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Abstract
Virtual reality (VR) offers new opportunities for cognitive assessment by enabling immersive, ecologically 
valid task execution and continuous behavioral monitoring. However, it remains unclear whether performance 
in VR-based assessments reflects underlying cognitive functioning rather than interaction-related factors. This 
study aimed to evaluate the validity of a VR-based cognitive assessment environment by examining its relation-
ship with the Montreal Cognitive Assessment (MoCA). Forty older adults were recruited, of whom 38 com-
pleted both assessments and were included in the analyses. Cognitive status was independently assessed using 
the MoCA. Performance metrics derived from system interaction logs were analyzed together with measures 
of usability (VRSUQ), workload (NASA–TLX), age, education, and prior VR experience. Significant associa-
tions were observed between MoCA scores and VR-derived performance measures, including Global Score, 
Success Rate, and task duration. Domain-level analyses revealed moderate-to-strong correlations between cor-
responding cognitive domains measured by MoCA and the VR system. Regression analyses demonstrated that 
cognitive status and age remained independently associated with Global Score after accounting for participant 
characteristics, whereas prior VR experience, workload, and usability were not independently associated with 
Global Score. The findings support the validity of the proposed VR-based assessment approach and suggest that 
immersive environments can capture meaningful aspects of cognitive functioning. VR-based assessments may 
complement traditional cognitive screening by providing ecologically valid tasks and rich behavioral informa-
tion derived from user interactions.

Keywords  Virtual reality · Cognitive assessment · Montreal Cognitive Assessment · Older adults · 
Usability · Immersive systems

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-026-72261-z&domain=pdf&date_stamp=2026-9-19
https://doi.org/10.1038/s41598-026-72261-z
https://orcid.org/0000-0002-6100-2654
https://orcid.org/0000-0002-3416-5554


Article in Press

Scientific Reports

https://doi.org/10.1038/s41598-026-72261-z

Introduction

The increasing prevalence of cognitive decline in aging populations has created a growing need for effective, 
accessible, and reliable assessment tools1. Early detection of cognitive impairment is critical for timely interven-
tion, monitoring, and support. Standardized screening instruments, such as the Montreal Cognitive Assessment 
(MoCA)2,3, are widely used in clinical and research settings due to their simplicity and diagnostic sensitivity. 
However, these tools are inherently limited by their static, paper-based format, which provides only a coarse snap-
shot of cognitive functioning and offers little insight into the behavioral processes underlying task performance4.

In recent years, virtual reality (VR) has emerged as a promising medium for cognitive assessment5. By enabling 
immersive and interactive environments, VR allows users to engage in tasks that more closely resemble real-
world activities. This increased ecological validity has the potential to reveal aspects of cognitive functioning 
that are not captured by traditional assessments. Moreover, VR systems can continuously record detailed interac-
tion data, including action sequences, timing, and behavioral patterns, enabling a more fine-grained analysis of 
performance6.

Despite these advantages, the use of VR for cognitive assessment introduces new challenges. In particular, 
user experience factors such as usability, workload, and interaction complexity may influence performance out-
comes7. High cognitive or physical demands may interfere with task execution, while unfamiliar interaction para-
digms may disadvantage users with limited technological experience8,9. As a result, it remains unclear to what 
extent performance in VR-based tasks reflects underlying cognitive abilities, as opposed to interaction-related or 
system-induced factors.

Furthermore, individual differences, including cognitive status, age, and prior experience with VR, may 
shape how users interact with immersive environments. Understanding how these factors relate to both objec-
tive performance and subjective experience is essential for developing valid and inclusive VR-based assessment 
systems10,11.

To address these challenges, this study investigates the validity of an immersive VR-based cognitive assess-
ment environment using the Cogniclear system. Cogniclear implements a set of task-based scenarios inspired by 
cognitive domains commonly assessed using the Montreal Cognitive Assessment (MoCA), while extending them 
into an interactive and behavior-rich virtual environment. Unlike traditional paper-based screening tools, the sys-
tem enables continuous recording of user behavior, including task performance, action patterns, and interaction 
dynamics.

Although an increasing number of VR-based cognitive assessment systems have been proposed, evidence 
regarding their construct validity remains limited. In particular, relatively few studies have examined whether 
performance in immersive assessment environments corresponds to established cognitive screening instruments 
while remaining robust against interaction-related confounds. As a result, the extent to which VR-derived perfor-
mance metrics capture underlying cognitive functioning remains insufficiently understood.

The primary objective of this study is therefore to evaluate the relationship between cognitive status mea-
sured using the MoCA and performance obtained within the Cogniclear environment. In addition, we investigate 
whether corresponding cognitive domains assessed by the two approaches demonstrate convergent relationships. 
To better understand potential sources of variability, subjective workload (NASA–TLX)12, usability (VRSUQ)13, 
and selected user characteristics, including age, education, and prior VR experience, are also examined.

Based on this framework, we formulate the following hypotheses:

	● H1: Higher MoCA scores are associated with better performance in the Cogniclear system.
	● H2: Corresponding cognitive domains measured by MoCA and Cogniclear demonstrate significant positive 
associations.

	● H3: The relationship between cognitive status and Cogniclear performance remains significant after control-
ling for age, prior VR experience, workload, and usability.

	● H4: Workload and usability do not significantly explain performance variance beyond cognitive status.
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By examining the relationships among cognitive status, behavioral performance, workload, usability, and user 
characteristics, this study contributes to the validation of immersive cognitive assessment systems and pro-
vides evidence regarding the extent to which VR-derived performance measures reflect underlying cognitive 
functioning.

Background

Traditional cognitive assessment and its limitations

Traditional cognitive assessment methods, such as the Montreal Cognitive Assessment (MoCA)2 and the Mini-
Mental State Examination (MMSE)14, are widely used for the screening and monitoring of cognitive impairment 
in both clinical and research settings. These instruments provide standardized procedures for evaluating domains 
including attention, memory, executive functioning, language, abstraction, visuospatial abilities, and orientation. 
Due to their relatively short administration time, ease of use, and established diagnostic sensitivity, such tools 
have become common components of geriatric and neuropsychological evaluation protocols15.

Despite their widespread adoption, conventional cognitive assessments present several important limitations. 
One of the most frequently discussed concerns relates to their limited ecological validity4. Most traditional tests 
rely on highly structured, paper-based tasks that are performed in artificial and constrained settings. As a result, 
they may not fully reflect how individuals function in everyday environments, where cognition is closely inter-
twined with perception, motor behavior, attention management, and interaction with surrounding objects and 
situations.

Another limitation concerns the relatively static nature of conventional assessments. Standardized tests primar-
ily provide final scores or coarse domain-level outcomes, while offering limited access to continuous behavioral 
data generated during task execution. Although trained clinicians may observe aspects such as response strate-
gies, hesitation, or error patterns, these observations are often qualitative, dependent on examiner interpretation, 
and difficult to quantify systematically. Consequently, traditional assessments may provide limited insight into 
how cognitive processes manifest in complex real-world situations despite acceptable overall scores4.

Traditional assessments may also be affected by methodological constraints, including learning effects during 
repeated administration and potential variability associated with test administration and interpretation16,17. Fur-
thermore, some tasks require abstract or decontextualized responses that may differ substantially from real-world 
cognitive demands, particularly among older adults or individuals with heterogeneous educational and cultural 
backgrounds3,4.

