowing the 

individual to find the target on 75% of trials). For the active playing field, 

the DDA algorithm dynamically adjusted the spatial configuration of the 

molehills based on the participant’s spatial performance profile. 

Specifically, the algorithm used the spatial distribution of omissions to 

reshape the active playing field, progressively modifying its size and lateral 

balance in order to maintain an optimal challenge level while targeting 

individual visuospatial limitations. Targets were presented in a semi-

randomized manner, appearing at least twice in each active column per 

block and never twice in the same molehill (except when a column 

contained a single molehill). This procedure ensured spatial unpredictability 

while allowing the detection of systematic lateralized response biases, such 

as increased omissions when targets appeared in the contra-lesional 

hemifield relative to the brain lesion. When such lateralized omissions are 

detected, the DDA is expected to adjust the shape of the playing field by 

reducing target density in the most impaired spatial regions while 

maintaining a limited number of molehills within the neglected hemifield. 

This spatial manipulation was designed to challenge participants with a 
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playing area slightly exceeding their current visuospatial and/or motor 

range, rather than fully excluding the impaired space. 

For example, in individuals with unilateral spatial neglect, the DDA 

progressively shifted the active playing field toward the ipsi-lesional side 

while preserving a small proportion of targets in the contra-lesional 

hemifield. This configuration allowed the system to maintain the target 

success rate around 75% while simultaneously promoting engagement with 

the neglected space, thereby directly targeting the participant’s spatial 

attentional bias. 

The number and type of distractors were chosen based on the FIT effect. 

The FIT effect relies on a contrast between high versus low target-distractor 

salience and the number of distractors. The red-helmet distractors create low 

target-distractor salience with the red-helmet target (differing by the shape 

of the helmet) and evoke serial visual search when searching for the target’s 

spatial location amongst distractors. In low target-distractor salience 

conditions, increased numbers of distractors progressively increase 

cognitive load and increase the need for distractor inhibition132,219,220. In 

contrast, the high target-distractor salience conditions (red-helmet target 

amongst blue-helmet distractors) require little distractor inhibition and are 

not influenced by increasing distractor number (Figure 2). 
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Figure 2. The different stimuli of the DDA-REAsmash. The target mole is 

identified by a red miner’s helmet. Distractor moles wore blue miner’s 

helmets, blue horned helmets, or red horned helmets. The presentation of 

the target with only distractor moles wearing blue helmets created high 

salience conditions with low inhibition demands. The presentation of the 

target with distractor moles wearing red and blue helmets created low 

targetdistractor salience conditions, requiring greater inhibition demands 

relative to the high salience conditions. 

By manipulating target-distractor salience (features) and distractor number, 

the DDA algorithm can modulate distractor inhibition demands (difficulty). 

After an initial presentation with an incremental number of high-salience 

distractors, low-salience distractors were progressively introduced to 

increase the cognitive load through distractor inhibition. If a participant 

already showed reduced accuracy with high target-distractor salience 

conditions (i.e., only blue distractors), red distractors were not introduced by 

the DDA to prevent overload due to low target-distractor salience (i.e., too 

much difficulty). Conversely, when the overall success rate dropped below 

the target range, the algorithm analyzed the type of distractor most 

frequently associated with errors and progressively reduced their 

occurrence, maintaining an adaptive balance between challenge and 

performance stability. 
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To ensure the task remained appropriately challenging, especially under 

high distractor inhibition demands, stimuli presentation times were 

calibrated by the DDA using normative response time data from healthy 

controls tested with the non-immersive VR assessment module95. 

Specifically, lower bounds were derived from the 75th percentile of 

response times observed in low-salience levels of the assessment version. 

The 75th percentile of response times represents the minimum duration 

required for individuals without distractor inhibition deficits to correctly 

find the target in 75% of trials. These bounds were then estimated for 

different conditions varying in the number of red distractors. The full DDA 

algorithm description is provided as Extended Data 1 (“Full DDA algorithm 

description”), including step-by-step mathematical specifications of the 

computation of minimum stimulus presentation times, the derivation of 

normative performance constraints, and the explicit rule-based update 

equations governing all DDA parameters, enabling independent replication 

of the adaptive procedure. 

At the end of each block, a 10-second pause was provided. During this 

pause, the touch-sensitive screen displayed feedback scores related to the 

completed block, including success rate, number of errors, and number of 

omissions. At the end of each session, an animation provided rewarding 

feedback with festive music and the achievement of a new personal best or a 

virtual medal linked to the number of levels played. 

Procedure 

The study was conducted in a clinical testing room at the Cliniques 

universitaires Saint-Luc, Brussels. All sessions were conducted by the first 

author of the study (PMR specialist), who was the intervention provider for 

the project. Participants were seated either on a standard four-legged office 

chair or in their own wheelchair. They were positioned in front of the 

REAtouch® and aligned with the sagittal axis of the interactive screen. The 

inclination and height of the interactive screen was set at 0° and 74 cm. 
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Prior to the first 12 trials block, participants were instructed to “smash” the 

target mole as quickly and accurately as possible using their less impaired 

hand. Before the task, the examiner provided oral instructions supported by 

a standardized visual presentation illustrating task instructions and stimulus 

examples. Immediately before the session, a short-written sentence and an 

audio prompt appeared on the touch-sensitive screen, inviting the participant 

to find and respond to the mole as quickly as possible. At the start of each 

trial, participants had to place their response hand on an “X” super imposed 

at the center-lower edge of the screen, ensuring a consistent starting 

position. The “X” disappeared immediately after touching it and the trial 

began. 

Omissions referred to missed targets (i.e., the participant was unable to hit 

the target within the presentation time). Errors were recorded when 

participants responded to and touched a distractor. Different types of 

auditive feedback were associated with positive or negative responses. Each 

session lasted 15 minutes. Participants completed three training sessions 

over one week. 

Outcomes 

The primary outcome testing the feasibility hypothesis was the success rate 

per 12-trial block, defined as the percentage of targets correctly found 

within each block. This measure was used to assess whether DDA-

REAsmash could adjust task difficulty in order to maintain individual 

participant performance success within the optimal engagement range of 65-

85%91,281–283 (mean 75%). 

Adaptability was evaluated using a Composite Difficulty Index. The 

Composite Difficulty Index provides a quantitative measure of task 

difficulty by integrating the three dimensions most relevant to cognitive 

load modulation in DDA-REAsmash. Specifically, it combined stimuli 

presentation time, the number of low-salience distractors, and the size of the 

active playing field. Shorter presentation times, a higher number of red 

distractors, and larger playing fields contributed to increased composite 
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difficulty. Each component was normalized relative to its predefined 

theoretical or observed range, yielding Composite Difficulty Index values 

between 0 and 1, with higher values indicating greater difficulty. The index 

reflects how the DDA algorithm balances visual search load, inhibition 

demands, and spatial complexity across successive blocks, representing 

each participant’s individualized task difficulty trajectory. A detailed 

explanation and operational description of the Composite Difficulty Index is 

provided as Extended Data 2 (“Composite Difficulty Index formalization”). 

