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Abstract

The prevalence of neurocognitive disorders, including dementia is increasing in ageing populations globally. Conventional
pen-and-paper neuropsychological assessments like the Montreal Cognitive Assessment (MoCA) are limited by their
inability to correlate clinical cognitive scores with real-world functional performance. Efficacious, more ecologically valid
and less operator-dependent assessment tools are needed to identify at-risk persons for early intervention. Technology-
based tools like virtual reality (VR) are increasingly applied in healthcare, such as a novel “Cognitive Assessment using
VlIrtual REality” (CAVIRE-2) software which has been developed to assess the six domains of cognition automatically
in 10 min. The study aimed to validate the CAVIRE-2 as a tool based on a matrix of scores and time to complete the 13
VR scenarios to discriminate persons who are cognitively healthy from those with MCI. Multi-ethnic Asian adults aged
55-84 years were recruited at a public primary care clinic in Singapore. Both CAVIRE-2 and MoCA were administered to
each participant independently. 280 participants completed the study, of which 244 were found to be cognitively normal
and 36 were cognitively impaired by MoCA. CAVIRE-2 showed moderate concurrent and convergent validity with MoCA
and MMSE respectively. CAVIRE-2 demonstrated good test—retest reliability with Intraclass Correlation Coefficient of
0.89 (95% CI=0.85-0.92, p<0.001), and good internal consistency with Cronbach’s alpha=0.87. CAVIRE-2 displayed
good discriminative ability with area under curve (AUC) of 0.88 (95% CI=0.81-0.95, p<0.001), and an optimal cut-off
score of <1850 (88.9% sensitivity, 70.5% specificity, Youden’s=0.59). CAVIRE-2 is potentially a valid and reliable assess-
ment tool comparable to MoCA, which can distinguish cognitive status.
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1 Introduction language; the cognitive decline significantly interferes with

the individual’s daily functional abilities (Black and Grant

Dementia is a major neurocognitive disorder marked by a
pronounced cognitive decline in one or more of the six cog-
nitive domains: perceptual motor, executive function, com-
plex attention, social cognition, learning and memory, and
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2014). Dementia lies on a cognitive continuum, beginning
with its prodromal stage known as mild cognitive impair-
ment (MCI). MCI also involves decline in one or more of the
six cognitive domains, but unlike dementia, the individual’s
daily functional abilities are preserved; symptoms often
progress insidiously with individuals having poor insight
into their deficits. (Black and Grant 2014; Scharre 2019;
Kumar et al. 2022). Approximately 10-18% of patients
who fulfil the criteria of amnestic MCI eventually progress
to Alzheimer's-type dementia within a year (Amieva et al.
2004; Bruscoli and Lovestone 2004; Thaipisuttikul et al.
2022). However, only 8% of individuals with expected MCI
are diagnosed during primary care assessments, suggesting
that cognitive decline remains grossly underdiagnosed (Liu
2024).
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More countries worldwide are experiencing burgeon-
ing ageing populations. The proportion of individuals aged
65 years and above in Singapore has increased from 11.7%
in 2013 to 19.1% in 2023. By the year 2030, approximately
1 in 4 individuals in Singapore will be aged 65 years and
above (National Population and Talent Division Singa-
pore 2023). The trend is significant as increasing age is a
major risk factor for dementia (Alzheimer’s Disease Inter-
national 2023). In Singapore, the prevalence of MCI is
around 12.5%, which translates to 1 in 8 individuals (Liu
et al. 2021). Effective screening and early identification of
individuals with MCI is thus pivotal, providing an opportu-
nity for timely intervention to slow down the progression of
MCI, and preventing its further deterioration to dementia
(Ngetal. 2021; Yu et al. 2021; Granland et al. 2022).

