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Abstract

Traditional neuropsychological memory assessments lack ecological validity and often fail
to capture how memory functions in everyday life. This limits early detection of cognitive
decline and reduces correspondence with patient complaints and caregiver observations.
We argue that virtual reality (VR) mostly addresses these limitations. VR-based assessments
immerse individuals in naturalistic environments that engage authentic cognitive process-
ing while maintaining experimental control. We review empirical evidence demonstrating
that VR assessments show superior diagnostic sensitivity for distinguishing healthy ag-
ing from mild cognitive impairment (MCI) and Alzheimer’s disease (AD), particularly
through tasks that integrate memory with spatial navigation and executive function. VR-
derived performance metrics also correlate more strongly with subjective experiences and
caregiver reports than traditional tests. We propose that VR represents a fundamental
reconceptualization of memory assessment, though challenges regarding standardization
and accessibility must be addressed.

Keywords: virtual reality; ecological validity; memory assessment; neuropsychology; MCI;
Alzheimer’s Disease; spatial navigation; cognitive screening

1. Introduction

Memory assessment is an integral part of clinical neuropsychology, informing diagno-
sis, treatment planning, and prognosis across a wide range of neurological and psychiatric
conditions. Clinicians rely on memory evaluation to detect cognitive decline, monitor
disease progression, and assess functional capacity in patients with subjective memory
complaints, suspected dementia, traumatic brain injury, stroke, and other conditions affect-
ing cognition [1,2]. The public importance of accurate memory assessment is underscored
by widespread concern about age-related cognitive decline: approximately 31% of US
adults identify Alzheimer’s disease (AD) as their most feared diagnosis [3]. Early detection
of neurocognitive disorders fundamentally shapes treatment efficacy and patient outcomes,
making reliable and valid memory assessment essential for clinical practice [1].

Despite decades of development, traditional neuropsychological memory assessments
have been criticized for limitations in standardization, cultural adaptation, and alignment
with both subjective experience and modern understanding of brain function [4]. This re-
view focuses on ecological validity as a generative constraint—the methodological gap from
which these alignment failures derive. We argue that ecological validity deficits propagate
through a causal chain: assessments conducted in artificial, distraction-free environments
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fail to capture real-world cognitive demands, which limits their scope and capacity to
differentiate clinical populations, which in turn produces poor correspondence with subjec-
tive complaints and caregiver observations, while simultaneously remaining vulnerable to
compensatory strategies that mask underlying deficits. These four limitations—ecological
validity, diagnostic differentiation, subjective alignment, and compensatory susceptibility—
structure our analysis.

We review virtual reality technology as a paradigmatic solution to this constellation
of constraints. VR-based assessments immerse individuals in interactive environments
simulating real-world cognitive demands—such as navigating a store, preparing a meal,
and managing a schedule—while maintaining experimental control necessary for stan-
dardized measurement. This approach is particularly consequential for early detection:
traditional diagnostic criteria define MCI by memory deficits with preserved Activities
of Daily Living [5,6], yet VR studies indicate that functional impairment in complex In-
strumental ADLs may characterize predementia when assessed under ecologically valid
conditions [5]. We synthesize empirical evidence demonstrating VR’s superior diagnostic
sensitivity for distinguishing healthy aging from MCI and AD, stronger correlation with pa-
tient and caregiver reports, and resistance to compensatory masking—advantages detailed
in Sections 2—4, respectively.

2. Shortcomings of Traditional Tests
2.1. Limited Ecological Validity

Common screening instruments (e.g., Mini-Mental State Examination (MMSE), Mon-
treal Cognitive Assessment (MoCA), and Alzheimer’s Disease Assessment Scale-Cognitive
Subscale (ADAS-COG)) create a disconnect between evaluation methods and real-world
cognitive demands. Similarly, standardized instruments such as the Auditory Verbal Learn-
ing Test (AVLT; [4]) and the California Verbal Learning Test (CVLT; [7]) assess isolated
cognitive functions in controlled, distraction-free environments [8]. These conditions do
not reflect the complexity of real-world scenarios. These measures show deficiencies in
verisimilitude (how well tasks mirror real-world contexts) and veridicality (how well
performance predicts real-life outcomes) [9-11]. Both are central to ecological validity.

Word-list assessments exemplify this disconnect. They require memorizing unrelated
word sequences, a task rarely encountered in daily life [12]. Deficits in this isolated skill
may have a limited impact on everyday functioning. Traditional assessments overlook
practical tasks such as cooking, shopping, and medication management [13-15]. These
skills are often disrupted early in cognitive decline, particularly among older adults.

By removing contextual support, artificial testing environments create incomplete
representations of functional memory [16]. This generates discrepancies between clinical
and real-world performance. While these measures can detect impairment [17], their
limited ecological validity reduces insight into how deficits manifest in real-world contexts.
Traditional test scores show modest and inconsistent correlations with everyday functioning
measures [12,18-21].

2.2. Bounded Scope and Diagnostic Differentiation

Traditional memory assessments are conducted in artificial settings and capture only
a narrow range of memory functioning, failing to reflect the complexity of everyday
cognition and thereby limiting their clinical utility. This restricted scope is problematic
for differentiating memory problems. For example, distinguishing MCI from dementia
or identifying subtle decline along the aging-to-pathology continuum requires detecting
gradations that traditional tests often miss [6]. These distinctions determine whether
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patients receive watchful waiting, cognitive training, pharmacological intervention, or
comprehensive care planning.

Standard neuropsychological tools fail to capture how memory actually operates in
complex, real-world environments. These assessments tend to isolate cognitive skills under
ideal conditions, overlooking distractions, multitasking, and contextual cues that influence
everyday memory performance. Consequently, they offer an incomplete and sometimes
misleading picture of an individual’s functional capacity, especially in the early stages
of cognitive decline. Traditional assessments also remain susceptible to compensatory
strategies, a limitation addressed in Section 2.4. In practice, patients” adaptive behaviors,
like using reminders or routines, are clinically meaningful yet unmeasured.

Efforts like the Rivermead Behavioral Memory Test (RBMT) have attempted to bridge
this gap by integrating real-world tasks such as remembering routes, messages, and ap-
pointments [22]. However, even these advances fall short by lacking sufficient complexity
or breadth, particularly in areas like prospective memory [23], which are critical for daily
functioning. Many assessments also struggle with diagnostic accuracy, either failing to iden-
tify individuals with MCI or misclassifying healthy adults as impaired [24]. This diagnostic
uncertainty stems largely from the constrained scope of traditional assessments, which fail
to capture the episodic, contextual, and adaptive nature of real-world memory functioning.

2.3. Disconnect from Subjective and Caregiver Reports

Subjective complaints and caregiver observations theoretically represent the ecolog-
ically valid endpoints that memory assessment should ultimately predict. Traditional
memory assessments align poorly with patients’ subjective experiences of cognitive de-
cline [25]. Despite producing “objective” results, conventional tests often fail to capture the
memory failures that concern patients in daily life.