A further assessment of adaptability was assessed by analyzing stimuli 

presentation time and active playing field configuration across blocks to 

examine whether adaptive adjustments aligned with individual participant 

clinical profiles for distractor inhibition and visuospatial attention 

impairments (i.e., to examine whether adaptive parameter adjustments 

corresponded to attentional profiles). 

Data analysis 

Statistical analyses were conducted in R (version 4.4.0). All derived metrics 

and modeling procedures were implemented using reproducible R scripts. 

No proprietary statistical software was required. 

Success rates were calculated per 12-trial block and per participant. The 

feasibility of the DDA-REAsmash algorithm was assessed using two 

analyses. Firstly, Chi-square goodness-of-fit tests were performed on the 

total counts of successes versus non-successes (errors and omissions) for 

each participant across blocks. Secondly, one-sample t-tests (α = 0.05, two-

tailed) were applied to block-wise success rates to verify deviations from the 

expected 75% target, thereby allowing the identification of stabilization 

around the target range of 75% (early blocks with significant deviations and 

later blocks showing stabilization). 

Adaptability was evaluated using the Composite Difficulty Index score. For 

each participant, block-wise Composite Difficulty Index scores were 

computed to track the evolution of task difficulty over time on a continuous 

scale from 0 (minimum difficulty) to 1 (maximum difficulty). To 
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characterize how difficulty changed across successive blocks, Composite 

Difficulty Index trajectories were modeled using an asymptotic growth 

function: 

𝛾(𝑥) = 𝑎 + 𝑏(1 − 𝑒−𝑐⋅𝑥) 

where a represents the initial difficulty level, b the gain from baseline to 

plateau, and c the adaptation rate. Model parameters were estimated using 

nonlinear least squares fitting implemented in R. This modeling approach 

enables the identification of potential plateaus in the difficulty curves, 

providing model-based estimates of each participant’s task difficulty 

stabilization level. Plateau stabilization was interpreted as consistent with 

algorithmic convergence toward individualized engagement bounds. 

Analysis of individualized adaptability used two separate analyses. These 

analyses explored patterns in the adaptive responses of DDA-REAsmash in 

relation to two distinct cognitive deficits: (i) distractor inhibition impairment 

and (ii) USN-related lateral bias. The first analysis assessed whether 

participants with distractor inhibition difficulties required longer stimulus 

presentation durations. To detect impairments in distractor inhibition, 

participants were classified according to the number of omissions across the 

three low-salience levels of the REAsmash assessment module. Because 

omissions may also result from attentional lateral bias, for participants 

identified with USN using gold-standard tests, omissions were attributed to 

pure attentional lateral bias when they occurred exclusively in the contra-

lesional field. Accordingly, these participants were considered not to exhibit 

distractor inhibition deficits (i.e., zero omissions attributed to distractor 

inhibition impairment). Participants with USN were considered to have 

concurrent distractor inhibition difficulties if omissions occurred in the ipsi-

lesional field were more than one and accounted for over 25% of total 

omissions. Participants with USN and less than 25% of omissions, or only 

one omission, in the ipsi-lesional field were not included in this analysis.  

To characterize adaptation over time, stimuli presentation durations for each 

participant were analyzed using asymptotic growth functions. A Spearman 
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rank correlation analysis was then conducted between distractor inhibition 

impairment (i.e., omission count in the assessment module) and the 

stabilized stimulus presentation time in the DDA-REAsmash. 

The second analysis explored whether participants with USN-related lateral 

bias specifically exhibited asymmetric adjustments of the active playing 

field, quantified as the percentage of molehills displayed in the contra-

lesional hemifield relative to the total. For this analysis, participants were 

classified based on gold-standard USN assessments and omission 

lateralization at the assessment module into three groups: individuals with 

USN at the gold standard tests and no omissions in the ipsi-lesional 

hemifield, individuals with USN and concurrent omissions in the ipsi-

lesional hemifield, and participants without USN. Temporal changes in the 

percentages of molehills displayed in the contra-lesional hemifield were 

analyzed using asymptotic growth functions. 

Results 

None of the participants asked to interrupt the session or withdraw from the 

project. The sessions were well tolerated and overall described as non-

stressful and engaging. No participants asked to stop the experiment 

prematurely or to extend the rest periods. 

The participants consisted of 7 males and 3 females, with a mean age of 56 

years (SD=12.0). All participants were VR naïve and 6 reported that the less 

impaired hand (i.e., the response hand) was their pre-stroke dominant hand. 

The average time since stroke was 14 months (SD=15.0 months), with 4 

participants in sub-acute phase (i.e., within 6 months from the stroke) and 6 

in chronic phase, and 8 with ischemic stroke, 1 with hemorrhagic stroke, 

and 1 with ischemic stroke complicated by hemorrhagic transformation. 

Lesions primarily affected the Sylvian regions in all participants and were -

located in the right hemisphere in 6 participants. The mean MoCA score 

was 25.7 (SD= 1.6). Rehabilitation status varied, with all participants still 

undergoing neuropsychological, occupational, and/or physical therapy at the 

time of testing. In the REAsmash assessment module, omission rates ranged 
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from 0 to 5 in the low target-distractor saliency levels, with higher omission 

rates indicating more severe deficits in distractor inhibition. Three 

participants exhibited signs of USN on the gold-standard tests. See Table 1 

for demographic and clinical characteristics of the participants. Detailed 

results of the gold-standard assessments for spatial attention are provided as 

Extended Data 3. 

All participants completed the training sessions without adverse events. 

Table 1. Demographic and clinical characteristics of participants (de-

identified). 

F = Female, M = Male. 

  

ID Sex
Age 

(years)

The response 

was made with 

the pre-stroke 

dominant 

hand?

Stroke 

phase
Stroke type

Brain lesion 

side

Omission 

count in the 

assessment 

module

Current spatial 

attention 

impairment

Rehabilitation 

status

P1 M 60–69 No Chronic Hemorrhagic Left 2 No
Ongoing 

rehabilitation

P2 M 50–59 Yes Chronic Ischemic Right 3 Yes
No 

rehabilitation

P3 M 50–59 Yes Chronic Ischemic Right 5 Yes
Ongoing 

rehabilitation

P4 F 50–59 No Chronic Ischemic Left 0 No
Ongoing 

rehabilitation

P5 M 50–59 Yes Chronic Ischemic Right 0 No
Ongoing 

rehabilitation

P6 F 70–79 Yes Chronic Ischemic Right 1 No
Ongoing 

rehabilitation

P7 M 60–69 Yes Subacute Ischemic Right 1 No
Ongoing 

rehabilitation

P8 M 50–59 No Subacute Mixed Left 1 No
Ongoing 

rehabilitation

P9 M 60–69 No Subacute Ischemic Left 5 No
Ongoing 

rehabilitation

P10 F 20–39 Yes Subacute Ischemic Right 3 Yes
Ongoing 

rehabilitation
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Feasibility 

Participants completed an average of 48.5 (SD = 7.12) blocks across the 

three sessions. Participants required 5.4 (SD = 1.07) blocks on average to 

reach the 65-85% target range (hereon labelled as pre-target range blocks). 