Currently, objective testing of MCI relies predominantly
on paper-and-pencil neuropsychological assessments. The
limitations include the inability to correlate cognitive scores
obtained in a controlled experimental environment with
real-world functional behaviour, a term coined as ecological
validity (Sbordone and Long 1996; Chaytor and Schmitter-
Edgecombe 2003; Spooner and Pachana 2006; Tarnanas et
al. 2013). The construct of ecological validity can be con-
ceptually dissected into two approaches: veridicality and
verisimilitude. Veridicality pertains to the extent to which
neuropsychological assessments predict real-world out-
comes. In contrast, verisimilitude is defined as the degree
to which cognitive demands presented by these tests mirror
those encountered in the naturalistic environment (Sbor-
done and Long 1996).

Traditional neuropsychological assessments like the
Montreal Cognitive Assessment (MoCA) adopt a veridical-
ity-based methodology to cognitive function testing, which
can be susceptible to relatively weaker correlations with
real world outcome measures (Sbordone and Long 1996).
This approach is also constrained by the ambiguity of mea-
surement constructs, limited perspectives of a person’s daily
behaviour and oversight of compensatory mechanisms,
leading to underestimation of an individual’s real-world
performance (Chaytor and Schmitter-Edgecombe 2003).
Conversely, neuropsychological assessments grounded in
the verisimilitude paradigm have demonstrated superior-
ity compared to a battery of other assessments, with results
more consistently aligned with real-world functional out-
come measures (Parsons 2015).

Virtual reality (VR) based technological applications are
gaining traction in the field of cognitive screening (Negut et
al. 2016; Kourtesis 2020; Lim et al. 2020; Yan et al. 2021;
Christova et al. 2022). It harbours the ability to faithfully
reproduce the naturalistic environment and consequently
improving the ecological validity (Bohil et al. 2011; Cli-
ment-Martinez et al. 2014). The virtual environment (VE)
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re-creations facilitate a verisimilitude approach in cognitive
testing, whereby participants can carry out tasks mimicking
both basic and instrumental activities of daily living (BADL
and TADL) to accurately assess their cognitive capability
in real time (Atkins 2015; Boz et al. 2020). Such interac-
tive functions within the VE allow tailored experiences for
individuals, circumvent testing fatigue, and reduce anxi-
ety resulting from the traditional face-to-face paper-based
assessments (Valladares-Rodriguez et al. 2016; Jang et al.
2022). Automation of the screening process standardizes the
evaluation procedures, reduces administration variability,
and optimizes time and manpower resource utilisation.

In recent years, several iterations of VE have been imple-
mented in the screening of mild cognitive impairment. VE
modelled after supermarkets (Cipresso et al. 2014; Yan et
al. 2021), food kiosks (Tarnanas et al. 2013), daily activities
(Tarnanas et al. 2013; Atkins 2015), and mazes (da Costa et
al. 2022) have shown promising screening potential of neu-
rocognitive decline. However, these VR tools have yet to
assess cognition comprehensively, varying between two to
a maximum of five out of total of six cognitive domains (Liu
et al. 2023). Furthermore, the studies were not conducted
in a primary care setting (Liu et al. 2023) where the target
at-risk population resides. This reduces the generalizability
of the results, and the scalability potential of these VR tools
remains to be determined.

A fully immersive and automated VR assessment system,
Cognitive Assessment by VIrtual REality (CAVIRE), has
been developed as a tool to assess the six domains of cogni-
tion (Wong et al. 2021; Tan et al. 2022). An earlier study
assessed the performance of participants using the first ver-
sion of the VR software (CAVIRE-1). Their performance
is based on a matrix of scores and completion time as the
participants completed the tasks across 13 scenarios in its
VE. They were separated a-priori into two groups, “cogni-
tively healthy” and “cognitively impaired” based on their
MoCA cut-off scores of 26 before using the CAVIRE-1. The
results revealed the differential performances between the
“cognitively healthy” and “cognitively impaired” groups of
participants across six cognition domains upon the comple-
tion of the CAVIRE-1 assessment (Tan et al. 2024).