2.3.1. Subjective Memory Complaints

Pearman and Storandt [25] found little correspondence between standard memory
test scores and subjective memory complaints among healthy older adults, suggesting that
what individuals notice and report—forgetting appointments, misplacing everyday items,
losing conversational threads—is often unrelated to what conventional assessments actually
measure [25]. Chaytor and Schmitter-Edgecombe [12] and Reid and MacLullich [26] argue
that subjective complaints are frequently dismissed in clinical settings because they are not
reflected in test performance.

This disconnect is problematic because subjective complaints may be among the earli-
est indicators of cognitive decline, particularly in prodromal AD. Luo and Craik [27] found
that detectable differences between healthy aging and AD often emerge only in later stages.
Current tools may therefore miss early deficits that patients perceive. Clinicians face consid-
erable difficulty distinguishing normal aging from early pathology, or even mood-related
memory lapses, during initial evaluation [28]. This challenge is compounded by the fact
that memory, executive function, and functional capacity are complementary domains, key
to diagnosing neurocognitive disorders [29]. Hodges [30] identified episodic memory and
spatial orientation as early markers of AD, yet traditional assessments often fail to capture
deficits in these domains until later stages.

2.3.2. Caregiver Reports

Caregiver reports are a staple of cognitive assessment, particularly in dementia eval-
uations where patient self-report becomes unreliable, offering valuable insight into daily
functioning, symptom trajectory, and the broader impact of cognitive decline on family
systems [31,32]. However, caregiver reports present notable limitations when used as a
proxy for neuropsychological assessment, stemming from four distinct mechanisms. First,
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caregiver burden and psychological state: emotional distress, depression, and caregiving
burden significantly bias symptom recognition and reporting [32], with greater negative
affect predicting more reported prospective memory failures [33] and caregiver anxiety
producing discrepancies with clinician impressions [34]. Second, caregiver cognitive status:
caregivers’ own executive functioning predicts reporting accuracy, with lower cognitive
scores yielding less accurate ADL ratings—particularly as “role reversal” dynamics mean
caregivers infer rather than observe patient capabilities [32]. Spousal caregivers themselves
show reduced cognitive functioning compared to matched controls, revealing bidirectional
influences within the caregiving dyad [35]. Third, compensatory behavioral dynamics: care-
givers who perform tasks for rather than with patients lose visibility into actual functional
limitations, creating systematic reporting errors in both directions [36]. Fourth, disease
staging effects: caregiver-clinician disagreements peak in mild dementia, precisely when
accurate detection matters most, as caregivers often misattribute early neuropsychiatric
symptoms to normal aging [34].

Methodological challenges compound these issues: caregiver reports emphasize visi-
ble behavioral changes while missing subtle cognitive symptoms [37,38], vary widely in
standardization [39], and rely on subjective observational measures that may not reflect
true capabilities [40]. Notably, patients with AD report lapses in both prospective and
retrospective memory, whereas caregivers weigh their observations toward prospective
failures—forgetting appliances, medications, and appointments—given their disruptive
and hazardous nature [35]. These are precisely the everyday memory demands that word-
list recall tasks fail to assess.

Rather than dismissing patient-caregiver discrepancies as merely reporter unreliability,
we suggest these inconsistencies are also revelatory of fundamental limitations in what
traditional assessments capture. As Diaz-Orueta et al. [38] argue, contrasting formal
results with subjective impressions from caregivers and patients highlights the growing
gap between laboratory measures and real-world cognition.

The patient-caregiver relationship itself may be affected by these assessment dis-
crepancies. When patients perceive their memory as intact while caregivers observe
daily failures, conflicts may arise regarding autonomy, safety, and care needs [31,41].
Torlaschi et al. [39] found that caregiver burden was significantly predicted by patient neu-
ropsychiatric symptoms and reduced functional autonomy, and was negatively associated
with quality of healthcare communication. These findings highlight how cognitive decline
is a family-system challenge, with assessment discrepancies potentially contributing to
relational tension and suboptimal care coordination.

2.4. Susceptibility to Compensatory Mechanisms

Traditional assessments remain susceptible to compensatory mechanisms that can
mask underlying cognitive deficits. This susceptibility represents perhaps the most con-
cerning limitation, as it can lead to false reassurance and delayed diagnosis precisely when
early intervention would be most beneficial.

A useful analogy emerges from genetics: just as identical phenotypes can arise from
distinct genotypes, equivalent behavioral performance can emerge from fundamentally
different underlying neural architectures. Conventional tests often fail to account for
this phenotypic equivalence problem. Banville et al. [40] illustrate that individuals with
traumatic brain injury may succeed on prospective memory tasks while relying on compen-
satory mechanisms—slower task execution and reduced precision—to manage increased
cognitive load. Similarly, those in preclinical AD stages shift from hippocampal-dependent
to striatal-based navigation strategies [42]—adaptations that preserve the behavioral phe-
notype while fundamentally altering the cognitive substrate being employed.
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Neuroimaging offers a window into this genotype-phenotype dissociation. Agosta
et al. [43], commenting on Skouras et al. [44], demonstrated that neural compensation
occurs in individuals who perform normally on traditional tests: alternative neural regions
are recruited when primary circuits begin to fail, maintaining cognitive output despite
underlying degradation. The preclinical phase involves complex network reorganization
whose fragility remains invisible when examining only performance scores on simplified,
domain-specific assessments—assessments whose focused demands actively facilitate
compensatory recruitment that would fail under the distributed demands of real-world
memory functioning.

Research on spatial navigation exemplifies this phenomenon: Kunz et al. [45] demon-
strated that early degradation in grid-cell-like activity in the entorhinal cortex—a region
particularly vulnerable to AD—could be behaviorally masked through reliance on alter-
native neural systems, helping explain why navigation impairments often emerge late in
the disease trajectory despite early pathological changes. The neural genotype deteriorates
while the behavioral phenotype remains deceptively intact.

These masking effects carry profound clinical implications. Mancuso et al.’s [46] sys-
tematic review demonstrated that traditional assessment performance fails to predict
functional outcomes such as informant memory diaries or clinician ratings. Furthermore,
when success relies on executive functioning or linguistic strategies rather than memory
per se [47], assessments inadvertently privilege individuals with higher cognitive reserve
or education, exacerbating diagnostic inequities.

Beyond performance metrics lies a fundamental mismatch in cognitive demands: while
everyday remembering requires binding what, where, and when details into integrated
episodic experiences [48], traditional tests fragment these elements into isolated verbal
recall tasks. This artificial decomposition not only misrepresents the phenomenology of
memory but also creates assessment conditions optimized for compensatory strategies that
would fail under the distributed demands of naturalistic contexts.

3. Addressing Critical Limitations in Traditional Assessment with Virtual
Reality (VR)

3.1. Establishing Validity Through Traditional Correlations

VR-based memory assessments show strong correlations with traditional measures,
confirming they capture similar cognitive constructs [46]. This creates a paradox: we
validate VR against the very tests we critique. Ideally, the benchmark would be real-
world criteria like subjective experiences and caregiver reports. However, demonstrating
alignment with established measures is a necessary first step before arguing that VR
captures memory functioning more accurately.