These limitations have motivated increasing interest in the development of more ecologically valid and behav-
ior-oriented assessment approaches4. In recent years, immersive technologies such as virtual reality (VR) have 
emerged as promising tools for extending cognitive evaluation beyond traditional paper-and-pencil paradigms5,6. 
By enabling interactive and naturalistic task execution, VR-based systems may provide richer behavioral data 
while preserving controlled experimental conditions18.

Virtual reality for cognitive assessment

VR technologies are increasingly being explored as tools for cognitive assessment and neuropsychological evalu-
ation due to their ability to create immersive, interactive, and ecologically valid testing environments5,6. Unlike 
conventional paper-and-pencil approaches, VR-based systems enable users to perform cognitively demanding 
tasks within simulated real-world contexts, allowing researchers to observe not only final outcomes but also 
detailed behavioral dynamics during task execution.

One of the major advantages of VR-based assessment lies in its ecological validity. Immersive environments 
can reproduce everyday situations such as navigation, shopping, object manipulation, or task planning while 
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maintaining controlled experimental conditions18,19. This allows cognitive processes to be evaluated in settings 
that more closely resemble real-world functioning compared to traditional laboratory paradigms.

In addition, VR systems enable continuous recording of interaction data, including movement patterns, 
response timing, action sequences, navigation strategies, and error correction behaviors20. Such process-oriented 
measures may provide a richer characterization of cognitive functioning than conventional scoring approaches 
based primarily on final task outcomes.

Over the past decade, numerous VR-based cognitive assessment systems have been proposed for both clinical 
and research applications. Early work by Rizzo and colleagues demonstrated the potential of immersive environ-
ments for assessing spatial abilities, attention, and memory-related functions5. More recent systems have focused 
on ecologically grounded assessment scenarios targeting multiple cognitive domains simultaneously. For exam-
ple, VStore introduced a fully immersive minimarket environment designed to assess functional cognition and 
age-related cognitive decline21, while the CAVIRE system implemented automated VR-based screening across 
multiple cognitive domains using everyday activity simulations22. Subsequent studies on the CAVIRE platform 
also reported promising agreement with established cognitive screening instruments, including the Montreal 
Cognitive Assessment (MoCA), supporting the potential of immersive environments for cognitive evaluation 
while highlighting the need for further validation across different systems and populations23.

At the same time, systematic reviews indicate that the field of VR-based neuropsychological assessment is 
rapidly expanding, with increasing emphasis on immersive interaction, ecological validity, and automated behav-
ioral analysis24,25. Existing studies have demonstrated the feasibility of VR-based cognitive assessment and high-
lighted its potential to capture rich behavioral indicators of cognitive functioning. However, important questions 
regarding the validity and interpretation of assessment outcomes remain unresolved. In particular, relatively few 
studies have systematically examined whether performance in immersive assessment environments corresponds 
to established cognitive screening measures while remaining robust against potential confounding factors. As 
a result, the extent to which VR-derived performance metrics reflect underlying cognitive functioning remains 
insufficiently understood.

Factors influencing performance in VR-based cognitive assessment

Despite the growing interest in VR-based cognitive assessment, immersive environments introduce method-
ological and interaction-related challenges that may influence assessment outcomes. Unlike traditional paper-
and-pencil tests, VR systems require users to interact with virtual environments through head-mounted displays, 
motion tracking, handheld controllers, and spatial navigation mechanisms. Consequently, performance may be 
affected not only by cognitive functioning but also by workload, usability, motor demands, and familiarity with 
immersive interaction paradigms7,18.

One important consideration concerns the cognitive and physical demands associated with immersive interac-
tion. VR tasks often require simultaneous processing of visual, spatial, and motor information, potentially increas-
ing attentional demands independently of the cognitive abilities being assessed12. In addition, poorly designed 
interfaces, unclear interaction logic, or excessive controller complexity may introduce performance variability 
unrelated to the targeted cognitive constructs13. Previous studies have reported that older adults and inexperienced 
users may experience difficulties associated with VR interaction, including disorientation, uncertainty regarding 
task execution, reduced sense of control, and challenges adapting to unfamiliar interaction techniques8,9.

Performance may also be influenced by individual user characteristics. Older adults often exhibit substantial 
variability in perceptual, motor, cognitive, and technological abilities10,11. Factors such as age, prior VR experi-
ence, digital literacy, reduced hand dexterity, visual limitations, and other accessibility needs may affect task 
execution independently of cognitive status26,27. In controller-based assessments, for example, motor limitations 
may increase the number of actions or the time required to complete a task, thereby affecting interaction-derived 
efficiency measures. These considerations are particularly relevant in older and clinical populations, in which 
cognitive impairments frequently coexist with sensory and physical limitations.
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To better understand these influences, recent studies increasingly combine objective performance measures 
with subjective assessments such as the NASA Task Load Index (NASA–TLX) and usability questionnaires12,13. 
Such approaches aim to determine whether observed performance primarily reflects cognitive functioning or is 
affected by interaction-related factors associated with the immersive medium.

However, relatively few studies have systematically examined the combined influence of cognitive status, 
workload, usability, and user characteristics on performance in immersive cognitive assessment environments. 
As a result, the extent to which VR-derived performance metrics reflect underlying cognitive functioning rather 
than interaction-related confounds remains insufficiently understood.

To address this gap, the present study investigates the relationship between cognitive status measured using 
the MoCA and performance in an immersive VR-based cognitive assessment environment. In addition to exam-
ining overall and domain-level associations between the two approaches, we evaluate the potential influence of 
workload, usability, age, and prior VR experience on assessment outcomes. By combining standardized cogni-
tive screening with objective behavioral metrics derived from immersive task performance, this work contributes 
evidence regarding the validity and interpretability of VR-based cognitive assessment systems.

Materials and methods

Participants

Participants were eligible if they were between 55 and 80 years of age and had no history of epilepsy or diagnosed 
psychiatric disorders. A total of 42 individuals were screened for eligibility, of whom two were excluded due to 
a history of epilepsy. Consequently, 40 participants were enrolled in the study. Of these, one did not complete 
the MoCA and one discontinued the VR session. The remaining 38 participants (20 females and 18 males) were 
aged between 55 and 80 years (𝑀𝑀 𝑀 𝑀𝑀𝑀𝑀𝑀, 𝑆𝑆𝑆𝑆 𝑆 𝑆𝑆𝑆𝑆). Participants were recruited from both community-dwelling 
populations and long-term care (LTC) facilities, resulting in a heterogeneous sample with respect to cognitive 
status, living arrangements, educational background, and prior VR experience. MoCA scores ranged from 16 to 
30 (𝑀𝑀 𝑀 𝑀𝑀𝑀𝑀𝑀, 𝑆𝑆𝑆𝑆 𝑆 𝑆𝑆𝑆𝑆), indicating substantial variability in cognitive screening performance and the inclusion 
of participants with scores both below and within the commonly expected range. Participant characteristics are 
summarized in Table 1.

Fewer than half of the participants reported prior VR experience, while technology proficiency ranged from 
low to high. The sample included participants with different levels of mobility. Nine participants completed the 
Cogniclear assessment while seated in wheelchairs. The use of a wheelchair did not prevent completion of the 
assessment, as the VR tasks did not require standing or walking. One participant had a diagnosed rheumatic 
condition affecting hand mobility, which interfered with controller use during the assessment. No other upper-
extremity limitations relevant to controller operation were reported or observed. The majority of participants 
completed the VR assessment without reporting substantial adverse effects. Reported issues were infrequent and 
included occasional motion sickness, eye strain, and interaction-related difficulties.