Chi-square goodness-of-fit tests on overall success versus non-success 

counts across all blocks showed a significant deviation from the expected 

75% success rate for one participant (χ² = 16.79, p < .001), while the other 

nine participants aligned with the expected distribution. When analyses 

were restricted to blocks following the first in-range block (i.e., pre-target 

range blocks exclusion), this same participant continued to show a 

significant deviation (χ² = 6.92, p = .009), whereas no significant deviations 

were observed for the remaining participants (p ≥ .22). 

One-sample t tests comparing observed success rates to the 75% target 

across blocks showed that pre-target range blocks exceeded the target range, 

with mean success rates of 100% for blocks 1 and 2 and 94-99% for blocks 

3 and 4 (p < .001). One-sample t tests on blocks following the pre-target 

range blocks indicated a significant deviation for a single participant, (t(53) 

= 2.35, p = .023), with all others non-significant (p > .05) (see Table 2 and 

Figure 3). 

Table 2. Mean success rates and inferential statistics relative to the 75% 

target performance. 

  

P1 74.8% 0.196 -0.061 0.951 0.009 0.923

P2 75.0% 0.180 0.000 1.000 0.000 1.000

P3 79.5% 0.140 2.350 0.023 6.922 0.009

P4 73.6% 0.240 -0.375 0.709 0.519 0.471

P5 73.4% 0.154 -0.676 0.503 0.694 0.405

P6 72.7% 0.218 -0.691 0.493 1.455 0.228

P7 73.0% 0.222 -0.556 0.582 0.973 0.324

P8 76.1% 0.127 0.643 0.523 0.427 0.513

P9 74.2% 0.139 -0.317 0.753 0.125 0.724

P10 73.1% 0.153 -0.725 0.473 0.790 0.374

ID
Mean 

success rate
SD t-test Chi-square

Chi-square     

p-value

t-test             

p-value
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Figure 3. Individual block-wise success rates, excluding warm-up blocks, across participants. Each bar 

represents the mean success rate across blocks after exclusion of initial blocks required to reach the target 

engagement range. The dashed horizontal line indicates the 75% target success rate, and the shaded area 

represents the predefined engagement range (65-85%). Error bars denote standard deviation
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Adaptability 

Composite Difficulty Index trajectories showed, in all participants, a rapid 

early change in difficulty adjustment followed by stabilization over 

successive blocks. Plateau values ranged between 0.7 and 0.9, indicating 

individual task difficulty levels (i.e., the difficulty level required for the 

individual to successfully find the target on 75% of trials). These difficulty 

levels depend on the performance profiles of each individual. The fitted 

curves suggest similar adaptation patterns across participants, with 

consistent stabilization patterns observed across trajectories (Figure 4). 

 

Figure 4. Composite Difficulty Index trajectories across participants. The 

X-axis represents the block number (i.e., progression over successive 

blocks), and the Y-axis represents the Composite Difficulty Index, ranging 

from 0 (minimum difficulty) to 1 (maximum difficulty). Each curve shows the 

evolution of task difficulty over time in one participant. The duration of the 

study was fixed (i.e., 15 minutes per session), causing the number of blocks 

completed by the individual to vary depending on their speed of 

performance. 
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Individualized Adaptability 

DDA-REAsmash for distractor inhibition rehabilitation 

For the estimation of distractor inhibition impairment, participants were 

classified according to the number of omissions across the three low-

salience levels of the REAsmash assessment module: no omissions (2 

participants), one (3 participants), two (1 participant) three (2 participants), 

and five omissions (2 participants). 

In participants with USN, omissions were examined with respect to their 

spatial distribution, since contra-lesional omissions are typically attributed 

to lateralized attentional bias. One of the three participants with USN 

showed three omissions, all confined to the contra-lesional hemifield, 

consistent with pure attentional lateral bias. This participant was therefore 

considered as not showing distractor inhibition deficits (i.e., zero omissions 

attributed to distractor inhibition). In the remaining two participants with 

USN, omissions occurred in both hemifields. However, in only one, the 

omissions in the contra-lesional hemifield accounted for less than 75% of 

the total omissions (i.e., 1 out of 3 total omissions), meeting the criterion for 

concurrent spatial and distractor inhibition difficulties. The third participant 

showed four omissions in the contra-lesional hemifield and only one in the 

ipsi-lesional hemifield and was therefore excluded from this distractor 

inhibition analysis. 

A strong positive correlation was observed between the number of 

omissions in the assessment module and the stabilized stimulus presentation 

time in the DDA-REAsmash (Spearman’s ρ = 0.97, p < 0.001). Participants 

with higher omission rates required longer presentation durations (to obtain 

75% correct performance) (Figure 5). 
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Figure 5. Relationship between stabilized stimuli presentation time and 

omission number. The figure illustrates the evolution of stimuli 

presentation time across successive blocks for each of the 9 participants 

included in this analysis. The X-axis presents the block number, and the Y-

axis presents the stimulus presentation time (in seconds) determined by the 

DDA. The shaded horizontal bands highlight clusters of stabilized 

presentation times corresponding to different omissions obtained in the 

REAsmash assessment module (values shown on the right). The dash-dotted 

line presents the participant who exhibited both USN and distractor 

inhibition impairment, while the dashed line corresponds to the participant 

with USN only, whose omissions were not related to distractor inhibition. 

DDA-REAsmash for attentional lateral bias rehabilitation 

For the analysis examining the algorithm’s ability to detect and target 

attentional lateral bias, participants were categorized into three groups: (i) 

pure USN-related lateral bias based on gold-standard tests, with no 

concurrent omissions in the ipsi-lesional hemifield (1 participant); (ii) USN 

with omissions in both the contra- and ipsi-lesional hemifields (2 

participants); and (iii) no USN (7 participants). 
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The DDA algorithm for the participant with pure USN lateral bias adapted 

to the active playing field, and showed less targets in the contra-lesional 

space, showing a lateralized adaptation pattern. The percentage of molehills 

in the contra-lesional (left) hemifield stabilized slightly above 25% of the 

total. In contrast, the remaining participants showed values close to 

symmetry between the two hemifields (Figure 6). 
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Figure 6. Adaptation of the active playing field in relation to attentional lateral bias. (a) Percentage of molehills 

presented in the left hemifield relative to the total, plotted across blocks. The X-axis presents block number, and 

the Y-axis presents the proportion of molehills displayed on the left side of the playing field relative to the total 

number of molehills. The dashed line corresponds to the participant with USN and no concurrent omissions in the 

ipsi-lesional hemifield. The two dash-dotted lines represent participants with USN and concurrent spatial and 

distractor inhibition difficulties. Continuous solid lines correspond to participants without USN. (b) Schematic 

representation of the active playing field of the participant with USN and no concurrent distractor-inhibition 

deficits. Green rectangles indicate the molehills selected by DDA-REAsmash as the configuration to challenge the 

participant’s attentional lateral bias, whereas grey rectangles represent inactive areas of the playing field in 

which no molehills were presented. 
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Discussion 

The present study evaluated the feasibility and adaptive behavior of DDA-

REAsmash, a non-immersive VR SG implementing a theory-driven multi-

parameter DDA algorithm integrating individual and normative 

performance data within a heterogeneous group of post-stroke individuals. 