Barclay et al. [49] conducted a focused review of VR environments developed specifi-
cally for memory assessment, analyzing 30 studies across 22 unique virtual environments.
They identified object memory, spatial memory, and feature binding as the most frequently
assessed components, the same core memory domains targeted by traditional neuropsy-
chological batteries. This systematic analysis confirmed that VR assessments effectively
measure established memory constructs while highlighting how methodological variations
in navigation style, encoding instructions, and environmental design influence cogni-
tive load and performance. Similarly, Initial validation studies establish VR’s convergent
validity with established measures while extending beyond conventional approaches.
Mancuso et al. [46] analyzed 24 studies exploring the convergent and divergent validity of
VR memory tasks compared to traditional measures, finding strong correlations between
VR and conventional memory tests.
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Da Costa et al. [13] introduced two immersive VR tasks (the SOIVET Maze and SOIVET
Route) to assess spatial orientation in older adults, finding that both tasks correlated with
traditional visuoperceptual and executive measures while maintaining high feasibility in
older adult participants. This correlation with established measures provides validation
that VR assessments capture similar cognitive constructs as traditional methods. Similarly,
Kourtesis and MacPherson [50] used the immersive Virtual Reality Everyday Assessment
Lab (VR-EAL) to explore how attention, planning, and delayed recognition impact prospec-
tive memory. Their findings confirmed the established theoretical frameworks by showing
that event-based prospective memory relies on delayed recognition and visuospatial atten-
tion, while time-based prospective memory depends more on planning, patterns consistent
with traditional assessment findings.

Corriveau Lecavalier et al. [51] validated the “Virtual Shop” for assessing episodic
memory in older adults, where participants memorized and retrieved items in a realistic
virtual convenience store with background noise and semantic distractors, demonstrating
strong construct validity with VR performance significantly correlating with traditional
memory and executive tasks. Bottiroli et al. [52] used the Smart Aging Platform, a VR-based
“serious game” that demonstrated the ability to distinguish between healthy controls and
various clinical groups while correlating with traditional neuropsychological measures.
Likewise, Gottlieb et al. [53] adapted the Rey Auditory Verbal Learning Test (RAVLT) into
an immersive VR format, maintaining the original test’s structure while embedding it
in a simulated real-life scenario, with results showing that the VR-RAVLT preserved key
features such as serial position effects and demonstrated strong construct and discriminant
validity relative to the standard RAVLT.

A growing body of research supports VR as a promising tool for memory assessment,
with early studies demonstrating that VR replicates findings from traditional pen-and-
paper tests. While these conventional measures account for some variance in cognitive
performance and serve as our established benchmark, they are not necessarily the “gold
standard” and may only capture a portion of real-world cognitive functioning. By building
on this foundation, VR extends assessment beyond the limitations of traditional tools, offer-
ing the ability to probe memory and executive functions in ecologically valid, interactive
environments that more closely reflect everyday cognitive demands and capture what we
truly care about in understanding human memory performance [16,54].

3.1.1. Domain-Specific Efficacy: VR Benefits by Memory Type

Contrary to the view that VR uniformly enhances assessment, evidence also sug-
gests its utility varies significantly depending on the specific memory domain and task
demands [46,55-58]. Understanding these distinctions is essential for interpreting VR
assessment outcomes and designing targeted diagnostic protocols.

3.1.2. Spatial Memory: Allocentric vs. Egocentric Navigation

VR shows particular advantages for assessing allocentric navigation (world-centered
spatial processing), which relies on the medial temporal lobe and hippocampus [59,60].
Standard tests often fail to capture allocentric processing because they lack large-scale envi-
ronmental continuity. VR tasks have demonstrated that deficits in allocentric navigation,
finding a path based on environmental landmarks, often precede deficits in egocentric
navigation (body-centered turns) in amnestic MCI [60]. However, as the disease progresses
to AD, both systems become impaired [59]. The benefit of VR is specific to tasks requiring
path integration, continuously updating one’s position based on movement cues, which
cannot be replicated by static paper-and-pencil tasks [45].
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3.1.3. Episodic Memory: Feature Binding

Traditional word-list tests assess item memory (“what”). VR outperforms these tests
specifically in assessing feature binding, the integration of what, where, and when [61].
Plancher et al. [58] found that while older adults might perform comparably to younger
adults on simple item recall in VR, they show significant deficits in binding items to
spatial and temporal contexts, deficits that standard tests often miss. However, active
versus passive exploration affects outcomes. Active navigation generally improves spatial
memory through motor integration [56,62]. Yet for older adults or those with executive
dysfunction, active navigation can act as dual-task interference, lowering episodic recall
compared to passive viewing [53,62].

3.1.4. Prospective Memory: Time- vs. Event-Based Tasks

VR shows differential sensitivity depending on the type of prospective memory trigger,
appearing particularly superior for time-based prospective memory (e.g., “check the clock
every 5 min”) compared to event-based memory [63]. Time-based tasks in VR require self-
injtiated strategic monitoring while multitasking, such as shopping while remembering to
perform a future action, creates cognitive load that mimics real life. Standard clinical tests
often lack this multitasking interference, allowing patients to compensate with focused
attention and masking deficits that would manifest in everyday settings [22,61].

3.2. Addressing Ecological Validity Limitations

VR addresses ecological validity concerns by immersing individuals in interactive, life-
like environments, mediated through head-mounted displays (HMDs) and motion-tracking
sensors, eliciting cognitive processing while maintaining strict psychometric rigor [64].
As such, VR assessment tools simulate the complex, multisensory demands of everyday
life [38,64]. For instance, in the Virtual Environment Grocery Store (VEGS), participants
do not merely recall word lists; they must navigate 3D aisles to locate specific products,
manage a budget, and inhibit attention to irrelevant auditory announcements, thereby
engaging the complex executive-memory binding required for independent living [10,46].
Similarly, virtual kitchen environments require patients to execute multi-step tasks, such as
preparing a cup of coffee or cooking a meal, allowing clinicians to assess sequencing, safety
awareness, and object usage in a safe, clutter-free simulation of domestic life [46].

Crucially, VR distinguishes itself from unstructured naturalistic observation through
experimental control, the capacity to manipulate environmental variables with a preci-
sion impossible in the physical world [64]. In VR, researchers can standardize the timing,
intensity, and location of dynamic stimuli, ensuring that every participant encounters
the exact same environmental challenges [55]. This control extends to the physical laws
of the environment; researchers can enforce invisible boundaries to restrict movement
without altering visual cues, or instantaneously teleport participants between contexts
to test context-dependent memory, manipulations that are infeasible in physical labora-
tory settings [65]. By fostering presence, the subjective sensation of “being there”, VR
elicits naturalistic behaviors and motoric responses that correlate more strongly with real-
world functioning than abstract psychometric scores [64]. Consequently, VR captures the
fine-grained data on timing, precision, and strategy necessary to detect subtle deficits in
contextual and spatiotemporal memory often obscured by compensatory mechanisms in
standard assessments [64].