All participants provided informed consent prior to participation. The study protocol was approved by the 
institutional ethics committee and conducted in accordance with the principles of the Declaration of Helsinki.

Characteristic Value
Age (years) 68.18 ± 6.80
MoCA score 25.95 ± 3.99
Female/male 20 / 18
LTC/non-LTC 19 / 19
VR experience (yes/no) 16 / 22
Education (primary/vocational/secondary/higher) 2 / 5 / 16 / 15

Table 1  Participant demo-
graphics (𝑁𝑁 𝑁 𝑁𝑁).
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Montreal Cognitive Assessment (MoCA)

Cognitive functioning was assessed using the Montreal Cognitive Assessment (MoCA), a widely used screen-
ing instrument designed to detect mild cognitive impairment2. The MoCA evaluates multiple cognitive domains, 
including attention, memory, executive functions, language, visuospatial abilities, abstraction, and orientation, 
yielding a total score ranging from 0 to 30, with higher scores indicating better cognitive functioning.

In the present study, the MoCA was administered in its standard form by a psychologist prior to the VR session. 
The resulting total score was used as the primary measure of cognitive status in subsequent analyses. In addition, 
domain-level scores were used to examine convergent relationships between specific cognitive functions and cor-
responding tasks implemented within the VR assessment environment.

Cogniclear VR assessment

Cogniclear is an immersive virtual reality application designed to assess cognitive functioning through interac-
tive task-based scenarios. The system was developed to capture user performance across multiple cognitive 
domains using naturalistic interactions in a virtual environment.

The application includes a set of tasks inspired by standardized neuropsychological assessments, particularly 
the Montreal Cognitive Assessment (MoCA). The Cogniclear assessment comprised 14 tasks across eight per-
formance domains: one Abstract Reasoning task, five Attention tasks, one Flexibility task, two Naming and Lan-
guage tasks, two Memory tasks, one Motor Skills task, one Temporal Orientation task, and one Visuospatial task. 
Each task was administered once during the assessment, although individual tasks could include multiple objects, 
items, or difficulty levels. The task-to-domain mappings were predefined during the development of Cogniclear 
by the clinical development team, which included medical professionals. The present study used these predefined 
mappings without modification.

However, due to the interactive and immersive nature of VR, the implemented tasks are not direct one-to-one 
replications of MoCA items. Instead, they are designed to preserve the underlying cognitive constructs while 
adapting task format and interaction modality to the virtual environment. For example, rather than relying on 
paper-and-pencil responses, users interact with virtual objects, navigate the environment, and perform goal-ori-
ented actions. This enables the continuous measurement of behavioral data, including response sequences, action 
patterns, and task-completion dynamics.

The system automatically logs all user interactions and computes performance metrics in real time. These 
include both outcome-based measures (e.g., task success and accuracy) and process-based indicators (e.g., num-
ber of actions, efficiency, and interaction patterns), enabling a more detailed characterization of user performance 
than traditional assessments.

Importantly, Cogniclear is not intended as a direct digital equivalent of the MoCA test. Rather, it is a function-
ally inspired tool that operationalizes similar cognitive domains within an immersive and interactive context. As 
illustrated in Fig. 1, selected VR tasks were designed to correspond to specific MoCA components while extend-
ing them through embodied interaction and spatial engagement.

At the same time, the VR environment includes additional tasks that are not directly derived from MoCA (see 
Fig. 2). One example is an instruction-following task in which participants explore a virtual environment and per-
form a sequence of object-based interactions guided by a virtual robot assistant. Although inspired by command-
following tasks used in cognitive screening, the VR implementation additionally engages spatial orientation and 
object manipulation within an immersive environment. Another example is a motor coordination task in which 
participants guide a virtual rope through a handheld ring along a predefined path. This task was designed to assess 
hand–eye coordination, movement precision, and motor performance within VR.
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Fig. 1  Mapping selected VR tasks to MoCA cognitive domains.
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Study design and procedure

The study was conducted in two settings corresponding to participant subgroups. For community-dwelling par-
ticipants (non-LTC), sessions took place in a dedicated research room at Lodz University of Technology. Partici-
pants registered for time slots in advance and attended individually. For the long-term care (LTC) subgroup, data 
collection was conducted in multipurpose rooms at the Rehabilitation and Care Centre–Nursing Home in Lodz 
(Centrum Rehabilitacyjno-Opiekuńcze–Dom Pomocy Społecznej w Łodzi) and the Nursing Home at 15 Rojna 
Street in Lodz (Dom Pomocy Społecznej w Łodzi przy ul. Rojnej 15). On scheduled days, residents were invited 
to participate and escorted to the testing area. In both settings, the space was reserved exclusively for the study 
during each session to ensure comfort and privacy. The research team was responsible for transporting, setting 
up, and calibrating the VR equipment prior to each session.

The Cogniclear assessment was administered using a Meta Quest 3 head-mounted display and two handheld 
controllers. The visual system consisted of the stereoscopic display integrated into the head-mounted device, with 
the viewpoint updated according to the participant’s tracked head movements. During the assessment, partici-
pants viewed an immersive virtual room containing a virtual table and interactive task objects. Participants could 
interact using either controller and could alternate between their left and right hands. Two controller inputs were 
required: the trigger button was used for pointing and selecting, whereas the grip button was used for grasping 
and manipulating virtual objects. The assessment could be performed either while seated or standing, depending 
on participant preference and physical comfort. In practice, all participants completed the assessment predomi-
nantly while seated, including those using wheelchairs. Standing and walking were not required. The virtual tasks 
were organized around a virtual table. Participants were occasionally required to turn their head or upper body 
and to reach toward virtual objects placed on or near the table. Accordingly, the physical setup required sufficient 
space for seated upper-extremity movements and safe head and trunk rotation. A standard chair or wheelchair 
could be used during the assessment. An example of the physical setup for a participant using a wheelchair is 
presented in Fig. 3.

Each session lasted approximately 45–60 min and followed a standardized protocol. Upon arrival, participants 
provided written informed consent and completed a short demographic questionnaire covering age, gender, edu-
cation, and prior experience with digital technologies and VR.

Next, participants completed the MoCA in its standard form, administered by a psychologist. The MoCA and 
VR assessments were conducted on the same day, with the MoCA always preceding the VR assessment. Partici-
pants were offered a break between the assessments; however, none requested or took one. Before the VR session, 
the headset was fitted, the interpupillary distance was adjusted, and visual comfort was verified, including com-
patibility with corrective glasses. The assessments followed an assessor-blinded procedure: the VR assessment 
was conducted by a separate researcher who did not have access to the MoCA results.

Participants then received a brief introduction to the VR environment, including basic interaction instructions 
and safety guidance (e.g., virtual boundaries and exit procedures). After this familiarization phase, participants 

Fig. 2  Additional VR tasks implemented in Cogniclear. (A,B) Illustrate the instruction-following and environmental interac-
tion tasks guided by the VR robot assistant, while (C) presents the motor coordination task involving guiding a rope through 
a virtual ring.
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proceeded to complete the Cogniclear tasks. The Cogniclear tasks were administered in the same predefined order 
for all participants. Some tasks consisted of multiple consecutive stages. Task-specific time thresholds, ranging 
from 40 to 80 s, were predefined according to task complexity and expected completion time. If the event or 
action required to progress within a given task did not occur within the applicable time threshold, all remaining 
stages of that task were skipped and the application automatically proceeded to the next task.