All participants completed the protocol without adverse events, indicating 

good tolerability. 

Concerning feasibility, individual- and group-level performance data 

showed rapid stabilization of success rates within the predefined optimal 

engagement range (65-85%). Success rates converged toward the 75% 

target after an average of 5.4 blocks, corresponding to approximately 2.5 

minutes of gameplay. Although one participant showed a statistically 

significant deviation in inferential analyses, the observed mean success rate 

remained within the predefined engagement range. Overall, these findings 

are consistent with algorithmic convergence toward predefined engagement 

bounds. 

Analyses of adaptability using the Composite Difficulty Index showed a 

rapid early increase in task difficulty followed by individualized plateau 

stabilization across participants. All participants began at minimal task 

demand, and the DDA progressively modulated stimulus presentation time, 

distractor inhibition load, and spatial configuration of the active playing 

field. The plateau levels were consistent with the level of difficulty required 

to maintain approximately 75% correct performance. 

A central characteristic of the present implementation was the integration of 

normative performance from an independent sample of healthy participants 

within the DDA difficulty moderation rules. Lower limits for stimulus 

presentation time were derived from the 75th percentile of response times 

observed in the mean age-matched healthy controls and implemented as 

algorithmic constraints. This integration anchored parameter modulation to 

empirically derived performance distributions and was designed to constrain 

parameter drift driven solely by intra-individual variability. 
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The relationship observed between omission counts in the assessment 

module and stabilized stimulus presentation times further illustrated 

individualized adaptive modulation. Participants with higher omission rates 

in low-salience conditions stabilized at longer presentation times, whereas 

participants with fewer omissions stabilized at shorter durations. These 

findings suggest that stimulus presentation time was modulated in relation 

to individual distractor inhibition characteristics during serial visual search. 

With regard to spatial attention, most participants showed that the DDA 

maintained symmetrical configurations of the active playing field across 

blocks. In contrast, the participant presenting pure USN showed that the 

DDA made a progressive ipsi-lesional lateralization of the active playing 

field. Early blocks began with symmetrical presentation, but contra-lesional 

lateralized omissions (typical for USN) influenced subsequent spatial 

parameter adjustments, leading to a stimuli configuration having most 

stimuli presented in ipsi-lesional hemifield, and only a few stimuli presented 

in the contra-lesional hemifield, thereby to maintaining performance within 

engagement bounds (i.e., only the right molehills proximal to the playing 

field midline were displayed). In this case, spatial modulation allowed 

difficulty stabilization under lateralized attentional constraints. 

In participants presenting concurrent spatial and distractor-inhibition 

impairments, adaptive adjustments involved multiple task parameters 

without a predominant spatial shift. Stimulus presentation time modulation 

appeared sufficient to stabilize performance, reducing the need for marked 

spatial reconfiguration. This pattern is consistent with parallel modulation 

across multiple attentional dimensions rather than isolated adjustment of a 

single domain. 

Taken together, these results describe a multi-parameter adaptive 

mechanism capable of modulating visual search load, inhibitory demand, 

and spatial configuration in parallel. Unlike fixed-difficulty 

implementations or manually preset session-level adjustments, the DDA-

REAsmash continuously updated task parameters according to explicit 

algorithmic rules integrating both real-time performance and normative 
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constraints. The primary contribution of this study lies in the 

characterization of these algorithmic trajectories within a feasibility 

framework. 

From a translational perspective, stabilized adaptive parameters such as 

stimulus presentation time and spatial field distribution provide quantitative 

descriptors of attentional processing during controlled task performance. 

Further investigation is required to determine whether changes in these 

parameters reflect learning, recovery processes, or task-specific adaptation. 

The adaptive framework described here may provide a methodological basis 

for future adaptive serious games targeting heterogeneous cognitive deficits 

in neurorehabilitation. 

Limitations and Directions for Future Research 

The study was not designed to evaluate clinical efficacy, transfer effects, or 

long-term learning. No comparison with fixed-difficulty training was 

performed. The small sample size limits precision of effect estimates and 

generalizability. Future randomized controlled trials with larger cohorts will 

test the efficacy of DDA-REAsmash against fixed-difficulty training. 

Planned protocols will extend to three sessions per week over four weeks, 

with follow-up to assess retention, transfer, and functional impact. Further 

studies will explore multimodal rehabilitation (e.g., cognitive-motor 

coupling) and performance using the more impaired hand as response hand. 

The non-immersive setting was chosen based on prior REAsmash 

(assessment module) findings95 showing that immersive VR increases 

extraneous load in patients with attentional deficits. Direct comparisons 

between immersive and non-immersive DDA-REAsmash versions are 

needed to clarify how sensory load and user experience influence 

rehabilitation outcomes. 

Conclusions 

This study demonstrates the feasibility of a theory-driven multi-parameter 

DDA algorithm integrating individual performance normative data in a 
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heterogeneous post-stroke sample. The algorithm maintained performance 

within predefined engagement bounds and generated individualized 

adaptive trajectories coherent with baseline attentional profiles. These 

findings describe algorithmic behavior within a feasibility framework. 

Controlled studies are required to assess clinical efficacy and functional 

outcomes. 
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Data availability 

Underlying data 

Underlying data are openly available from the UCLouvain Dataverse 

repository: 

Sorrentino, Gregorio, 2026. Replication Data for: Feasibility of a theory-

driven dynamic difficulty adjustment algorithm. Open Data @ UCLouvain. 

https://doi.org/10.14428/DVN/EZR1JX 

 

Data are available under the Creative Commons Attribution-ShareAlike 4.0 

International (CC BY-SA 4.0) license. The repository contains fully de-

identified participant-level and trial-level data supporting the analyses 

presented in this study. All data were de-identified in accordance with the 

Safe Harbor method (U.S. Department of Health & Human Services)287, and 

indirect identifiers were generalized to minimize re-identification risk. For 

further information regarding the dataset, readers may contact the 

corresponding author. 

Extended data 

Extended methodological details and additional materials are available from 

the same repository: https://doi.org/10.14428/DVN/EZR1JX 

All extended data are provided in de-identified form and are available under 

the Creative Commons Attribution-ShareAlike 4.0 International (CC BY-

SA 4.0) license. 

This repository contains the following materials: 

- Detailed description of the Dynamic Difficulty Adjustment (DDA) 

algorithm, including parameter update rules and computational 

procedures enabling independent replication. 

- Formalization of the Composite Difficulty Index, including 

normalization procedures and mathematical definitions across 

temporal, spatial, and distractor-related dimensions. 

https://doi.org/10.14428/DVN/EZR1JX
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- De-identified participant-level data from gold-standard 

neuropsychological assessments (e.g., MoCA, Bells Test, Broken 

Hearts Test, TAP subtests). 