Empirical Evidence: Immersive Features and Experimental Controls

Early validation studies have demonstrated VR’s superiority in creating ecologically
valid assessment conditions and identifying the specific immersive features and experi-
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mental controls that drive diagnostic sensitivity. Wallet et al. [62] demonstrated that the
visual fidelity of the environment, specifically the inclusion of realistic textures and colors
in a 3D reproduction of the Bordeaux district, offers functional purpose. High-fidelity cues
were found to be essential for constructing the egocentric representations (landmark knowl-
edge) required for successful wayfinding and route reproduction in the real world [62].
Conversely, impoverished vertical environments (wireframe models) forced reliance on
abstract survey knowledge, which did not transfer as effectively to daily life tasks [62].

The level of immersion and stereoscopic rendering further modulates these cognitive
gains. As noted by Smith, stereoscopic displays provide binocular depth cues that, while
not always altering spatial configuration memory, can increase “remember” judgments (rec-
ollection) for context-consistent objects [55]. This granular impact of immersion extends to
the sensory field; Ragan et al. found that increasing the Field of View (FoV) and Field of Re-
gard (FoR) significantly reduced memory errors, suggesting that the sensory envelopment
provided by VR aids in binding spatial sequences [66]. Furthermore, Kim et al. [67] found
that stereoscopic cues facilitate feedforward motor control, resulting in smoother movement
trajectories during interaction with virtual objects. However, they notably observed that
this motor advantage was absent in older adults, attributing this to age-related declines in
stereopsis [67]. These findings support the argument that while features like stereoscopic
rendering directly impact perceptual encoding and motor planning, their diagnostic utility
may be mitigated by the sensory capabilities of the aging cohort [67].

Furthermore, VR allows for the isolation of cognitive mechanisms through “matched-
pairs” control designs [55]. To control for the confounding variable of motor planning
during navigation, studies by Plancher et al. [68] and Jang et al. [69] employed protocols
where “active” participants navigated a route freely, while “passive” participants viewed a
video recording of that exact route. This ensured that both groups received identical visual
stimulation, isolating the cognitive effect of volitional control from perceptual input.

Additionally, VR permits the standardization of dynamic variables that are uncon-
trollable in the real world. For instance, the “New Zealand shopping mall” environment
allowed researchers to systematically divide the street into “low-distraction” and “high-
distraction” zones (manipulating visual and auditory noise like traffic and footsteps) to
precisely measure the impact of environmental stressors on prospective memory in head-
injury patients [38]. This capacity for control extends to complex functional assessments.
Diaz-Orueta et al. describe the “Memo Test,” a virtual furniture store where the patient
acts as a manager [38]. This environment introduces controlled interruptions, such as
customers ringing a bell or approaching a counter, requiring the subject to prioritize tasks
(e.g., entering codes, preparing orders [38]. This design reveals “frontal” memory deficits,
such as difficulties in monitoring and organizing stored content, which are often obscured
in conventional testing [38]. Similarly, the VRCPAT (Virtual Reality Cognitive Performance
Assessment Test) utilizes a virtual city populated with standardized distractors (animals,
parked cars) to measure learning and memory over a fixed 15-min interval, distinguishing
clinical populations through strictly controlled exposure to stimuli [38].

Finally, the diagnostic superiority of VR in distinguishing MCI and AD from healthy
aging appears driven by the system’s ability to decouple memory systems through specific
environmental manipulations. Jonson et al. highlight that VR adaptations of tasks like the
Morris Water Maze can isolate allocentric processing (landmark-independent navigation)
from egocentric strategies [70]. By varying starting positions within a standardized virtual
pool or park, these environments force users to rely on distal cues [70]. Since allocentric
deficits are often the earliest marker of AD, these controlled environmental manipulations
offer diagnostic granularity that static paper-and-pencil tests cannot replicate [70].
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3.3. Expanding Scope and Diagnostic Differentiation

VR immerses participants in realistic, dynamic environments that capture the complex-
ity of everyday cognitive tasks, naturally bridging the gap between laboratory performance
metrics and real-world functioning. By simulating lifelike scenarios, such as navigating
a virtual grocery store, shopping for target items while ignoring distractors, or respond-
ing to time-sensitive announcements, VR mirrors the multitasking, navigation, and time
management demands that patients and caregivers identify as challenging in daily life [71].

Beyond replicating real-world tasks, VR offers unparalleled flexibility in creating
diverse, tailored environments, from cities and classrooms to supermarkets and homes,
designed to target specific cognitive challenges [71-73]. Researchers can manipulate envi-
ronmental features, introduce distractors, or adjust sensory load to probe subtle cognitive
differences that conventional assessments might overlook [57].

Context-dependent memory assessment exemplifies VR’s expanded capability. Build-
ing on Godden and Baddeley’s [74] findings that recall improves when learning and
retrieval environments match, VR enables systematic manipulation of contextual cues with-
out the logistical constraints of real-world manipulations. Essoe et al. [75] demonstrated
that immersive virtual environments enhance context-dependent memory through both
physical and mental reinstatement of learning contexts, with fMRI findings showing that
the fidelity of neural contextual reinstatement correlates with performance. VR also offers
unique methodological affordances that allow researchers to manipulate environments
beyond physical limitations, for example, teleporting participants between settings, impos-
ing invisible barriers, altering visual cues in real time, or shifting perspectives [48]. Such
flexibility is especially powerful in spatial navigation research, where infinitely large, novel
environments can be generated to distinguish between place-based and sequence-based
encoding strategies [48,76].

VR also allows precise assessment of spatial orientation and navigational processes
through maze navigation, route learning, and wayfinding tasks [46,71]. Furthermore, VR
enables sophisticated assessment of egocentric-to-allocentric spatial transformation, a cog-
nitive process fundamental to memory decline [77-81], yet methodologically challenging
to evaluate through conventional means. By presenting participants with surprise mem-
ory tests from an allocentric “bird’s eye” perspective after they have navigated virtual
environments from an egocentric viewpoint (e.g., [82]), researchers can directly probe this
critical spatial translation mechanism. This capability reveals a paradoxical advantage: VR
surpasses even real-world testing for certain memory processes, as constructing analogous
ego-to-allo conversion tasks in physical environments would require prohibitive logistical
complexity while offering less experimental control, similar to the difficulties of conducting
real-world autobiographical memory studies (e.g., [83]).

Such ease and affordances are particularly valuable for detecting early deficits in
pathological aging, as impairments in spatial navigation often precede other cognitive
symptoms in Alzheimer’s disease (AD) or mild cognitive impairment (MCI) [45]. Studies
demonstrate that VR can detect subtle navigation difficulties, capturing both impaired and
preserved processes with ecological relevance [56].