The Cogniclear session was conducted individually in a one-on-one format. Participants interacted with a 
series of task-based scenarios designed to assess multiple cognitive domains. Throughout the session, a facilitator 
remained present to monitor safety and provide technical assistance if needed, intervening only when necessary.

All interaction data and performance metrics were automatically recorded by the system. Upon completion of 
the VR session, participants filled out post-use questionnaires assessing usability and workload (see “Outcome 
measures”). In selected cases, brief follow-up questions were asked to clarify responses or gather additional 
qualitative feedback. Figure 4 illustrates the experimental flow of the study.

Outcome measures

Pretest questionnaire

Before the VR session, participants completed a short pretest questionnaire designed to capture demographic 
information, technology proficiency, and prior exposure to VR. The survey included the following items: age and 
gender; self-rated technology proficiency (five-point scale from beginner to expert); frequency of digital device 
use (from daily to never); prior VR experience (yes/no); and concerns related to VR use (multiple-choice: motion 
sickness, eye strain, operational difficulties, disorientation/dizziness, or no concerns). These measures provided 
contextual information for interpreting participants’ performance and subjective experiences, particularly with 
respect to digital literacy and potential usability or comfort-related barriers.

Post-test measures

After completing the Cogniclear session, participants evaluated their experience using standardized question-
naires assessing usability and workload.

Usability was measured using a Polish translation of the Virtual Reality System Usability Questionnaire 
(VRSUQ) prepared for the purpose of this study in consultation with a psychologist experienced in working with 
older adults. The items were translated to ensure their comprehensibility for Polish-speaking older participants, 

Fig. 3  Physical setup of the Cogniclear assessment for a par-
ticipant using a wheelchair. The assessment was performed 
while seated using a Meta Quest  3 head-mounted display 
and two handheld controllers. Interaction required pointing, 
grasping, and occasional reaching movements but did not 
require standing or walking.
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without changes to the response format or scoring procedure. All items were rated on a 5-point Likert scale, with 
higher scores indicating better usability. Negatively worded items were reverse-coded prior to analysis, and the 
total VRSUQ score was computed as the mean of all item responses. The nine-item Polish VRSUQ demonstrated 
acceptable internal consistency in the present sample (Cronbach’s 𝛼𝛼 = 0.76).

Perceived workload was assessed using a Polish translation of the NASA Task Load Index (NASA-TLX), 
previously subjected to psychometric evaluation28. The instrument evaluates six dimensions: mental demand, 
physical demand, temporal demand, performance, effort, and frustration. Each dimension was rated on a 0–10 
scale. The overall unweighted NASA–TLX score was calculated as the arithmetic mean of the six dimension 
ratings multiplied by 10, yielding a score ranging from 0 to 100, with higher scores indicating greater perceived 
workload.

In addition to quantitative measures, brief follow-up questions were asked to clarify participant responses and 
capture qualitative feedback regarding usability issues and interaction challenges.

Performance metrics derived from the Cogniclear system

Performance in the Cogniclear system was assessed using automatically computed metrics derived from user 
interaction data. The assessment comprised 14 tasks grouped into 8 domains, referred to as domains throughout 
this article. The domain structure is presented in Fig. 1.

For each task, user performance was characterized by three metrics: Score, Efficiency, and Accuracy. These 
metrics were combined into a task-level Composite Score. Task-level Composite Scores were subsequently 
aggregated into domain scores, which were then combined to compute the Global Score.

Score denotes a task-specific outcome measure calculated according to predefined scoring rules tailored to 
each task. For all tasks, Score ranges from 0 to 100, with higher values indicating better performance. Because 
the tasks differ in their objectives and interaction requirements, the performance components used to calculate 
Score vary across tasks. The final task outcome is a major determinant of Score.

Efficiency was calculated as:

Fig. 4  Experimental design and procedure flow.

 



Article in Press

Scientific Reports

https://doi.org/10.1038/s41598-026-72261-z

	
Efficiency = max (0, 1 −

|𝐴𝐴 𝐴 𝐴𝐴opt|
𝐴𝐴opt

) × 100� (1)

where A is the number of performed actions and 𝐴𝐴opt is the optimal number of actions.
The optimal number of actions was predefined for each task. For example, in the Sort into categories task, 

six objects required one correct placement each; therefore, 𝐴𝐴opt = 6. Incorrect or corrective actions increased the 
observed number of actions (A) but did not change 𝐴𝐴opt. These task-design parameters were not estimated from 
participant data.

Accuracy was defined as:

	 Accuracy = Correct Actions
Total Actions

× 100� (2)

At the task level, these three metrics were combined into a composite score:

	 Composite Score = Score + Efficiency + Accuracy
3 � (3)

Task-level Composite Scores were aggregated into domain scores (termed Category Scores in the system report) 
using weights proportional to the optimal number of actions for each task:

	
𝐶𝐶𝑖𝑖 =

∑𝑗𝑗∈𝒯𝒯𝑖𝑖
Composite Score𝑗𝑗 ⋅ 𝐴𝐴opt,𝑗𝑗

∑𝑗𝑗∈𝒯𝒯𝑖𝑖
𝐴𝐴opt,𝑗𝑗

� (4)

Here, 𝒯𝒯𝑖𝑖 denotes the set of tasks belonging to domain i, CompositeScore𝑗𝑗 is the Composite Score for task j, and 𝐴𝐴opt,𝑗𝑗 
is the optimal number of actions for that task. Tasks with larger optimal action counts therefore receive greater 
weight within their domain.

The primary outcome measure was the Global Score, defined as the unweighted arithmetic mean of the domain 
scores:

	
Global Score = 1

𝑁𝑁

𝑁𝑁

∑
𝑖𝑖𝑖𝑖

𝐶𝐶𝑖𝑖,� (5)

where 𝐶𝐶𝑖𝑖 denotes the score of domain i and 𝑁𝑁 𝑁 𝑁 is the number of domains. All eight domains therefore contribute 
equally to the Global Score.

Global Efficiency was computed using the same Efficiency formula at the session level, with the total number 
of performed actions and the total optimal number of actions across the session.

Additionally, the Success Rate was defined as:

	 Success Rate = Number of Successful Tasks
Total Tasks

× 100� (6)

Higher values of Global Score, Composite Score, domain scores, Global Efficiency, Accuracy, and Success Rate 
indicate better performance. Total duration and total number of actions were recorded directly from the system 
logs.

Statistical analysis

Statistical analyses were performed using R (version 4.4.2) within the RStudio environment. Descriptive statis-
tics were calculated for all study variables.

Given the sample size and the presence of several non-normally distributed variables, non-parametric methods 
were used where appropriate. Associations between cognitive status, VR performance metrics, workload, usabil-
ity, and participant characteristics were examined using Spearman rank-order correlations. Differences between 



Article in Press

Scientific Reports

https://doi.org/10.1038/s41598-026-72261-z

participant groups were assessed using the Mann–Whitney U test or the Kruskal–Wallis test, depending on the 
number of comparison groups.

Potential outliers were identified using a combination of the interquartile range (IQR) method and standardized 
z-scores. Candidate outliers were subsequently examined using system interaction logs and observational notes 
to determine whether performance deviations reflected cognitive functioning or interaction-related factors. All 
observations were retained in the primary analyses.