An enhanced second iteration of the VR software
(CAVIRE-2) has been developed and is postulated to
be capable of assessing all six cognitive domains of par-
ticipants based on its performance matrix. CAVIRE-2 was
developed based on the feedback of the participants who
used CAVIRE-1 in the previous study. Enhancements
were made to improve the user experience of CAVIRE, for
example optimisations of the voice and text instructions,
visualisation and interaction with virtual objects, and scene
transitions. Hence, the primary aim of this study is to evalu-
ate the validity (concurrent and convergent) and reliability
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of CAVIRE-2 as an independent assessment tool to differen-
tiate the cognition of older adults.

In addition, the previous study involving cognitively
healthy participants demonstrated that individuals in younger
age groups achieved higher CAVIRE-1 scores compared to
those in older age groups (Tan et al. 2022). Extant literature
also elucidates a negative correlation between neuropsy-
chological assessment scores and age, along with a positive
correlation between neuropsychological assessment scores
and education attainment exceeding 12 years (Jefferson et
al. 2011; Freitas et al. 2012; Malek-Ahmadi et al. 2015).
Therefore, the secondary aim of this study is to explore the
effects of age and education on CAVIRE-2’s ability to dis-
tinguish the cognitive status of older individuals.

2 Materials and methods
2.1 Instrumentation

The CAVIRE-2 software is a fully immersive VR system,
allowing users to perform virtual tasks in three dimensional
(3D) virtual environments (VE). The content is jointly
designed by an interdisciplinary team consisting of experi-
enced family physicians cum researchers with postgraduate
qualifications, and special interests in the field of geriatrics
(Lim et al. 2020). They partnered an external multimedia
solutions company in the system design and development.
The latter is responsible for the technical development, cov-
ering user interface design, game mechanics, and virtual
reality game interface prototyping.

CAVIRE-2 comprises 14 discrete scenes, inclusive of one
starting tutorial session and 13 virtual scenes simulating both
basic and instrumental activities of daily living (BADL and
IADL) in local residential and community settings (Fig. 1A,
B). The virtual residential blocks and shophouses were

Prepare peanut butter
bread for breakfast

(A)

modelled with a high degree of realism. Such design aims
to bridge the gap between an unfamiliar virtual game envi-
ronment and participants’ lived experiences, facilitating a
more immersive and realistic emulation. Automated visual
and audio instructions are embedded to help guide partici-
pants through individual segments, which they are required
to complete through specific hand gestures and speech. An
automated scoring system is embedded in CAVIRE (Lim et
al. 2020). The scores are automatically calculated for each
of the 13 scenes and for the entire assessment. The matrix of
scores is structured by: (a) the proportion of correctly com-
pleted tasks for each scene; (b) the number of attempts taken
to complete the task for each scene; and (c) the completion
of tasks within the stipulated time for each scene.
A summary of the 13 virtual scenes is as follows:

Brush and rinse teeth.

Prepare peanut butter bread for breakfast.

Identify photos of important persons.

Watch television and listen to the weather forecast on
the radio simultaneously.

Name and remember fruits in a shopping list.

Choose appropriate clothes to wear for grocery
shopping.

Leave the house and take the umbrella.

Take the lift to level 1.

9. Cross the road safely.

10. Choose the correct stall, based on the shopping list.

11. Select the correct fruits from memory.

12. Calculate and pay the correct sum of money.

13. Select the appropriate emotion, based on the given
scenarios.

Ealh e
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The performances of participants using the CAVIRE-2
system collectively assess their six cognitive domains, as
stipulated in the 5th edition of the Diagnostic and Statistical

SELECTS FRUITS FROM THE SHOPPING LIST

WATERMELON OREEN GRAPES RAMEUTAN

PAPAYA

(8)

Fig. 1 A Scene 2—Prepare peanut butter bread for breakfast. B Scene 11—Select the correct fruits from memory
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Manual of Mental disorders (DSM-5) (Black and Grant
2014). The respective cognitive domain evaluation in each
virtual scenario is detailed in Fig. 2.