3.3.1. Superior Sensitivity and Diagnostic Capabilities

VR-based assessments demonstrate enhanced sensitivity in detecting cognitive impair-
ments compared to traditional measures [70]. Nolin et al. [84] evaluated VR’s effectiveness
in assessing prospective memory in elderly individuals with MCI compared to cognitively
healthy individuals. While traditional prospective memory tasks showed no significant
differences between groups, the MCI group performed worse on VR tasks, revealing VR
assessments’ superior sensitivity to cognitive impairments associated with aging. Further-
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more, VR task performance correlated positively with Montreal Cognitive Assessment
scores, while traditional tasks showed no such correlation.

Negut et al. [85] conducted a meta-analytic review examining the sensitivity of VR-
based neuropsychological tools in distinguishing cognitive impairment. Analyzing 18 stud-
ies, they found a large overall effect size favoring healthy controls over clinical groups
across executive function, memory, and visuospatial abilities, suggesting that VR assess-
ments are highly effective in detecting cognitive deficits. Clay et al. [86] evaluated five
studies investigating immersive VR for assessment in AD and MCI, finding that VR as-
sessment is most valuable when grounded in theoretical models of neurodegeneration and
designed to test specific neural systems affected early in AD pathology.

These contemporary meta-analytic findings build upon foundational work establish-
ing VR’s capacity to dissociate preservation from impairment across spatial processing
systems. Prospective memory strength assessed through lifelike VR errand scenarios
differentiates older adults from those with mild AD while simultaneously ascertaining
functional capacity for real-world task completion [87,88], and VR-based memory tests
sensitive to population-specific behaviors have facilitated clinical classification that permits
early intervention [61,89]. Seminal case studies demonstrated that an MCI patient exhibited
recall deficits when required to change viewpoints despite normal recognition of topo-
graphical scenes [90,91]—a dissociation revealing that simpler recognition processes can
mask transformation-dependent memory failures. Subsequent work confirmed that intact
egocentric navigation alongside impaired allocentric strategies in virtual Morris Water
Maze paradigms distinguishes amnestic MCI from AD [92] and differentiates amnesics
from controls [93]. This allo-to-egocentric transformation deficit is particularly pronounced
in AD, where patients show reduced ability to leverage bird’s-eye perspective solutions
when subsequently navigating first-person mazes [94], alongside spatial and non-verbal
episodic memory impairment during temporally ordered goal navigation [95].

Tarnanas et al. [5] demonstrated that the Virtual Reality Day-Out Task (VR-DOT),
which requires executive prioritization during a fire evacuation, predicted conversion from
MCI to AD with greater accuracy than standard cognitive measures. The task quantified
subtle errors in executive planning and psychomotor speed that standard ADL question-
naires fail to capture. Similarly, Zygouris et al. [96] found that a Virtual Supermarket
task achieved 87.3% classification accuracy between healthy older adults and MCI us-
ing variables reflecting executive inhibitory control (e.g., purchasing unlisted items) and
processing speed.

3.3.2. Neurocognitive Mechanisms: Why VR Engages Vulnerable Neural Circuits

VR’s diagnostic sensitivity also stems from its ability to engage neural circuits compro-
mised early in AD, circuits that remain largely untested during static neuropsychological
testing [44,45,59].

The Entorhinal Cortex and Grid-Cell Network

VR navigation tasks directly engage the entorhinal cortex (EC), the site of earliest tau
pathology in AD [45]. The EC contains grid cells essential for path integration—updating
position based on self-motion cues [45]. Kunz et al. [45] demonstrated that reduced grid-
cell-like representations in the EC during VR navigation could be detected in young adults
at genetic risk for AD (APOE-¢4 carriers) long before performance deficits appeared on
standard episodic memory tests. Because paper-and-pencil tests do not require translation
of self-motion into a cognitive map, they fail to stress-test the entorhinal grid-cell network,
missing the earliest functional markers of disease. The most compelling validation of this
mechanism came from Howett et al. [97], who demonstrated that an immersive VR path

https://doi.org/10.3390/virtualworlds5010007


https://doi.org/10.3390/virtualworlds5010007

Virtual Worlds 2026, 5,7

11 of 23

integration task specifically designed to test entorhinal cortex function could differentiate
MCI patients with positive AD biomarkers from those with negative biomarkers and
healthy controls with high sensitivity and specificity.

The Retrosplenial Cortex and Mental Frame Syncing

VR tasks challenge the retrosplenial cortex (RSC) by requiring continuous transla-
tion between egocentric (body-centered) and allocentric (world-centered) frames of refer-
ence [59,77]. This “mental frame syncing” is critical for navigation and is supported by the
RSC and posterior cingulate cortex, regions showing hypometabolism early in MCI [59,77].
While standard tests often assess these frames in isolation (e.g., drawing a map from a fixed
perspective), VR navigation forces rapid, real-time switching and integration [77]. Conse-
quently, VR detects “heading disorientation” and translation deficits that characterize early
AD but are masked in static testing formats [59]. Park [98] provided empirical support for
this mechanism, reporting that a Spatial Cognitive Task using VR (SCT-VR) outperformed
the Montreal Cognitive Assessment in distinguishing MCI from healthy aging, achieving
94.4% sensitivity and 96.4% specificity, diagnostic accuracy attributed specifically to the
task’s engagement of allocentric spatial representation, a hippocampal-dependent function
compromised early in MCI.

Hippocampal Feature Binding

VR environments impose cognitive load that taxes feature-binding mechanisms in the
hippocampus. Unlike standard tests assessing item memory in isolation, realistic VR scenar-
ios require simultaneous binding of “what” (objects), “where (spatial location), and “when”
(temporal sequence) [58,61]. Plancher et al. found that while older adults may preserve
item memory in VR, they show specific deficits in this multimodal binding process [58].
By simulating these complex binding demands, VR exposes hippocampal inefficiencies,
specifically the inability to downregulate hyperactivity during complex task performance,
that correlate with early amyloid and tau deposition [44]. Lecouvey et al. [88] further
demonstrated this sensitivity using a VR town-navigation task to examine prospective
memory in individuals with mild AD. Participants completed both time-based and event-
based intentions with varying cue-action link strengths; AD patients showed pronounced
deficits across all intention types, especially in retrospective components of prospective
memory, the memory for what one intended to do, demonstrating VR’s effectiveness in
capturing the nuanced binding deficits that characterize hippocampal dysfunction.

3.3.3. Beyond Memory Assessment

The potential of VR as a diagnostic platform extends beyond memory assessment to
other domains [9,99-101]. This technology has enabled the development of “serious games,”
immersive simulations that support not only diagnosis but also prognosis and treatment of
cognitive impairments, particularly through tasks that resemble everyday activities [102].
For example, simulated meal preparation tasks or spatial navigation challenges allow for
multidimensional assessment of memory, executive function, and attention in realistic
contexts, while simultaneously offering therapeutic potential [59,77,103]. Similarly, virtual
renditions of classic mnemonics (e.g., virtual memory palaces [91]) could be adapted to
incidentally assist individuals with remembering non-spatial information by arranging it on
the scaffolding of spatial memory, which benefits from increased evolutionary prowess [25].