As a sensitivity analysis, global and domain-level correlations between MoCA and Cogniclear performance 
were repeated after excluding observations identified as interaction-related outliers.

Simple linear regression was used to examine the relationship between MoCA scores and overall performance 
within the VR assessment environment. Multiple linear regression analyses were subsequently conducted to 
determine whether cognitive status remained a significant predictor of performance after controlling for age, prior 
VR experience, workload (NASA–TLX), and usability (VRSUQ). Regression assumptions were evaluated using 
residual diagnostics, variance inflation factors, leverage values, and Cook’s distance. Given the small sample size 
and the deviations identified in the regression diagnostics, HC3 heteroskedasticity-robust standard errors were 
used to improve the robustness of statistical inference in the multivariable regression models.

To account for multiple testing, the Benjamini–Hochberg procedure was applied separately within four pre-
defined families of exploratory analyses: correlations among cognitive, performance, usability, and workload 
measures; corresponding domain-level correlations; analyses of participant characteristics; and comparisons 
between LTC and non-LTC participants.

Results

Usability and perceived workload

Participants reported high perceived usability of the VR assessment environment. The mean adjusted VRSUQ 
item rating was 𝑀𝑀 𝑀 𝑀𝑀𝑀𝑀 (𝑆𝑆𝑆𝑆 𝑆 𝑆𝑆𝑆𝑆) on a 1–5 scale. As shown in Fig. 5a, responses were consistently positive 
across the nine questionnaire items, with mean ratings at or close to the maximum value for most items. Nega-
tively worded items (Q3, Q8, and Q9) were reverse-coded so that higher adjusted scores consistently indicated 
better perceived usability. The high adjusted ratings for these items indicate a low incidence of interaction errors, 
cybersickness symptoms, and mental stress during the VR experience.

Fig. 5  User experience measures. (a) Distribution of VRSUQ item scores. Higher scores indicate better perceived usability. 
(b) Distribution of NASA–TLX dimension scores. Boxes represent the interquartile range (IQR), horizontal lines indicate 
medians, crosses denote means, and circles denote outliers.
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The mean overall NASA–TLX score was 41.70 on a 0–100 scale, suggesting a moderate level of perceived 
workload. As shown in Fig. 5b, the highest ratings were observed for effort, performance, and mental demand, 
whereas physical demand, temporal demand, and frustration received comparatively lower ratings. This pattern 
suggests that the assessment involved cognitive engagement and effort while placing relatively limited physical 
demands on participants. The comparatively low frustration rating suggests that participants did not generally 
perceive the task as highly frustrating.

Relationships between cognitive, performance, and system measures

Table 2 presents the relationships between cognitive functioning, system usability, workload, and performance 
in the VR assessment environment.

Moderate-to-strong positive correlations were observed between MoCA scores and overall performance 
(Global Score: 𝜌𝜌 = 0.66, 𝑝𝑝adj < 0.001), as well as task success (Success Rate: 𝜌𝜌 = 0.59, 𝑝𝑝adj < 0.001). A significant nega-
tive correlation was also found between MoCA scores and task duration (𝜌𝜌 = −0.54, 𝑝𝑝adj < 0.01), indicating that par-
ticipants with higher MoCA scores tended to complete the assessment more quickly. No significant association 
was observed between MoCA scores and global efficiency (𝜌𝜌 = 0.29, 𝑝𝑝adj > 0.05).

No significant associations were found between perceived workload (NASA–TLX) and any of the perfor-
mance measures. Thus, the present results did not provide evidence that subjective workload was systematically 
associated with task performance.

In contrast, usability (VRSUQ) demonstrated significant positive associations with Global Score (𝜌𝜌 = 0.54, 
𝑝𝑝adj < 0.01) and Success Rate (𝜌𝜌 = 0.50, 𝑝𝑝adj < 0.01), as well as a significant negative association with task duration 
(𝜌𝜌 = −0.63, 𝑝𝑝adj < 0.001). Participants who perceived the system as more usable tended to perform better and com-
plete the assessment more quickly. No significant association was found between VRSUQ and global efficiency 
(𝜌𝜌 = 0.31, 𝑝𝑝adj > 0.05).

Overall, the associations between MoCA scores and performance outcomes provide preliminary evidence 
of the convergent validity of the VR-based assessment. All associations identified as statistically significant in 
Table 2 remained significant after the Benjamini–Hochberg false discovery rate correction.

Outlier detection and sensitivity analysis

Potential outliers were identified using a combination of statistical screening and qualitative inspection of interac-
tion behavior. Statistical criteria included interquartile range (IQR) thresholds and standardized scores, comple-
mented by analysis of interaction logs and observational notes. Rather than representing extreme values within 
single variables, the identified cases were characterized by inconsistencies between cognitive scores and interac-
tion performance.

Variable 1 Variable 2 𝝆𝝆
MoCA Global score 0.66∗∗∗

MoCA Global efficiency 0.29
MoCA Success rate 0.59∗∗∗

MoCA Duration −0.54∗∗

NASA–TLX Global score −0.02
NASA–TLX Global efficiency −0.06
NASA–TLX Success rate −0.06
NASA–TLX Duration 0.06
VRSUQ Global score 0.54∗∗

VRSUQ Global efficiency 0.31
VRSUQ Success rate 0.50∗∗

VRSUQ Duration −0.63∗∗∗

Table 2  Spearman correla-
tions between cognitive, 
performance, usability, and 
workload measures.

Benjamini–Hochberg-adjusted 
significance levels: ∗𝑝𝑝adj < .05, 
∗∗𝑝𝑝adj < .01, ∗∗∗𝑝𝑝adj < .001.
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Two observations were identified as interaction-related outliers. In both cases, task performance was substan-
tially lower than expected based on MoCA scores, indicating the presence of non-cognitive confounding factors.

One case involved a participant with a diagnosed rheumatic condition affecting hand mobility. Despite a rela-
tively high MoCA score (27), the participant demonstrated substantially reduced performance (global score = 56, 
global efficiency = 38), accompanied by the highest number of interaction actions in the dataset (169), suggesting 
significant difficulty in controller use. Observational data confirmed impaired motor interaction.

Another case involved a 75-year-old participant who experienced persistent difficulty in understanding and 
independently interacting with the VR system. Despite a MoCA score of 28, performance was low (global score = 
52, success rate = 43%, duration = 39 min), with a high number of interaction actions (142), indicating inefficient 
and inconsistent interaction patterns. Observational data confirmed the need for continuous guidance.

These findings suggest that performance in these cases may have been influenced by interaction-related con-
straints in addition to cognitive functioning. Therefore, these observations were excluded only from the sensitiv-
ity analyses examining the relationship between cognitive status and system performance; they were retained in 
all primary analyses.

After excluding the two participants, the Spearman correlation between MoCA and Global Score increased 
from 𝜌𝜌 = 0.66 to 𝜌𝜌 = 0.72, while the Pearson correlation increased from 𝑟𝑟 𝑟 𝑟𝑟𝑟𝑟 to 𝑟𝑟 𝑟 𝑟𝑟𝑟𝑟. The sensitivity analysis 
was based on 36 participants and illustrates the potential influence of difficulties unrelated to cognitive ability on 
VR performance. These exclusion-based estimates should be interpreted as supplementary rather than primary 
results. Figure 6 illustrates the relationship between MoCA scores and Global Score.