To maintain a balanced framework evaluation, individ-
ual cognitive domains are assessed separately over 4 dif-
ferent scenes. For example, complex attention is assessed
in Scenes 4, 9, 10, and 12. For Scene 4, divided attention
is assessed, where the user needs to watch television and
listen to the radio at the same time. For Scene 9, sustained
attention is assessed, where the user needs to focus on the
pedestrian crossing traffic light and press the button to start
walking when the light turns green. For Scenes 10 and
12, selective attention is assessed, where the user needs to
choose the correct store and pay the correct sum of money
in the presence of distractors.

Each scene may evaluate a single cognitive domain or
a combination of cognitive domains simultaneously. For
example, in Scene 2 (Fig. 1A), the participant is given the
task of preparing peanut butter bread for breakfast. The
completion of this task requires the participant to plan out
the steps in a logical sequence and pick up the correct items
using the appropriate hand. Hence, executive function and
perceptual motor function are assessed in this task. In Scene
11 (Fig. 1B), the participant is required to select the 5 cor-
rect fruits, based on a shopping list that was displayed in
several scenes before that, i.e., Scene 5. Therefore, the cog-
nitive domain of learning and memory is assessed during
this task.

CAVIRE-2 is built upon the Unity cross-platform game
engine. Participants were inducted to use the HTC VIVE
Pro Head Mounted Display (HMD), a high-performance
virtual reality headset capable of projecting a 110-degree
field of view at a 90 Hz refresh rate. It enables presenta-
tion of the VE to the participants, concurrently computing
their gaze direction and head movements. Several additional
peripherals were included such as a Leap Motion Control-
ler, which allows for 3D spatial recognition of hand posi-
tions and intricate fine motor dexterity. Furthermore, the
utilisation of Lighthouse, an infra-red based inside-out
positional tracking system helps track the orientation of
the HMD. Voice recognition was enabled via the integrated

Application Programming Interface (API) and audio input
was captured using a Rode VideoMic Pro.

2.2 Study site and population

This study was conducted at Eunos Polyclinic, a public pri-
mary care clinic located in the eastern region of Singapore.
It serves the primary healthcare needs of 118,565 residents
in the estate (Department of Statistics Singapore 2021). The
study population included patients seeking medical consul-
tation; accompanying family members; volunteers; or exter-
nal visitors of the clinic.

The inclusion criteria were community-dwelling multi-
ethnic Asian adults (1) aged between 55 and 84 years old;
(2) able to speak English or Mandarin; and (3) willing to
complete the study procedures. Those excluded from the
study were adults with (1) pre-existing diagnosis of demen-
tia, or on current dementia medication as documented in the
electronic medical records; (2) neurological deficits affect-
ing movement, speech, or vision; (3) history of medical con-
ditions (motion sickness, epilepsy) that could be triggered
through immersion in virtual reality; and (4) any disability
rendering the individual incapable of providing informed
consent.

2.3 Study design

A 2-visit study was conducted between August 2023 and
January 2024. The study was designed such that the study
team was blinded to the participants’ cognitive status, i.c.,
whether MCI or cognitively healthy, in order to reduce
potential bias while administering the CAVIRE-2 and
MoCA assessments. Written informed consent was obtained
from each participant after screening for their fulfilment of
their eligibility criteria. A research assistant inducted the
participants to the use of the headset, checked for their com-
fort and potential adverse reaction before they proceeded
with the VR assessment using CAVIRE-2 system. Their
performance indices were electronically tabulated automati-
cally by the system.