Recent advances in Al-integrated VR assessments offer a glimpse into the future of
cognitive diagnostics, demonstrating the potential to go beyond static measurements and
toward dynamic, predictive modeling. For example, Altozano et al. [104] developed a
system that uses VR and deep-learning algorithms to detect autism spectrum disorder
(ASD) in young children with over 85% accuracy, outperforming traditional assessment
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methods. This system analyzes motor movements and gaze patterns within immersive vir-
tual environments that mirror everyday situations, capturing naturalistic responses rather
than the artificial behaviors often observed in controlled laboratory settings. This model of
embedding Al-driven analysis within ecologically valid virtual tasks represents a powerful
blueprint for what memory prognosis could become: a future in which early, affordable,
and precise detection of cognitive decline, such as in AD or M, is possible through contin-
uous monitoring of behavior in lifelike scenarios, rather than isolated test scores. As with
ASD, leveraging biomarkers like motor behavior, attentional shifts, and spatial navigation
within VR could unlock richer, more holistic understandings of cognitive trajectories.

VR also holds the potential to offer a more personalized, nuanced picture of cognitive
health, capturing subtle deficits while generating rich behavioral data that connect with
how people feel and function in daily life [25]. This shift represents a critical step toward
closing the ecological gap in memory assessment and making cognitive evaluation more
meaningful and accurate in clinical practice.

3.4. Connecting to Subjective and Caregiver Reports

VR addresses the limitations of subjective and informant reporting by providing
an objective, observable platform that captures the contextual complexity individuals
encounter in daily life.

3.4.1. VR as Objective Benchmark for Functional Capacity

VR-generated data can complement caregiver reports by providing objective, performance-
based assessments in simulated everyday environments. Allain et al. [8] developed a
virtual kitchen task in which performance on a coffee-making simulation was significantly
correlated with caregiver ratings on the Lawton-Brody IADL scale. Notably, the VR task
outperformed traditional cognitive assessments in predicting functional status, offering
a more nuanced and ecologically valid picture of everyday functioning. By immersing
patients in realistic scenarios, virtual kitchens, grocery stores, and household environments,
clinicians can directly observe specific IADL deficits that are often subjects of dispute
between patients and caregivers. This objective benchmarking validates or challenges
caregiver reports, helping resolve discrepancies caused by the “do for” dynamic or caregiver
burden [36].

Pieri et al. [105] highlight that VR-based tools can simulate complex IADL tasks such
as cooking, managing a household, or grocery shopping, allowing clinicians to observe
behavior in real time. These immersive scenarios not only enhance ecological validity but
can also serve to objectively validate or challenge caregiver reports, uncovering preserved
abilities or undetected impairments that paper-based tools may overlook. Knight and
Titov [87] demonstrate how VR creates environments where patients must autonomously
coordinate multiple cognitive processes to complete everyday memory tasks that mirror
real-world challenges reported by patients and caregivers. Their analysis shows how VR
platforms assess prospective memory-relevant domains through tasks like remembering to
check doors, responding to environmental cues, and following medication regimens.

3.4.2. Superior Alignment with Subjective Experiences

Research demonstrates that VR captures subjective cognitive experiences more effec-
tively than traditional assessments. Cushman et al. [106] showed VR tasks’ sensitivity to
progressive navigation deficits across the spectrum from normal aging through MCI to early
AD, concluding that VR enables assessment of cognitive functions in ways directly relevant
to the lived experiences of patients with pathological aging. Plancher et al. [58] demon-
strated that VR memory tasks successfully detected subjective memory complaints and
age-related cognitive changes in healthy older adults that traditional tests missed.
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In a study examining episodic memory across healthy older adults, patients with
amnestic MCI, and individuals with AD, Plancher et al. [68] found that AD patients
performed significantly worse than both MCI and healthy participants, with allocentric
spatial memory being especially effective in distinguishing MCI from controls. Critically,
performance on the VR task correlated more strongly with participants” everyday memory
complaints than conventional tests in both healthy older adults and individuals with MCI,
highlighting superior ecological relevance. This suggests VR captures the multifaceted
nature of memory failures, such as binding contextual features of what, where, and when,
that patients experience and report, but standardized testing misses.

Rizzo et al. [107] highlighted VR’s strength in evaluating memory within complex,
realistic scenarios that correspond to the functional difficulties patients and families en-
counter in daily life, providing greater ecological validity than paper-based assessments
and uncontrolled naturalistic observations. Pieri et al. [105] concluded from their analysis
of 287 studies that VR effectively assesses not only memory but also spatial navigation,
executive functions, attention, and daily living skills. Rather than replacing traditional
tests, VR assessments were recommended as complementary tools that provide deeper
insights into both impairments and preserved abilities.

3.4.3. Bridging Objective Metrics and Lived Experience

VR tasks are often correlated with executive function and global cognition, suggesting
VR assessments more accurately reflect the interdependent nature of cognitive processes in
real-world settings, a “functional perspective” [46] that captures memory as it naturally
operates alongside other cognitive domains. Spiers et al. [91] assessed topographical
and episodic memory in a patient with hippocampal damage, finding that the patient’s
impaired performance in VR-based navigation and episodic recall mirrored their real-
world memory deficits, supporting VR as an effective method for detecting hippocampus-
related impairments.

Together, these findings highlight VR’s unique capacity to bridge objective perfor-
mance metrics and subjective experiences, enhancing the interpretability and allowing
researchers and clinicians to connect task performance with real-world outcomes for both
patients and caregivers.

3.4.4. Gaps in Current Research

Despite these advances, the literature reveals specific gaps regarding VR and the
caregiving dyad. First, while caregiver executive function impacts reporting accuracy, there
is no research examining the “observer effect”—whether witnessing a patient’s objective
VR performance changes caregiver perception or reduces anxiety about patient capabilities.
Second, longitudinal studies are needed to examine the temporal relationship between
caregiver burden and patient quality-of-life discrepancies, and whether regular VR-based
functional assessments can align these perspectives over the disease trajectory. Third,
while digital storytelling shows promise for relationship building, empirical data support-
ing its use as a standard rehabilitative tool remains limited and requires standardized
validation protocols.

Additionally, no studies have directly examined whether VR-based assessments im-
prove patient-caregiver concordance, facilitate shared clinical decision-making, or reduce
conflicts regarding patient autonomy and care needs. Research should investigate whether
ecologically valid assessments produce results that both patients and caregivers recog-
nize as reflecting daily functioning—potentially improving diagnostic acceptance and care
planning. Finally, studies examining whether VR assessment feedback affects caregiver
burden or the quality of patient-caregiver communication would help establish whether
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addressing the ecological validity gap translates into meaningful improvements in clinical
relationships and care outcomes.

Future work must investigate not only how VR assesses patients, but how it might
serve as a clinical tool to harmonize the discordant realities often experienced by patients
and their caregivers.