- Informed consent form (English version, de-identified template 

approved by the local ethics committee), provided for transparency 

purposes. 

Software Availability 

The DDA-REAsmash framework is implemented within a research software 

platform developed at UCLouvain, tightly integrated with proprietary 

hardware (REAtouch®, Axinesis), and is therefore not distributed as 

standalone code. For this reason, the source code is not publicly available. 

However, to ensure transparency and reproducibility, a complete description 

of the algorithm, including parameter definitions, update rules, and 

computational procedures, is provided in the manuscript and Extended Data. 

This level of detail enables independent replication of the adaptive 

algorithm without access to the proprietary implementation. For further 

information, readers may contact the corresponding author. 

Reporting guidelines 

The STROBE and TIDieR reporting checklists have been completed and are 

available in the UCLouvain Dataverse repository. Repository: UCLouvain 

Dataverse 
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Extended material 1 

DDA Algorithm Description 

The DDA algorithm dynamically adjusts task demand (difficulty) across 

four dimensions in parallel, based on participant mean performance in the 

previous 12-trial block and normative data from previous studies using 

REASmash. 

1. Number of distractors 

Regulated by:  

Error rate from the preceding block. 

 

Adjustment rules: 

The multiplicative factor m enhances adaptation of multiple dimensions 

(i.e., number of distractors, cue salience and stimuli presentation time). The 

starting value is set at 3.0 and decreases by a decrement of 0.3 per block, 

until reaching a lower bound of 1.0. 

- Error rate < 25% → increase by 1 distractor * m  

- 25% ≤ Error rate < 50% → decrease by 1 distractor * m 

- Error rate ≥ 50% → decrease by 2 distractors * m 

 

The m factor is retained across sessions, meaning that the multiplier value 

continues from the previous session when a participant resumes the task in a 

new session. 

 

Distractor introduction logic: 

- The task starts with only the target. 
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- High-salience (blue) distractors are added first. 

- Low-salience (red) distractors are introduced only after 40%   

of visible molehills are occupied by high-salience distractors. 

2. Cue salience 

Regulated by:  

Error rates from the preceding block. 

Cue types: 

Cue salience was implemented as a normalized continuous parameter 

ranging from 0 to 100%, with specific cue types assigned to predefined 

values or value ranges within this interval. The mapping between cue 

salience and cue type was defined as follows. 

- Red directional arrow appearing at the center of the playing  

field and pointing to the target corresponds to 100% of cue 

salience. 

- Pulsating target mole (size oscillation) corresponds to a cue  

salience between 64% and 99%. 

- Auditory cue from the target side corresponds to a cue  

salience between 34% and 63%. 

- No cue. 

Cue salience values were defined to reflect distinct functional levels of 

external guidance. The directional arrow was assigned a fixed salience of 

100% to represent the highest and unambiguous level of external guidance, 
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whereas the other cue types were associated with salience ranges to allow 

graded modulation within each functional level. 

 

Adjustment rules: 

Cue salience adjustments were scaled by the inverse of the cue increment 

factor, such that larger values of this parameter resulted in more gradual 

changes in salience across consecutive blocks. Specifically, salience 

increments increased proportionally with the number of consecutive blocks 

within the same error-rate range, but were attenuated by the cue increment 

factor to prevent abrupt adaptations. 

 

  • If Error rate < 25% → cue salience % value decreases by (cue increment  

factor -1) * m 

 

  • If 25% ≤ Error rate < 50% → cue salience % value increases by (cue  

increment factor -1) * m 

 

  • If Error rate ≥ 50% → cue salience % value increases by a fixed full  

increment (not scaled by m), ensuring a jump to the next cue level. 

The cue increment factor was empirically set to 2, meaning that cue salience 

only changes after 2 consecutive blocks within the same error rate range. 

Cues are displayed 2 seconds after the target onset. 

3. Active playing field 

Regulated by:  

The spatial distribution of omissions in the previous 2 blocks. 

Adaptation logic: 
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The active playing field decrement factor was set at 40%, which means that 

each omission occurring in the outermost active molehill of a given row or 

column reduces an internal counter by 40% molehill units. When this 

cumulative reduction exceeds one full unit (i.e., after three such omissions), 

the corresponding molehill is removed from the active playing field. 

The active playing field can range to a maximum of 24 molehills distributed 

across the entire 6 x 4 grid. 

4. Stimuli presentation time 

Regulated by:  

Omission rate from the preceding block. 

 

Formula: New presentation time = Previous presentation time + Kp * (0.75 - 

(1 - Omission rate in previous block)) * m 

 

The Kp is a proportionality constant that controls how strongly the stimuli 

presentation time is adjusted based on the omission rate. It is set to 35 in the 

current configuration, based on empirical tuning after several pilot testing 

iterations. 

Minimum stimuli presentation time was determined based on performances 

of 15 healthy controls tested with the classical (evaluative) version of non-

immersive REASmash. 

Minimum stimuli presentation time setting  

 

These values served as lower bounds for stimuli presentation time 

adjustments in the auto-adaptive version, ensuring sufficient time for target 

identification under varying distractor loads. 

The classical version of REAsmash comprises seven standard levels 

presenting 24 molehills, displayed on a 6 x 4 playing field grid, and with the 

target emerging once from each molehill per game level. In level 1, only the 
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target is presented (once from each molehill). Levels 2 to 4 present the 

target with an increasing number of blue-helmet distractors. In levels 5 to 7, 

the total number of stimuli on the playing field is matched to that of levels 2 

to 4 (i.e., 12, 18, and 24 respectively), but with the target and 6, 9, and 12 

red-helmet stimuli creating reduced target-distractor salience differences 

and increasing distractor inhibition demands. The remaining distractors 

wear the same blue helmets as in the high-salience target-distractor 

condition. 

Previous studies showed that REASmash replicates FIT. Blue distractors 

(high target-distractor salience) elicit a pop-out effect with no interaction 

between distractor number and response time. Red distractors (low target-

distractor salience) require serial search and active inhibition, with higher 

distractor counts progressively increasing cognitive load through inhibition 

demands, causing increased response time. 

To determine the minimum stimuli duration in the auto-adaptive version, we 

focused on levels 5 to 7 of the classical REASmash. 

Data analysis on the assessment module outcomes was conducted using an 

18-molehills playing field configuration (i.e., excluding trials with target in 

distal positions, see Figure 1). This setup best reflects the average active 

playing field observed in pilot auto-adaptive data from post-stroke 

participants. 
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Figure 1. The 18 vs. 24 playing fields. The figure illustrates the 6 × 4 

playing field grid corresponding to the classic REAsmash configuration. 

The green cells represent the 18-molehills configuration used for response 

time analysis; grey cells correspond to excluded distal positions. 