Fig. 2 The six cognitive domains
assessed in each scene of

CAVIRE-2 Cognitive Domains

Scene

Perceptual motor

Executive function

Complex attention

Social cognition

Learning and memory

Language
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Next, a second research assistant, blinded to the
CAVIRE-2 assessment, administered the MoCA assess-
ment to the participant to reduce potential bias. Participants
with<6 years of education received a 1-point adjustment to
their final MoCA scores (Khaw et al. 2021). A MoCA score
of 26 and above is regarded as “cognitively healthy” based
on current local clinical practice guidelines. Any incidental
findings, including (1) MoCA score 0f<26 and/or (2) low
CAVIRE-2 scores were shared with participants according
to their informed consent. They were advised to seek medi-
cal consultation to further evaluate their cognitive status.

A subset of the study population comprising 100 partici-
pants were invited to schedule a second appointment in the
next 2 to 4 weeks to repeat the identical CAVIRE-2 assess-
ment. The performance scores from both CAVIRE-2 assess-
ments were computed to determine its reliability.

2.4 Sample size calculation

Participants were recruited from the general population
where the study team was unaware of their cognitive sta-
tus, whether they were cognitively healthy or cognitively
impaired.

For the study aim on assessing reliability, a minimum of
100 participants was selected, in accordance with the COS-
MIN Study Design Checklist (Terwee et al. 2012), which
recommends this threshold for adequate estimation of inter-
nal consistency (e.g., Cronbach’s alpha) and test-retest reli-
ability, ensuring acceptable levels of precision and standard
error in the reliability coefficients.

Based on current literature, the prevalence of MCI in
Singapore is estimated at 12.5% (Liu et al. 2021). While
CAVIRE-2 is designed as a screening rather than diagnostic
tool, screening instruments must still demonstrate the abil-
ity to discriminate between individuals with and without
mild cognitive impairment (MCI). The required sample size
to assess the ability of CAVIRE-2 to distinguish between
individuals with and without mild cognitive impairment
(MCI) was estimated using the area under the receiver
operating characteristic curve (AUROC). Assumptions
based on existing literature were used, including an antici-
pated AUROC of>0.80, a significance level (a) of 0.05, a
statistical power (1-) of 80%, and a ratio of 1:7 (35 MCI
cases, 245 cognitively healthy controls) based on 12.5%
prevalence of MCI in Singapore. These parameters yielded
a required total sample size of 280 participants, sufficient
to detect an AUROC significantly greater than 0.5 (Obu-
chowski and McClish 1997).

2.5 Data management and monitoring

Data from the study were transcribed into the Research Elec-
tronic Data Capture (REDCap) secure research database,
and subsequently audited by a data management officer
in the institution research department for potential errors.
Participants’ data were anonymized and linked to unique
study identification numbers, void of personal identifiers.
Participants who were unable to complete CAVIRE-2 due
to procedural side effects were similarly encoded in the final
database but categorised as study drop-outs. The de-identi-
fied data set was then handed over to the data analytics team
to compute the results.

2.6 Statistical analysis

All data analysis was conducted using IBM SPSS 29.0.
Descriptive statistics were presented in frequencies and per-
centages for categorical variables, while mean and standard
deviation were utilized for continuous variables. Table 1
assessed the difference in baseline characteristics between
cognitively healthy and cognitively impaired individuals
using Chi-square test and independent t-tests. Normality of
the Total CAVIRE-2 scores, individual domain scores, and
time spent between groups were assessed using the Shipiro-
Wilk’s test and median and interquartile ranges were pre-
sented for skewed scores. For difference in Total CAVIRE-2
scores, individual domain scores, and time spent to com-
plete the VR assessment between cognitively impaired
individuals and their cognitively healthy counterparts, the
non-parametric Mann—Whitney U test was performed. Sta-
tistical significance was predetermined at p<0.05 and 95%
confidence intervals (CI) quantified the degree of agreement.

The presence of floor and ceiling effects was determined
by>15% of participants achieving the lowest, or highest
possible score, respectively. Floor and ceiling effects were
used to assess the distribution of responses at extreme ends
of the scoring. These effects can indicate whether the test is
too difficult or too easy, which may limit the ability to detect
differences among participants.