3.5. VR and Compensatory Mechanisms

The dynamic, immersive nature of VR environments places greater demands on gen-
uine cognitive processing, limiting opportunities for compensatory strategies that may
mask underlying deficits in traditional assessments. By simulating complex, real-world
tasks and providing controlled yet attention-demanding conditions, VR reduces reliance
on learned strategies or external aids. The strong sense of presence elicits naturalistic
behavior, minimizing the likelihood that participants can “game” the assessment. This
enhanced complexity and immersiveness allow VR to provide more authentic measures of
underlying cognitive capacity, revealing subtle impairments that traditional neuropsycho-
logical tests may miss [48]. Belger et al. [64] developed the immersive Virtual Memory Task
(imVMT), which employs controller-free natural interaction to sustain deep immersion
while preventing reliance on learned test-taking strategies. Validated across 35 neurological
patients, including those with sensorimotor impairments, the imVMT maintained high
participant engagement and ecological validity across varying difficulty levels, demonstrat-
ing that immersive environments can elicit authentic memory performance rather than
strategic compensation.

Virtual environments are able to capture nuanced behaviors in realistic settings, en-
abling researchers to observe both cognitive deficits and the adaptive strategies individuals
use to compensate [105,108]. For example, in VR tasks set in apartments or supermarkets,
participants may use spatial landmarks or categorical grouping, strategies that are often in-
visible in standard list-learning tests. Barnett et al. [57] found that the Virtual Environment
Grocery Store (VEGS) was particularly sensitive to memory impairment in older adults,
who recalled fewer items in the VR task compared to traditional testing, suggesting that
VR’s immersive, multimodal demands may reveal deficits that compensatory strategies
can mask in conventional assessments.

Research on spatial navigation supports VR’s utility. Campbell et al. [109] argued that
conventional tools like the Tower of London lack “neuroanatomical specificity,” while VR
tasks offer context-specific insights into functional decline. Kunz et al. [45] showed that
early degradation in grid-cell-like activity in the entorhinal cortex, a region vulnerable to
AD, could be behaviorally masked by reliance on alternative neural systems. This helps
explain why navigation impairments often emerge late in the disease.

Antonova et al. [110] demonstrated flexible use of memory systems by combining VR
with neuroimaging, showing that individuals switched between hippocampal and striatal
strategies depending on task demands. Similarly, Allison et al. [42] found that people in
preclinical AD stages exhibited impairments in hippocampal-dependent wayfinding but
not in caudate-dependent route learning, suggesting an early shift toward compensatory
strategies that VR can detect before standard assessments do.

A systematic review by Mancuso et al. [46] found that VR-based tasks often cor-
relate with both memory and executive functioning measures, highlighting how these
systems interact during compensatory strategy use. Similarly, and as discussed above,
Agosta et al. [43] used fMRI with VR to reveal neural compensation even in individuals
who performed at normal levels on traditional tests, showing how VR combined with
neuroimaging can provide unique insights into brain network changes that might not be
detectable with traditional assessments.
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Cogné et al. [56] highlighted VR’s value in detecting spatial navigation difficulties as
prodromal markers of AD, probing both impaired and preserved spatial processes with
ecological relevance. Consistent with this, da Costa et al. [111] found that tasks requiring
active navigation within virtual environments were more effective in distinguishing MCI
patients from healthy controls than traditional or passive tests, suggesting that VR’s im-
mersive, dynamic nature limits reliance on compensatory strategies that might otherwise
mask deficits.

4. Discussion
4.1. Summary of Key Findings

Ecological validity. VR’s capacity to foster presence—the percept of inhabiting virtual
space—elicits naturalistic, self-directed behavior where participants often forget they are
being assessed [56,85], fundamentally altering the psychological context of evaluation.
This immersive quality yields measurable consequences: VR-based prospective memory
tasks incorporating event, time, and activity-based cues outperformed the RBMT in stroke
survivors [38], while high-fidelity virtual environments demonstrated successful transfer
to real-world wayfinding and spatial mapping [62]. Critically, these advantages extend to
clinical populations with motor limitations; the immersive Virtual Memory Task maintained
engagement among neurological patients, including those with sensorimotor impairments,
through controller-free natural interaction [64]. A paradoxical methodological advantage
emerges: VR surpasses even real-world testing for practical assessments of certain memory
processes (e.g., ego-to-allocentric conversion, context-dependent memory manipulation)
because constructing analogous tasks in physical environments would require prohibitive
logistical complexity while offering less experimental control.

Diagnostic differentiation. The most compelling empirical support concerns VR’s
superior sensitivity in distinguishing clinical populations. Park’s Spatial Cognitive
Task [98] achieved 94.4% sensitivity and 96.4% specificity in differentiating MCI from
healthy aging—diagnostic precision attributed to the necessary engagement of allo-
centric spatial representation, which was compromised early in disease progression.
Zygouris et al. [96] reported 87.3% classification accuracy using variables extracted from
the Virtual Supermarket task reflective of executive inhibitory control and processing speed.
Perhaps most consequentially, Howett et al. [97] demonstrated that immersive path inte-
gration tasks could differentiate MCI patients with positive AD biomarkers from those
with negative biomarkers, linking behavioral performance to underlying neuropathology
rather than clinical staging alone. Tarnanas et al. [5] extended this prognostic capac-
ity, showing that VR-DOT predicted MCI-to-AD conversion with greater accuracy than
standard cognitive measures by quantifying subtle executive planning errors that ADL
questionnaires systematically miss. The starkest demonstration of differential sensitivity
comes from Nolin et al. [84]: traditional prospective memory tasks revealed no significant
differences between MCI and healthy groups, while VR tasks administered to the same
participants exposed clear group differentiation. This sensitivity further permits differen-
tial staging along the MCI-to-AD continuum: intact egocentric but impaired allocentric
navigation characterizes amnestic MCI, whereas both spatial processing systems degrade
in AD [92]—a clinically consequential dissociation inaccessible to assessments lacking
large-scale spatial demands.

Subjective and caregiver alignment. VR-derived performance metrics demon-
strate stronger correspondence with lived experience than conventional assessments.
Plancher et al. [68] found that VR task performance correlated more robustly with par-
ticipants’ everyday memory complaints than traditional tests in both healthy older adults
and individuals with MCI. Allain et al. [8] reported that virtual kitchen performance not
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only correlated with caregiver Lawton-Brody IADL ratings but outperformed traditional
cognitive assessments in predicting functional status, thus providing objective benchmark-
ing against which caregiver observations can be validated. This alignment emerges because
VR captures the multifaceted phenomenology of everyday memory failure (i.e., the binding
of what, where, and when into integrated episodic experiences) that patients notice and
report, but word-list recall structurally cannot assess.