We observed, consistent with findings reported in the literature288, that the 

increase in response time remained stable with the addition of three red 

distractors (i.e., from 5 to 8 to 11), indicating a linear trend. The average 

cognitive cost, in terms of additional response time, was estimated at 0.27 

seconds for three red distractors (i.e., 0.09 seconds per distractor). 

Our aim was to determine the minimum stimuli presentation time that would 

allow participants to respond correctly in 75% of trials. To do so, we used 

the 75th percentile response time at the 5-red-distractor level as a reference 

and estimated presentation times for conditions with 1 to 10 red distractors 

by adding or subtracting the cognitive cost per distractor (Table 1). 
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Table 1. Minimum stimuli presentation time (in seconds) as a function of 

the number of red distractors per trial. 

 

  

Number of red distractors per trial
Minimum stimuli presentation time (in 

seconds)

1 red distractor 1.2

2 red distractors 1.3

3 red distractors 1.4

4 red distractors 1.5

5 red distractors 1.6

6 red distractors 1.7

7 red distractors 1.8

8 red distractors 1.8

9 red distractors 1.9

10 red distractors 2.0
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Extended material 2 

Composite Difficulty Index 

The Composite Difficulty Index quantifies trial complexity by jointly 

considering the three most relevant dimensions of task demand: the stimuli 

presentation time, the number of red distractors and the number of 

molehills. 

Time normalization (T_norm) 

The observed stimuli presentation time per trial (T) was normalized between 

the dynamic minimum (T_min) and a fixed upper bound (T_max) of 10 s, 

according to: T_norm = (T_max - T) / (T_max - T_min(n_red)), with 

T_max = 10. 

In this formulation, T_min represents the minimum stimuli presentation 

duration parametrically linked to the number of red distractors, reflecting 

the lower bound derived from normative data. 

This normalization ensures that shorter presentation times (relative to their 

feasible minimum) correspond to higher difficulty values (approaching 1), 

whereas longer durations approach 0. 

Red distractor normalization (R_norm) 

The number of red distractors (R) was normalized to the theoretical 

maximum of 23: R_norm = R / 23, clipped to [0,1]. 
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Molehill normalization (M_norm) 

The number of molehills (M) was normalized to the observed range (8-24): 

M_norm = (M - 8) / (24 - 8), clipped to [0,1]. 

Composite Difficulty Index calculation 

The overall index was computed as the mean of the three normalized 

components, assigning equal weight to visual distractor load, temporal 

constraints, and spatial complexity. 
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Extended material 3 

Results of the gold-standard assessments 
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MoCA = Montreal Cognitive Assessment46; BT = Bells Test30; Om = Omission count; BHT = Broken Hearts 

Test31; RT = Reaction Time; Go/No-Go = Go/No-Go (TAP subtest131); Neg1 = Visual Field - Neglect (TAP 

subtest); Neg2 = Visual Field -Neglect with Central Task (TAP subtest); VF = Visual Field - Short Version (TAP 

subtest). 

This table was reformatted from the version included in the submitted manuscript for thesis formatting purposes 

(split into two sections to improve readability). No content or values were modified. 
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Chapter 6 - General Discussion 

 

General Discussion 

Reframing assessment in VR: from tasks to systems 

The use of VR SG in clinical practice challenges how behavioral assessment 

is typically conceived. The present thesis does not aim to introduce a new 

modular tool per se, but rather to position assessment within a framework 

where outcome parameters emerge from interactions between task structure, 

technological capabilities, and measurement methods. 

A central point that emerged from this thesis is that increasing technological 

complexity does not automatically improve assessment. Increasing 

environmental complexity, for example through realistic immersive VR 

environments or the integration of technologies such as eye tracking, has 

limited value if the resulting behavioral data cannot be interpreted within a 

rigorous and theory-driven framework. Without adapted metrics and 

theoretically grounded paradigms, VR risks creating ‘technologically 

sophisticated but methodologically limited’ innovations in diagnosis and 

neurorehabilitation. The first challenge of this thesis was therefore to align 

technological implementation with structured cognitive frameworks and 

measurement strategies that preserve interpretability. 

This doctoral thesis used the REAsmash SG paradigm, developed during the 

PhDs of Gauthier Everard and Khawla Ajana from our research 

team219,261,289–291. The overarching objective was to address limitations in 

the assessment and rehabilitation of post-stroke attentional deficits by 

extending an existing theory-driven VR SG paradigm into a broader 

assessment and rehabilitation framework to enable more precise, 

quantitative, and adaptive investigation of cognitive processes.  
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Four interrelated objectives were pursued (Chapter 1). The first was to 

extend the REAsmash paradigm to improve the characterization of spatial 

attention and distractor inhibition (Chapters 2-5). In Chapter 2, the non-

immersive implementation demonstrated sensitivity to both group-level 

differences and task-dependent modulation of performance. Behavioral 

outcomes varied according to target-distractor salience and distractor 

number, in line with the theoretical framework underlying REAsmash and 

with previous findings obtained in immersive VR versions of the paradigm. 

This contributes to addressing the limited availability of controlled 

paradigms specifically targeting distractor inhibition. Although distractor 

inhibition represents a core component of visual attention, it remains rarely 

isolated and systematically manipulated in applied and VR-based 

assessment frameworks292,293.  

The second objective was to examine how the level of VR immersion 

influenced cognitive performance. In Chapter 3, immersive and non-

immersive modules were compared to assess how interaction modality and 

environment influenced attentional processing. 

The third objective was to refine behavioral characterization through the 

integration of process-oriented measures. In Chapter 4, this objective was 

addressed through REAsmash-ET, integrating ET and upper limb 

kinematics to characterize visual exploration and motor interactions beyond 

response time and error or omission measures, and providing a deeper 

understanding of attentional mechanisms.  

The fourth objective was to extend the assessment framework using theory-

driven DDA to enable continuous and multi-variable adaptation of task 

demands derived from individual performance and relative to normative 

values. The framework presented in Chapter 5 allowed the simultaneous 

manipulation of multiple attentional components providing personalized and 

scalable neurorehabilitation. 

Collectively, these objectives demonstrate progression from the extension of 

an existing experimental paradigm to the development of integrated and 
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adaptive tools for assessment and rehabilitation. By bridging theoretical 

foundations, methodological innovation, and translational application, this 

thesis aimed to promote a more precise, dynamic, and functionally relevant 

approach to cognitive assessment and rehabilitation after stroke. In this 

General Discussion, I discuss each of the objectives relative to the research 

findings presented in this thesis.  

 

Stability of paradigms and the role of immersion (Chapters 2 and 3) 

This thesis demonstrates that basing VR SG on a structured paradigm 

grounded in cognitive theory (such as FIT) ensures stability of performance 

across different VR configurations (Chapters 2-4). This stability enables 

direct comparison between non-immersive and immersive implementations, 

allowing the isolation of technological effects on performance (Chapter 3). 

In Chapter 3, the REAsmash paradigm was evaluated using non-immersive 

and immersive VR in post-stroke participants and healthy controls, with VR 

sessions administered within one week of each other. Although immersive 

VR increased response times, the FIT-based diagnostic pattern was 

preserved, demonstrating transferability across VR configurations.  