Concurrent validity is measuring the degree to which the
new tool correlates and performs with the gold-standard tool
when administered simultaneously. CAVIRE is meant to be a
screening tool that differentiates individuals with MCI from
those with normal cognition, just like MoCA. Hence, in this
study, MoCA was used as a gold-standard tool to correlate
with CAVIRE. Convergent validity measures the correla-
tion with other measures assessing the same construct that
theoretically should be related. MMSE evaluates cognitive
domains on memory, attention, language, and perceptual
motor function, which are similar to the domains evaluated
in CAVIRE. Hence, we have used MMSE to correlate with

@ Springer
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Table 1 Demographic characteristics of the study population

Total NC MCI p-value”
n=280* n=244 n=36
Gender 0.634
Male, n (%) 127 112 15
(45.4) (45.9) (41.7)
Female, n (%) 153 132 21
(54.6) (54.1) (58.3)
Age, mean (s.d.) 67.3 66.5 72.9 <0.001
(6.6) (0.4) (1.3)
Ethnicity 0.377
Chinese, n (%) 249 218 31
(88.9) (89.3) (86.1)
Malay, n (%) 13(4.6) 1249 1(2.8)
Indian, n (%) 15(54) 12(49) 3(8.3)
Others, n (%) 3(1.1)  2(0.8) 1(2.8)
Marital status 0.785
Married, n (%) 211 182 29
(75.4) (74.6) (80.6)
Single, n (%) 32 (11.4) 28 (11.5) 4(11.1)
Divorced/Separated, n 21(7.5) 20(8.2) 1(2.8)
(%)
Widowed, n (%) 16 (5.7) 14(5.7) 2(5.6)
Occupancy 0.237
Living alone, n (%) 37(13.2) 30(12.3) 7(19.4)
Living with family, n 243 214 29
(%) (86.8) (87.7) (80.6)
Housing 0.029
Public Housing, n (%) 192 173 19
(68.6) (70.9) (52.8)
Private housing, n (%) 88 (31.4) 71(29.1) 17
(47.2)
Number of years of education <0.001
<10 years, n (%) 139 110 29
(49.6) (45.1) (80.6)
>10 years, n (%) 141 134 7(19.4)
(50.4) (54.9)
Employment status 0.143
Working, n (%) 117 106 11
(41.8) (43.4) (30.6)
Not working/Retired, 163 138 25
n (%) (58.2) (56.6) (69.4)
Barthel’s Index (BADL), 98.9 99.2 96.8 <0.001
mean (s.d.) (max=100) (3.8) 0.2) (1.1)
Lawton’s Scale (IADL), 22.6 22.9 20.7 <0.001
mean (s.d.) (max=23) (1.9) 0.1) 0.7)
MMSE, mean (s.d.) 28.1 28.6 25.0 <0.001
(max=30) 2.1) (0.1) (0.5)
MoCA, mean (s.d.) 27.4 28.1 22.1 <0.001
(max=30) (2.6) (0.1) (0.6)

NC, Normal (Cognitively Healthy) Control; MCI, Mild Cognitive
Impairment; n, number of individuals; BADL, Basic Activities
of Daily Living; IADL, Instrumental Activities of Daily Living;
MMSE, Mini-Mental State Examination; MoCA, Montreal Cogni-
tive Assessment; CAVIRE, Cognitive Assessment using VIrtual
Reality; s.d., Standard deviation

*Total number of participants excluding one drop-out

#p-values are for comparisons between the two groups, NC and MCI
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CAVIRE. Spearman’s correlation was performed between
participants’ CAVIRE-2 scores and the respective instru-
ment scores (MoCA and MMSE). A correlation coefficient
0f<0.25 indicates small concurrence, 0.25 to 0.50 indicates
moderate concurrence, 0.5 to 0.75 indicates good concur-
rence and over 0.75 indicates excellent concurrence (Port-
ney and Watkins 2007).