Compensatory mechanism resistance. VR’s immersive complexity creates assessment
conditions where compensatory strategies that succeed on simplified tasks become insuf-
ficient or, when examined alongside neuroimaging, turn compensatory recruitment into
diagnostic metrics. For example, Allison et al. [42] detected preserved caudate-dependent
route learning alongside impaired hippocampal-dependent wayfinding in preclinical AD,
revealing compensatory shifts to striatal strategies invisible to conventional assessment.
Kunz et al. [45] demonstrated reduced grid-cell-like representations in the entorhinal cortex
among young APOE-¢4 carriers during VR navigation—deficits detectable long before per-
formance decrements appeared on standard episodic memory tests. Agosta et al. [43] used
fMRI combined with VR to reveal neural compensation in individuals performing normally
on traditional measures, exposing brain network reorganization masked by surface-level
scores. Case-level evidence corroborates this pattern: MCI patients demonstrate nor-
mal topographical scene recognition yet exhibit pronounced deficits when recall requires
viewpoint transformation [90,91], confirming that preserved performance on simpler recog-
nition processes can mask failures in transformation-dependent spatial memory. One
potential mechanistic explanation emerges: VR tasks engage distributed neural systems
simultaneously (e.g., hippocampal binding, entorhinal path integration, retrosplenial frame
translation), overwhelming the compensatory recruitment that succeeds when these circuits
are tested in isolation.

4.2. Limitations

Despite this substantial evidence base, VR-based assessment has not yet achieved
widespread clinical implementation. The transition from experimental validation to routine
diagnostic use confronts pragmatic barriers that warrant systematic consideration—and
evidence is not uniformly positive. In some cases, added cognitive load and interface
complexity may introduce confounds that obscure rather than reveal cognitive status.
These challenges extend beyond hardware accessibility to encompass patient usability,
integration with clinical workflows, and methodological standardization [65].

4.2.1. Patient Usability and Safety

A primary concern in administering VR to older adults is the incidence of cybersick-
ness, characterized by nausea and disorientation caused by a mismatch between the visual
and vestibular systems [70,107]. Susceptibility to cybersickness increases with age and
exposure duration, potentially confounding assessment results; poor performance may
reflect physical discomfort rather than cognitive deficit [55]. While prior research indicates
that adverse effects are typically mild and temporary, the application of immersive virtual
environments in clinical populations raises important ethical and safety concerns, particu-
larly regarding symptom susceptibility. Notably, a subset of users experience short-term
health effects when using immersive HMDs, though they tend to dissipate rapidly [107].

Furthermore, the “digital divide” remains a barrier. Older adults with limited technol-
ogy literacy may experience anxiety or increased cognitive load when navigating virtual
interfaces [8,35,70], making it difficult to distinguish between genuine memory impair-
ment and difficulty utilizing the interface [8,35,70,84]. Additionally, physical comorbidities
common in neurodegenerative populations, such as tremors or hemiparesis, may limit a
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patient’s ability to use standard handheld controllers, necessitating the development of
more accessible, gesture-based, or passive navigation interfaces [8,64,70]. This necessitates
the development of more accessible, gesture-based, or passive navigation interfaces to
ensure assessments measure cognitive ability rather than motor limitation [64].

4.2.2. Integration with Clinical Workflows

Practical constraints within healthcare systems also pose significant hurdles. Rizzo et al. [101]
note that clinical adoption has historically been hamstrung not only by cost but by the
complexity of the systems and clinician unfamiliarity with VR equipment. Standard screen-
ing tools (e.g., the MMSE or MoCA) are favored for their brevity (5-10 min) and minimal
resource requirements [36]. In contrast, VR assessments often require setup time, patient
calibration, and tutorial phases to ensure the participant understands the controls, which
may disrupt the tight scheduling of primary care or outpatient memory clinics [35]. Fur-
thermore, the successful deployment of VR requires clinician training to manage hardware
and troubleshoot software issues, demanding time and human resources that are often
scarce in clinical settings [8,101]. Physical space is also a constraint; immersive VR often
requires dedicated, obstruction-free areas to ensure patient safety during navigation, which
may not be available in standard examination rooms [65].

4.2.3. Standardization and Normative Data

Finally, the lack of standardization across VR platforms limits their diagnostic utility.
Unlike traditional neuropsychological tests, which have rigid administration protocols,
VR environments vary widely in design, complexity, and interactivity [70,107]. For VR
to serve as a reliable diagnostic tool, the field must progress from feasibility studies and
pilot tests to the establishment of standardized protocols that can be shared across the
research community [107,112]. Currently, many VR studies rely on small, homogenous
samples [113], preventing the establishment of reliable cut-off scores required for individual
clinical diagnosis. Furthermore, current research often lacks “dismantle studies” neces-
sary to specify the “active ingredients” of VR interventions—determining which specific
components (e.g., immersion, interactivity, or content) drive clinical outcomes [101].

5. Conclusions

VR assessment is at a critical point where technology and theory converge. By pre-
senting multiple simultaneous cognitive demands, VR environments reveal distributed
neural degradation that determines real-world functional capacity [42,114]. These demands
overwhelm compensatory mechanisms that might succeed on simpler, isolated tasks. This
capability becomes particularly crucial for differential diagnosis along the MCI-to-dementia
continuum, where treatment pathways diverge dramatically based on subtle cognitive
gradations that traditional assessments systematically obscure (Table 1).

The path forward demands methodological rigor: standardized protocols targeting
specific neuropathological signatures, validation against ecological outcomes rather than
merely traditional tests, and integration into clinical workflows that preserve the technol-
ogy’s diagnostic advantages while ensuring accessibility across diverse populations. As
VR transitions from experimental to clinical use, its capacity to reveal neural compensation
through ecologically valid yet controlled assessment may change how we detect, monitor,
and intervene in neurodegenerative disease.
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Table 1. Methodological constraints of traditional neuropsychological assessment and corresponding

virtual reality solutions for ecologically valid memory evaluation.

Assessment Domain

Conventional Neuropsychological Restraints

VR-Enhanced Methodological Innovations

A) Ecological Validity Deficits

Tests occur in artificial, distraction-free
environments that fail to reflect everyday
cognitive demands. Tasks like word lists or
isolated memory drills rarely resemble
real-world activities.

Immersive VR environments simulate
realistic everyday tasks while maintaining
experimental control, fostering presence and
naturalistic behavior.

B) Limited Scope and Diagnostic
Differentiation

Traditional assessments measure a narrow
range of memory skills and often cannot
distinguish between normal aging, MCI, and
early AD, missing subtle, context-dependent
impairments.

VR allows complex, multi-domain tasks in
dynamic environments to assess prospective
memory, spatial memory, navigation, and
executive function simultaneously.

C) Disconnect from Subjective
and Caregiver Reports

Test scores often do not align with what
patients notice or what caregivers observe in
daily life, limiting clinical insight into
functional impairments.

VR simulates everyday tasks that
participants struggle with, producing
performance data that correlates better with
self-reports and caregiver ratings.

D) Susceptibility to
Compensatory Mechanisms

Patients can perform normally on tests using
alternative strategies, masking true cognitive

Immersive VR tasks create complex,
multi-step, attention-demanding
environments that limit reliance on

deficits and delaying early detection. compensatory strategies.
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