Fig. 6  Relationship between 
MoCA scores and Global 
Score in the full sample 
(𝑁𝑁 𝑁 𝑁𝑁). The two obser-
vations marked with red 
circles represent participants 
with documented motor or 
interaction-related difficulties. 
The blue line represents the 
fitted simple linear regression 
model, and the shaded area 
represents its 95% confidence 
interval.
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Correlation between MoCA and Cogniclear measures

To further examine the relationship between cognitive domains assessed by the MoCA and the Cogniclear sys-
tem, correlation analyses were conducted between corresponding domain-level measures.

Domain mappings were established based on conceptual similarity. Specifically, visuospatial/executive func-
tions were compared with the Visuospatial domain, naming with Naming and Language, attention with Attention, 
abstraction with Abstract Reasoning, memory with Memory, and orientation with Temporal Orientation.

Moderate-to-strong correlations were observed across all six examined domains in the full sample. The stron-
gest associations were found for Attention (𝜌𝜌 = 0.63) and Memory (𝜌𝜌 = 0.61), followed by Visuospatial abilities 
(𝜌𝜌 = 0.58), Temporal Orientation (𝜌𝜌 = 0.55), and Naming and Language (𝜌𝜌 = 0.52). The weakest, although still statis-
tically significant, association was observed for Abstraction (𝜌𝜌 = 0.49). Detailed correlation coefficients are pre-
sented in Table 3. After excluding the two interaction-related outliers, the correlation coefficients increased across 
all six examined domains. These results are presented as a sensitivity analysis illustrating the potential influence 
of interaction-related difficulties on domain-level performance.

Influence of participant characteristics

Additional analyses examined associations between participant characteristics and performance in the Cogniclear 
system. The Benjamini–Hochberg procedure was applied across the four tests to control the false discovery rate.

Age was negatively correlated with Global Score (𝜌𝜌 = −0.42, 𝑝𝑝adj = 0.017), indicating that older participants tended 
to obtain lower scores (Table 4). Global Scores did not differ significantly across education levels (Kruskal–Wal-
lis 𝐻𝐻 𝐻 𝐻𝐻𝐻𝐻, 𝑝𝑝adj = 0.092). Technological proficiency was positively but not significantly correlated with Global 
Score (𝜌𝜌 = 0.29, 𝑝𝑝adj = 0.092). Participants with prior VR experience obtained higher Global Scores than those with-
out prior VR experience (Mann–Whitney 𝑈𝑈 𝑈 𝑈𝑈𝑈, 𝑝𝑝adj = 0.005).

To further examine differences between participant groups with distinct living environments and cognitive 
profiles, residents of long-term care (LTC) facilities were compared with community-dwelling participants (non-
LTC). As shown in Table 5, LTC participants had significantly lower MoCA scores (𝑝𝑝adj < 0.001), lower Global 
Scores (𝑝𝑝adj = 0.0078), and longer task-completion times (𝑝𝑝adj = 0.0078).

A descriptively lower Success Rate was also observed in the LTC group (60.6% vs. 75.2%), although the dif-
ference was not statistically significant after the Benjamini–Hochberg correction (𝑝𝑝adj = 0.0883). No significant 
difference was found for Global Efficiency (𝑝𝑝adj = 0.2986).

Table 4  Associations between participant characteristics and global score.
Factor Statistic
Age 𝜌𝜌 = −0.42*

Education 𝐻𝐻 𝐻 𝐻𝐻𝐻𝐻
Tech skills 𝜌𝜌 = 0.29
VR experience 𝑈𝑈 𝑈 𝑈𝑈𝑈**

 Significance levels are based on Benjamini–Hochberg-adjusted p-values across the four tests: ∗𝑝𝑝adj < .05, ∗∗𝑝𝑝adj < .01, ∗∗∗𝑝𝑝adj < .001.

Domain 𝝆𝝆 (primary, 𝐍𝐍 𝐍 𝐍𝐍𝐍𝐍) 𝝆𝝆 (sensitivity, 𝐧𝐧 𝐧 𝐧𝐧𝐧𝐧)
Visuospatial 0.58*** 0.64***
Naming 0.52** 0.59***
Attention 0.63*** 0.71***
Abstraction 0.49** 0.56***
Memory 0.61*** 0.68***
Orientation 0.55** 0.61***

Table 3  Spearman correla-
tions between correspond-
ing MoCA and Cogniclear 
domains.

p-values were adjusted using the 
Benjamini–Hochberg procedure.
**𝑝𝑝adj < 0.01, ***𝑝𝑝adj < 0.001.
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Overall, age, prior VR experience, and living environment were associated with selected measures of perfor-
mance in the Cogniclear system. Participants from LTC facilities had lower cognitive scores and lower perfor-
mance on selected measures. These findings suggest that the VR-based assessment differentiated between the 
examined groups. However, the observed differences cannot be attributed solely to cognitive functioning.

Regression analysis

A simple linear regression analysis revealed a significant positive relationship between MoCA scores and Global 
Score (Fig. 6). Each additional point in MoCA was associated with an average increase of 2.01 points in Global 
Score (𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝𝑝). The model explained 44.6% of the variance in performance (𝑅𝑅2 = 0.446), supporting an associa-
tion between cognitive status and performance within the VR environment.

For the multivariable regression models, HC3 heteroskedasticity-robust standard errors were used because the 
regression diagnostics indicated departures from the model assumptions.

To determine whether the relationship between MoCA and Global Score remained significant after accounting 
for participant characteristics, a multiple linear regression model including MoCA, age, and prior VR experience 
was fitted. The model was statistically significant (𝐹𝐹𝐹𝐹𝐹 𝐹𝐹𝐹 𝐹 𝐹𝐹𝐹𝐹𝐹, 𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝𝑝), explaining 62.2% of the variance in 
Global Score (𝑅𝑅2 = 0.622, adjusted 𝑅𝑅2 = 0.589). MoCA remained significantly and positively associated with Global 
Score after adjustment for the other predictors (𝐵𝐵 𝐵 𝐵𝐵𝐵𝐵, 𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝𝑝𝑝), while age was significantly and negatively 
associated with Global Score (𝐵𝐵 𝐵 𝐵𝐵𝐵𝐵𝐵, 𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝𝑝𝑝). Prior VR experience was not significantly associated with 
Global Score after adjustment (𝐵𝐵 𝐵 𝐵𝐵𝐵𝐵, 𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝𝑝) (Tables 6, 7).

Table 5  Comparison of cognitive and performance measures between LTC and non-LTC participants using Mann–Whitney 
U tests.
Measure LTC Non-LTC 𝐩𝐩adj 𝐫𝐫rb
MoCA 23.4 28.5 < 0.001∗∗∗ −0.81
Global score 74.6 85.4 0.0078∗∗ −0.55
Global efficiency 80.2 79.4 0.2986 −0.20
Duration (min) 25.2 20.9 0.0078∗∗ 0.54
Success rate (%) 60.6 75.2 0.0883 −0.34
Values are means (𝑛𝑛 𝑛 𝑛𝑛 per group). BH-adjusted significance: ∗𝑝𝑝adj < .05, ∗∗𝑝𝑝adj < .01, ∗∗∗𝑝𝑝adj < .001. 𝑟𝑟rb denotes rank-biserial correlation.