Internal consistency and test—retest reliability are the two
measures used to determine the reliability of CAVIRE-2.
Internal consistency was evaluated using Cronbach’s Alpha,
which describes the extent to which all items in CAVIRE-2
measure the construct of cognitive function and is linked
to the inter-relatedness of the items within the test (Tava-
kol and Dennick 2011). A Cronbach’s alpha value of>0.7
is generally considered acceptable, with a higher alpha sug-
gesting increased inter-relatedness between items (Tavakol
and Dennick 2011). The temporal stability, degree of cor-
relation and agreement between CAVIRE-2 scores were
assessed using Intraclass Correlation Coefficient (ICC) to
ascertain test—retest reliability. ICC scores within the range
0f 0-0.5,>0.5-0.75,>0.75-0.9 and > 0.9 were rated as poor,
moderate, good, and excellent, respectively (Koo and Li
2016).

Receiver operating characteristic (ROC) curve analy-
sis was selected as an indicator of responsiveness of the
CAVIRE-2 system. The area under the receiver operat-
ing characteristic curve (AUROC) indicates the degree of
accuracy of CAVIRE-2 in discriminating between cogni-
tively healthy and cognitively impaired individuals. For
CAVIRE-2 to be clinically relevant, an AUROC of>0.8,
and sensitivity of>80% would be required to demonstrate
that CAVIRE-2 possesses sufficient discriminative power in
distinguishing between normal (cognitively healthy) adults
and those with mild cognitive impairment (Fan et al. 2006;
Nahm 2022). The optimal cut-off of for the CAVIRE-2 score
was determined using Youden’s index (J), which identifies a
suitable test cut-off where the difference between true posi-
tives (sensitivity) and false positives (1-specificity) rates are
maximised (Youden 1950).

To evaluate the secondary aim of this study, ROC sub-
analyses were performed to explore the effects of age and
education on the discriminative ability of CAVIRE-2 to
differentiate between cognitively healthy and cognitively
impaired individuals.

3 Results
3.1 Descriptive results

A total of 281 community-dwelling participants were
recruited for this study. One participant was excluded from
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Table 2 Concurrent and convergent validity of CAVIRE-2
Spearman’s correlation, r,

Concurrent validity

MOCA 0.482
Convergent validity
MMSE 0.427

MMSE: Mini-Mental State Examination; MoCA: Montreal Cogni-
tive Assessment

the final analysis as she could not complete the VR test-
ing, citing nausea during VE immersion. The drop-out rate
was 1 out of 281 participants, i.e., 0.36%. The remaining
280 participants completed the CAVIRE-2 testing and study
procedures.

The mean age of the 280 participants was 67.3 years
(Table 1). Those in the MCI group were older, mean age
of 72.9 years versus 66.5 years in the cognitively healthy
counterparts (p<0.001) and were more likely to reside in
private housing (47.2%) compared to 29.1% among healthy
participants (p=0.029).

More participants without MCI had> 10 years of educa-
tion (A-levels/diploma, tertiary): 54.9% compared to 19.4%
of those with MCI. The proportion of MCI amongst all par-
ticipants with<10 years of education (no formal education,
primary school, secondary school) is also similarly higher at
20.9%, and decreases to just 5.0% in those with> 10 years
of education.

For neuropsychological assessment, the mean MMSE
(28.6vs.25.0,p<0.001) and MoCA (28.1 vs.22.1,p<0.001)
scores significantly differed between the cognitively healthy
and impaired groups (Table 1). The lower Barthel’s Index
scores (measuring functionality in basic activities of daily
living), along with the lower Lawton’s Scale scores (mea-
suring subjective ability to perform instrumental activities
of daily living), reflected poorer functional ability amongst
participants with MCI (p<0.001).

3.2 Floor and ceiling effects

No floor or ceiling effect was found for both first and second
CAVIRE-2 assessment. None of the participants scored the
lowest (0) or highest possible score (2400).

3.3 Concurrent and convergent validity

Based on Table 2, concurrent validity was supported by a
moderate correlation between CAVIRE-2 score and MoCA
score (r,=0.482). Comparing with MMSE, CAVIRE-2 has
moderate convergent validity with a correlation of 0.427.