In the broader literature, immersion effects are often inferred from studies 

employing different tasks, devices, and outcome measures, introducing 

methodological heterogeneity that limits the interpretability of these 

findings59. By comparing the same paradigm within the same participants 

under controlled conditions, the present study minimizes variability related 

to task structure and population, allowing the specific contribution of 

immersion to be more directly assessed. 

From a clinical perspective, these data from Chapter 3 imply that the choice 

of VR environment and the degree of immersion must be considered 

alongside the task itself, as it directly shapes task demands and performance. 

These same principles extend to SG designed for rehabilitation, where 

technological configurations may directly impact engagement and overall 

cognitive load. From our results, we may suggest that non-immersive VR 
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could be preferentially used in early or more cognitively demanding stages 

of rehabilitation, as it allows targeting the cognitive functions probed by the 

paradigm while limiting additional demands related to VR immersion. This 

may facilitate early detection of distractor inhibition and spatial attention 

deficits in patients with greater difficulties and support early rehabilitation. 

Immersive VR may then be introduced to target the same cognitive 

functions within a more demanding task context, while preserving the 

underlying paradigm, thereby enabling assessment and training under 

conditions closer to real-world complexity. 

ET in VR: from measurement transfer to methodological adaptation 

(Chapter 4) 

A paradigmatic example of approaches that risk ‘technological 

sophistication and methodological limitation’ is represented by VR SG that 

attempt to integrate ET metrics without adapting them to the immersive VR 

setting. Classical ET approaches rely on fixed spatial references, stable eye-

to-stimulus distances, and constrained head position. These assumptions do 

not hold in immersive VR, where stimuli are distributed in three-

dimensional space and the participant continuously changes position. In this 

framework, and with specific regard to fixation measures, the key issue is to 

define algorithms that allow a meaningful interpretation of gaze behavior in 

relation to task demands.  

In the present thesis (Chapter 4), ET fixations were explicitly treated within 

the task context as markers of cognitive interactions with stimuli, rather than 

as purely spatial events. The I-DT algorithmic approach was adapted to this 

functional interpretation and modulated to account for the three-dimensional 

structure of the task. A major contribution of this thesis lies in extending the 

I-DT algorithm by incorporating eye-to-stimulus distance ranges, allowing 

comparable measures across 3D spatial positions. Thresholds were further 

calibrated to the size of salient stimulus features, enabling the distinction 

between consecutive interactions with adjacent parts of the same stimulus. 

This improvement in the I-DT algorithm enabled the identification of 

reliable behavioral signatures, including inefficient exploration, 
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perseverative tendencies, and altered updating of information. Importantly, 

ET metrics indexing distractor inhibition demands were sensitive to the 

experimental manipulations, showing systematic modulation as a function 

of target-distractor salience and distractor number. In particular, cumulative 

fixation time on distractors increased with lower target-distractor salience 

and higher distractor number. Capture fixation number was also modulated 

by target-distractor salience and distractor number, whereas re-capture 

fixations remained relatively rare in healthy participants. Age-related 

differences further emerged in visual search efficiency, with older 

participants showing longer cumulative fixation times on distractors, 

supporting the sensitivity of the framework to inter-individual variability in 

attentional performance.  

By explicitly linking ET metrics to task parameters within a theory-driven 

framework, the present approach supports a more grounded interpretation of 

visual exploration in relation to attentional mechanisms. REAsmash-ET thus 

addresses key limitations of previous work, in which ET measures are often 

applied without adaptation to immersive environments or remain 

insufficiently anchored to task structure, limiting their interpretability in 

relation to underlying cognitive processes260. 

In a clinical context, this approach may support the identification of distinct 

attentional profiles and enable the objective quantification of how controlled 

increases in specific cognitive demands (e.g., distractor load or salience) 

differentially modulate gaze metrics. This, in turn, may allow a more precise 

characterization of cognitive impairments and better targeting of 

rehabilitation interventions. The integration of upper limb kinematics further 

complements this approach by enabling the temporal linking of visual 

exploration and motor responses, providing additional insight into the 

coupling between attention and action. 
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From assessment to adaptation: toward dynamic task regulation 

(Chapter 5) 

A central element of this thesis was the development of a DDA algorithm 

for cognitive rehabilitation based on a stable and theoretically grounded 

task. DDA-REAsmash adaptive rules were informed by the structured 

characterization of task demands established in the assessment modules 

(Chapters 2 and 3) and further supported by process-oriented insights from 

the ET study (Chapter 4). The algorithm was further constrained by 

normative values, anchoring adaptation to both individual performance and 

population-based references. 

The results showed that success rates rapidly converged toward the 

predefined optimal engagement range within a few blocks. Task difficulty 

trajectories exhibited a consistent pattern of early adjustment followed by 

stabilization at participant-specific levels, suggesting that the algorithm 

identified and maintained individualized operating points. Importantly, 

variations in distractor inhibition demands and spatial configuration were 

aligned with baseline attentional profiles derived from the REAsmash 

assessment module and gold-standard assessments, indicating that 

adaptation was sensitive to task-relevant aspects of attentional performance. 

Rather than representing a purely theoretical proposal, the present work 

provides an operational implementation of a DDA framework and 

demonstrates its feasibility in regulating task demands in a consistent and 

interpretable manner. In this sense, DDA-REAsmash addresses a key 

limitation of previous adaptive approaches, which often rely on 

performance-based rules without systematically integrating normative 

references or explicitly modelling the cognitive processes engaged by the 

task294–296. 

Structured DDA frameworks grounded in cognitive theory and constrained 

by normative references may facilitate adaptive rehabilitation approaches in 

which cognitive and environmental complexity can be progressively 

increased while preserving objective and interpretable characterization of 
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the underlying attentional processes. In a clinical context, such approaches 

may enable individualized rehabilitation strategies in which task demands 

are continuously adjusted to the performance of each individual, while 

remaining aligned with the cognitive processes targeted by the intervention, 

allowing selective modulation of attentional components rather than non-

specific difficulty scaling. 

Thesis limitations and future perspectives 

While the present thesis addressed its main objectives and provides 

meaningful contributions to the scientific literature, it also highlights several 

areas that warrant further investigation. The limitations of each empirical 

chapter are presented within the respective studies, and here an integrated 

summary is provided, together with the main directions for future research 

emerging from this work. 

A first consideration relates to the overall positioning of this work as a 

methodological and pre-clinical step toward clinical application (Chapters 

2-4). The main objective was to develop and test a consistent framework for 

the assessment of attention through the systematic modulation of attentional 

processes under controlled conditions. As such, sample sizes, experimental 

control, and study designs were appropriate to this stage of development, 

but they limit the generalizability of the findings and the strength of direct 

clinical inferences. Importantly, however, results across studies were highly 

consistent, with stable task effects, convergent behavioral patterns, and 

reproducible process-level metrics, supporting the internal coherence of the 

proposed framework. Future research should focus on extending this work 

to larger and more heterogeneous post-stroke populations and on 

establishing the clinical validity of the assessment modules in relation to 

standard neuropsychological measures and functional outcomes. 