Table 6  Multiple linear regression predicting Global Score.
Predictor B Robust SE (HC3) t p
Intercept 85.75 24.74 3.47 0.0015∗∗

MoCA 1.69 0.49 3.44 0.0016∗∗

Age -0.74 0.26 -2.84 0.0077∗∗

VR experience 2.67 4.27 0.62 0.536
 HC3 heteroskedasticity-robust standard errors are reported.
∗𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝, ∗∗𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝, and ∗∗∗𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝𝑝.

Predictor B Robust SE (HC3) t p
Intercept 84.38 54.14 1.56 0.129
MoCA 1.72 0.64 2.69 0.011∗

Age -0.74 0.26 -2.84 0.0077∗∗

VR experience 2.55 4.45 0.57 0.571
NASA–TLX -0.10 0.13 -0.74 0.464
VRSUQ 0.89 12.06 0.07 0.941

Table 7  Multiple linear 
regression predicting Global 
Score (full model).

HC3 heteroskedasticity-robust 
standard errors are reported.
∗𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝, ∗∗𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝, and 
∗∗∗𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝𝑝.
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A final model additionally included perceived workload (NASA–TLX) and usability (VRSUQ). This model 
was also statistically significant (𝐹𝐹𝐹𝐹𝐹 𝐹𝐹𝐹 𝐹 𝐹𝐹𝐹𝐹𝐹, 𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝𝑝), explaining 63.0% of the variance in Global Score 
(𝑅𝑅2 = 0.630, adjusted 𝑅𝑅2 = 0.573). MoCA remained significantly and positively associated with Global Score (𝐵𝐵 𝐵 𝐵𝐵𝐵𝐵
, 𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝𝑝), while age remained significantly and negatively associated with Global Score (𝐵𝐵 𝐵 𝐵𝐵𝐵𝐵𝐵, 𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝𝑝𝑝). 
Prior VR experience, NASA–TLX, and VRSUQ were not independently associated with Global Score in the full 
model.

Regression diagnostics indicated no substantial multicollinearity in the five-predictor model, with variance 
inflation factors ranging from 1.04 to 1.86. However, the residuals deviated significantly from normality (Jarque–
Bera = 16.43, 𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝𝑝), and influence diagnostics identified several potentially influential observations (maximum 
leverage = 0.450; maximum Cook’s distance = 0.960). Accordingly, HC3 heteroskedasticity-robust standard errors 
were used, and the estimates should be interpreted cautiously.

Because LTC status was associated with performance in the group-level analysis, an additional sensitiv-
ity model was fitted with LTC status included as a covariate. The expanded model was statistically significant 
(𝐹𝐹𝐹𝐹𝐹 𝐹𝐹𝐹 𝐹 𝐹𝐹𝐹𝐹, 𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝𝑝) and explained 63.5% of the variance in Global Score (𝑅𝑅2 = 0.635, adjusted 𝑅𝑅2 = 0.565). Using 
HC3 robust standard errors, MoCA remained significantly and positively associated with Global Score (𝐵𝐵 𝐵 𝐵𝐵𝐵𝐵, 
𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝𝑝), and age remained significantly and negatively associated with Global Score (𝐵𝐵 𝐵 𝐵𝐵𝐵𝐵𝐵, 𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝𝑝). LTC 
status was not independently associated with Global Score after adjustment for the remaining predictors (𝐵𝐵 𝐵 𝐵𝐵𝐵𝐵𝐵
, 𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝𝑝). Variance inflation factors in the expanded model ranged from 1.08 to 4.32, suggesting moderate mul-
ticollinearity for at least one predictor, but no conventionally severe multicollinearity.

Taken together, these findings indicate that Global Score was most consistently associated with cognitive sta-
tus and age. Neither prior VR experience, subjective workload, nor perceived usability was independently associ-
ated with Global Score after accounting for cognitive functioning and participant characteristics. Including LTC 
status did not materially alter the associations of MoCA and age with Global Score. Nevertheless, given the small 
sample size, the non-normal residuals, and the presence of potentially influential observations, the multivariable 
findings should be regarded as exploratory.

Discussion

Validity of the VR-based cognitive assessment

The primary objective of this study was to evaluate whether performance within the Cogniclear environment 
reflects cognitive functioning as measured by an established screening instrument. The findings provide prelimi-
nary evidence supporting the convergent validity of the proposed VR-based assessment approach.

At the global level, significant associations were observed between MoCA scores and Global Score, Success 
Rate, and task duration. Participants with higher cognitive status achieved higher Global Scores, completed a 
greater proportion of tasks successfully, and required less time to complete the assessment. Furthermore, the 
relationship between MoCA and Global Score remained significant in both simple and multiple regression analy-
ses, indicating that cognitive status remained independently associated with performance after accounting for 
participant characteristics.

Importantly, the observed relationships were not limited to overall assessment outcomes. Significant correla-
tions were identified across all examined cognitive domains, with the strongest associations observed for atten-
tion and memory. These findings are consistent with the intended conceptual mappings between the VR tasks and 
the corresponding MoCA domains. Although the tasks were not direct replications of MoCA items, the consis-
tency of the observed domain-level relationships indicates that both approaches measure substantially overlap-
ping aspects of cognitive functioning.

The obtained correlations are particularly noteworthy given the fundamental differences between the two 
assessment formats. Whereas MoCA relies on brief paper-and-pencil tasks administered in a highly structured 
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clinical setting, the Cogniclear system evaluates cognition through immersive interactions, object manipulation, 
spatial exploration, and task-oriented behavior. Despite these differences, the moderate-to-strong associations 
observed across domains suggest that VR-based assessment can produce results associated with established cog-
nitive screening measures while offering substantially richer behavioral data.

The sensitivity analysis highlighted an important boundary condition for the interpretation of VR-based cogni-
tive performance. The results obtained after excluding two participants with documented motor or interaction-
related difficulties differed from the full-sample estimates. These cases suggest that motor limitations and severe 
interaction difficulties may affect VR task performance in addition to cognitive status and should therefore be 
considered when interpreting individual assessment results.

Taken together, the observed associations between Cogniclear performance and MoCA scores provide prelimi-
nary evidence supporting the convergent validity of Cogniclear in older adults.

The role of user characteristics and interaction factors

An important question in VR-based cognitive assessment concerns the extent to which observed performance 
reflects cognitive functioning rather than characteristics of the user or the assessment technology itself. This issue 
is particularly relevant in older populations, where cognitive abilities frequently coexist with age-related sensory, 
motor, and technological limitations.

Age emerged as a significant predictor of performance throughout the analyses. Older participants gener-
ally achieved lower Global Scores. This finding is consistent with previous research demonstrating age-related 
changes in processing speed, attention, working memory, and executive functioning. Importantly, however, age 
did not eliminate the contribution of cognitive status. Even after controlling for age, MoCA remained a significant 
predictor of performance, indicating that the observed associations cannot be explained solely by chronological 
aging.

Prior VR experience was associated with higher performance in the initial group comparisons, suggesting 
that familiarity with immersive technologies may facilitate interaction within virtual environments. However, 
this effect was no longer significant in the regression models after accounting for cognitive status and age. This 
finding suggests that the apparent advantage of experienced users may largely reflect differences in participant 
characteristics rather than an independent influence of VR familiarity itself.