A second limitation relates to the clinical application of process-oriented ET 

metrics presented in Chapter 4, where only healthy participants were tested. 

In continuity with the methodological work presented in this thesis, we are 

currently finalizing a study applying an extended version of the REAsmash-
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ET framework to stroke survivors. This new research introduces a fully 

adaptive I-DT algorithm, in which the gaze dispersion threshold is 

dynamically updated based on real-time eye-to-stimulus relationships. This 

novelty addresses a key challenge in clinical populations, where variability 

in posture and interaction conditions can affect gaze data297. In parallel, a 

temporal analysis framework was implemented to isolate early exploratory 

orienting and post-target processing. This research was initially intended to 

be completed within the doctoral period, but recruitment proved more 

demanding than anticipated. The study was initially conducted as a single-

center study and during autumn 2025, we expanded the study to two 

additional sites to increase the clinical sample. Preliminary data analyses on 

11 stroke survivors with confirmed USN compared with 30 age-matched 

healthy controls indicate that early-stage visual exploration in USN is 

characterized by a spatially asymmetric distribution of gaze interactions, 

with a higher number of capture fixations directed toward the ipsilesional 

hemifield. At the same time, capture fixation rate, defined as the number of 

repeated fixations per distractor, showed no clear modulation by distractor-

inhibition demands and no lateralized effects, and re-capture fixations were 

rare across conditions (Figure D1). These findings indicate that the 

increased number of ipsilesional interactions does not reflect perseverative 

engagement with individual stimuli, but rather a broader distribution of gaze 

across multiple distractors within the ipsilesional hemifield. The absence of 

lateralized effects during post-target processing further suggests that USN 

deficits are primarily expressed at the level of attentional allocation rather 

than post-target processing. These results support the relevance of process-

oriented ET metrics within this framework, showing that they provide 

interpretable and reliable markers of distinct attentional components and can 

refine the characterization of cognitive deficits such as spatial and non-

spatial (distractor inhibition) impairments beyond conventional outcome 

measures. 
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Figure D1. Two representative scan paths obtained during a single trial in 

a stroke survivor with USN (a.) and an age-matched healthy control 

(b.). The playing field is schematized on the X and Y planes, and each circle 

corresponds to one of the 24 ROIs, representing the stimuli distributed 

across the virtual environment. In both examples, the target was located in 

the rightmost column and in the second row relative to the participant’s 

point of view. Each colored point represents an individual gaze sample. Red 

points correspond to gaze samples identified by the adaptive I-DT algorithm 

as belonging to a fixation, whereas blue points correspond to gaze samples 

associated with saccadic exploration. In the participant with USN, visual 

exploration was predominantly restricted to the ipsilesional hemifield. 

Overlapping fixation analyses identified two capture fixations within the 

ipsilesional hemifield in the USN participant, whereas the healthy control 

exhibited one capture fixation in each hemifield, reflecting a more spatially 

distributed exploration pattern despite a similar capture fixation rate at the 

trial level. In both participants, this trial did not show any re-capture 

fixations. 

Establishing this link between task demands, gaze behavior, and 

interpretable cognitive patterns in individuals with USN was not only an 

innovative methodological step, but also a deliberate strategy to support the 

expansion of the project. By providing structured evidence in 11 participants 

with confirmed USN, the aim will be to facilitate collaboration with 

additional centers, allowing the inclusion of larger and more diverse cohorts 

in future research. This will enable direct comparisons between populations 

with and without USN, across different stages of recovery, lesion locations, 

and levels of impairment as defined by standard clinical assessments. 

A third limitation relates to the absence of direct evidence regarding clinical 

efficacy of DDA-REAsmash, where the focus of Chapter 5 was on 

feasibility and adaptive behavior rather than therapeutic outcomes. While 

the algorithm demonstrated the ability to dynamically modulate task 

difficulty and converge toward individualized levels of cognitive demand, 

its impact on functional recovery remains to be established. Future research 

should extend this framework to larger and more diverse clinical 
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populations. A randomized, single-blind, crossover-controlled study is 

currently envisaged, comparing one month of conventional rehabilitation 

with one month of conventional rehabilitation supplemented by four weekly 

sessions of DDA-REAsmash.  

Looking ahead, an important direction concerns the extension of the present 

DDA framework to immersive environments. An immersive version of the 

DDA-REAsmash has already been conceptualized. This module represents 

the integration of the methodological and theoretical developments 

introduced in this doctoral thesis, combining structured task design, process-

oriented ET metrics, and dynamic task regulation within a single 

framework. In this configuration, the algorithm retains the multidimensional 

structure of the non-immersive implementation while incorporating ET 

metrics to distinguish between errors and omissions arising from deficient 

visual exploration and those related to motor execution constraints. This 

solution was specifically conceived to enable training sessions involving the 

more affected upper limb. However, the ability of the algorithm to reliably 

disentangle motor and cognitive components remains to be formally 

evaluated. 

Conclusion 

This thesis shows that VR-based assessment is not a simple extension of 

existing methods, but a shift toward integrated systems in which task design, 

technological environment, and measurement tools are tightly 

interconnected. By combining stable task paradigms, controlled 

manipulation of immersion, adapted ET methodologies, and dynamic task 

regulation, this research contributes to a more rigorous and interpretable 

integrated framework for VR-based assessment and neurorehabilitation of 

attentional impairments.  
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List of Abbreviations  

 

AD - Angular Dispersion 

ADLs - Activities of Daily Living 

ANOVA - Analysis of Variance 

ARAT - Action Research Arm Test 

BBT - Box and Block Test 

CAVE - Cave Automatic Virtual Environment 

CDI - Composite Difficulty Index 

CT - Computed Tomography 

d - Distance between the eyes and the stimuli 

DALYs - Disability-Adjusted Life Years 

DDA - Dynamic Difficulty Adjustment 

ET - Eye-Tracking 

FIT - Feature-Integration Theory 

FMA - Fugl-Meyer Assessment 

FOV - Field of View 

HMD - Head-Mounted Display 

ICF - International Classification of Functioning, Disability and Health 

I-DT - Identification by Dispersion Threshold 

iVR - Immersive Virtual Reality 

LD - Linear Dispersion 

LPS - Large Projection System 

MMSE - Mini-Mental State Examination 

MoCA - Montreal Cognitive Assessment 

MRI - Magnetic Resonance Imaging 

niVR - Non-Immersive Virtual Reality 

OCS - Oxford Cognitive Screen 

ROI - Region of Interest 

RRT - Relative Response Time 

RT - Response Time 
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SG - Serious Game 

SPARC - Spectral Arc Length 

STROBE - Strengthening the Reporting of Observational Studies in 

Epidemiology 

TAP - Test for Attentional Performance 

TIDieR - Template for Intervention Description and Replication 

UL - Upper Limb 

USN - Unilateral Spatial Neglect 

VR - Virtual Reality 

XR - Extended Reality 
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