The findings regarding usability and workload provide additional insight into the interpretation of assessment 
outcomes. Participants generally reported high usability and moderate workload, indicating that the system was 
perceived as manageable despite the advanced age of many participants. Although usability demonstrated sig-
nificant correlations with several performance measures, it did not remain a significant predictor in the regres-
sion analysis. Similarly, subjective workload showed no significant relationship with performance outcomes. 
Together, these findings suggest that system-related factors contributed relatively little to performance variability 
once differences in cognitive functioning and participant characteristics were taken into account.

At the same time, the identified outlier cases highlight an important methodological consideration for VR-
based assessment. In both cases, participants achieved substantially lower performance than expected based on 
their cognitive scores in the presence of documented motor or interaction-related difficulties. One participant 
experienced difficulties associated with impaired hand mobility, whereas another required continuous assistance 
to interact effectively with the virtual environment. These observations illustrate that immersive assessments 
may occasionally capture limitations in motor functioning, accessibility, or interaction competence alongside 
cognitive abilities. Consequently, careful attention should be paid to accessibility and interaction design when 
developing VR-based assessment tools for older adults and clinical populations.

Overall, cognitive status and age were the variables most consistently associated with Global Score across the 
fitted models, whereas the remaining user-related factors were not independently associated with Global Score 
after adjustment.
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Implications for cognitive assessment in VR

The findings of this study have several implications for the development of future cognitive assessment systems. 
Traditional screening instruments such as the MoCA remain valuable due to their simplicity, standardization, and 
extensive clinical validation. However, they primarily provide summary scores and limited information regard-
ing how individuals arrive at their responses. In contrast, VR-based environments enable continuous observation 
of user behavior throughout task execution, allowing assessment to extend beyond final outcomes and include 
interaction strategies, response patterns, navigation behavior, and task efficiency.

An important advantage of immersive assessment lies in its potential ecological validity. Rather than respond-
ing to abstract paper-based tasks, participants engage in goal-directed activities that more closely resemble real-
world behavior. The ability to interact with virtual objects, navigate three-dimensional environments, and perform 
sequences of actions may provide a more comprehensive representation of cognitive functioning than traditional 
assessment formats alone. The significant associations observed between MoCA and Cogniclear measures sug-
gest that the use of immersive tasks did not preclude correspondence with an established cognitive screening 
measure. However, ecological validity was not directly evaluated in the present study.

The present findings also highlight the potential value of process-oriented behavioral metrics. While the cur-
rent analyses focused primarily on aggregate performance measures such as Global Score, Success Rate, and task 
duration, the system continuously records substantially richer interaction data. Future assessment approaches 
may benefit from incorporating behavioral indicators such as navigation strategies, error correction patterns, 
action sequences, hesitation behaviors, or task-specific interaction profiles. Such measures could potentially pro-
vide additional sensitivity to subtle cognitive changes that may not be fully captured by traditional summary 
scores. The present study did not evaluate the diagnostic sensitivity of these measures. Future longitudinal studies 
are needed to determine whether they provide information beyond conventional screening scores.

Furthermore, the observed differences between LTC and non-LTC participants suggest that Cogniclear may be 
applicable to populations with varying levels of cognitive functioning. Although additional validation is required, 
immersive assessment environments may potentially serve as complementary tools for cognitive screening, mon-
itoring, and longitudinal evaluation.

Taken together, these findings support the growing role of immersive technologies in cognitive assessment and 
suggest that VR-based approaches may offer a promising combination of potential ecological relevance, behav-
ioral richness, and compatibility with established cognitive screening frameworks.

Limitations and future work

Several limitations should be considered when interpreting the findings of this study. First, the sample size was 
relatively modest and consisted exclusively of older adults. Although the sample included participants with vary-
ing levels of cognitive functioning and diverse living situations, larger studies are needed to confirm the stability 
and generalizability of the observed relationships.

Second, the validation process relied primarily on comparison with the Montreal Cognitive Assessment 
(MoCA). While MoCA is one of the most widely used cognitive screening instruments and covers multiple cog-
nitive domains, it remains a screening tool rather than a comprehensive neuropsychological assessment battery. 
Future studies should therefore compare VR-based performance with additional clinical and neuropsychological 
measures to further establish construct and criterion validity.

Third, the MoCA and VR assessments were administered consecutively on the same day, with the MoCA 
always preceding the VR assessment. Although participants were offered a break, none chose to take one. Con-
sequently, fatigue associated with completing the MoCA may have influenced subsequent VR performance. 
Because the assessment order was fixed, potential order effects could not be evaluated.

Fourth, participants’ upper-extremity function was not systematically characterized before the assessment. One 
participant identified in the sensitivity analysis had a rheumatic condition affecting hand mobility and experienced 
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substantial difficulty operating the controller. This case illustrates that performance in immersive environments 
may be influenced by motor and interaction-related factors in addition to cognitive functioning. Although such 
difficulties were infrequent in the present sample, physical accessibility and controller operation should be con-
sidered when interpreting assessment outcomes in older adults and clinical populations. This issue is also relevant 
to the interpretation of efficiency. As shown in Table 2, Global Efficiency was not significantly associated with 
MoCA and may reflect hand mobility, motor coordination, physical frailty, and controller familiarity in addition 
to cognitive processes. Because efficiency contributes to the Composite Score, these factors may also influence 
the overall assessment result. Future studies should determine whether efficiency should remain part of the cogni-
tive composite or be reported exclusively as a separate interaction-based process measure.

Fifth, the mappings between Cogniclear tasks and MoCA domains were established by the clinical develop-
ment team, which included medical professionals, based on conceptual similarity. However, these mappings 
were not evaluated in a separate validation study. Therefore, the domain-level correlations should be interpreted 
as preliminary.

Finally, the present analyses focused primarily on aggregated performance indicators. While these measures 
proved informative and demonstrated meaningful relationships with cognitive status, they represent only a subset 
of the behavioral information available within immersive environments. The Cogniclear system continuously 
records detailed interaction data that were not fully explored in the current study.

Future work should therefore involve larger and more diverse participant groups, including populations with 
specific neurological and cognitive disorders. Longitudinal studies would be particularly valuable for determin-
ing whether VR-derived measures are sensitive to cognitive changes over time. In addition, future analyses 
should investigate richer behavioral indicators, including navigation strategies, interaction patterns, error correc-
tion behaviors, and task-specific performance profiles, to determine whether such measures provide additional 
diagnostic value beyond traditional cognitive screening approaches.

Conclusion

This study investigated the validity of an immersive VR-based cognitive assessment environment by examining 
its relationship with the MoCA. The results demonstrated significant associations between MoCA scores and VR-
derived performance measures at both the global and domain levels, providing preliminary evidence supporting 
the convergent validity of Cogniclear as a functionally grounded cognitive assessment approach.

Importantly, MoCA scores remained independently associated with Global Score after accounting for age, 
prior VR experience, usability, and perceived workload. Although usability was associated with several perfor-
mance measures, neither usability nor workload was independently associated with Global Score in the multivari-
able model. These findings suggest that cognitive functioning contributes to the observed assessment outcomes, 
although motor and interaction-related factors may also affect individual performance.

The results further indicate that VR-based assessment can extend traditional screening approaches by enabling 
continuous capture of behavioral and interaction data during task execution. Such measures may provide comple-
mentary information beyond conventional cognitive screening scores while maintaining meaningful correspon-
dence with established assessment instruments.

Overall, the findings contribute to the growing body of evidence supporting immersive technologies for cogni-
tive assessment and highlight the potential of VR environments to provide behavior-rich and potentially ecologi-
cally relevant measures of cognitive functioning in older adults.
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