Table 3 Test-retest reliability and internal consistency of CAVIRE-2
scores (n=100)

ICC (95% CI) Cronbach’s alpha
First Second
assessment  assessment
CAVIRE-2 total 0.892 (0.846-0.924) 0.869 0.878

score

Perceptual motor  0.675 (0.535-0.772)
Executive function 0.749 (0.642-0.825)
0.807 (0.725-0.865)
0.752 (0.646-0.826)
0.716 (0.595-0.801)

Complex attention
Social cognition
Learning and
memory
Language 0.796 (0.709-0.857)

ICC: Intraclass Correlation Coefficient

3.4 Reliability

Test-retest reliability and internal consistency were evalu-
ated with the Intraclass Correlation coefficient (ICC),
and Cronbach’s Alpha respectively (Table 3). CAVIRE-2
assessment shows good test—retest reliability with a total
score ICC estimate of 0.89 (95% CI=0.85-0.92, p<0.001).
ICC estimates of the six cognitive domains ranged from
moderate to good test—retest reliability. The first and second
assessments using CAVIRE-2 reported a Cronbach’s Alpha
of 0.869 and 0.878, respectively, highlighting a close inter-
relatedness amongst CAVIRE-2 testing segments in assess-
ing cognitive function.

3.5 CAVIRE-2 scores and completion time

A lower CAVIRE-2 total score was noted amongst partici-
pants with MCI during their first assessment, compared to
those in the cognitively healthy (NC) group (MCI: Median
1538, IQR 1331-1763 vs. NC: Median 1925, IQR 1775-
2050, p<0.001) (Table 4 and Fig. 3A). The same trend is
evident in each of the six cognitive domains: perceptual
motor, executive function, complex attention, social cogni-
tion, learning and memory, language (all p<0.001). The par-
ticipants with MCI also took correspondingly longer time to
complete the CAVIRE-2 assessment overall (MCI: Median
9.7 min, IQR 8.7-10.8 min vs. NC: Median 8.1 min, IQR
7.5-8.8 min, p<0.001) (Fig. 3B). Participants with MCI
also took significantly longer time to complete the MoCA
assessment (MoCA: Median 16.3 min, IQR 13.0-18.7 min
vs CAVIRE-2: Median 9.7 min, IQR 8.7—-10.8 min).

3.6 Responsiveness
Figure 4A shows an area under the receiver operating char-

acteristic curve (AUROC) of 0.88 (95% CI=0.81-0.95,
p<0.001) (Table 5), indicating a high level of accuracy in
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Table 4 CAVIRE-2 six cognitive domain scores and completion time
for the first assessment

Total NC MCI p-value
n=280 n=244 n=36
CAVIRE-2 total ~ 1888 1925 1538 <0.001
score (1725-2025) (1775- (1331-
2050) 1763)
Perceptual motor 375 375 350 <0.001
(350-400)  (350-400) (281-375)
Executive 350 350 275 <0.001
function (300-375)  (325-375) (225-300)
Complex attention 213 225 125 <0.001
(175-250)  (200-275) (100-175)
Social cognition 275 275 250 <0.001
(231-300)  (250-300) (200-250)
Learning and 325 325 250 <0.001
memory (300-350)  (300-350) (206-300)
Language 375 375 300 <0.001
(350-400)  (350-400) (275-344)
Completion time 491 484 580 <0.001
(s) (450-542)  (447-525) (521-645)

Values are summarized as median (interquartile range (IQR)). p-val-
ues are based on the Mann—Whitney U test

NC, Normal (Cognitively Healthy) Control; MCI, Mild Cognitive
Impairment

classifying between cognitively healthy controls and par-
ticipants with mild cognitive impairment. A cut-off that
maximises Youden’s index and sensitivity reveals an opti-
mal cut-off score at 1850 (Fig. 4D). Using this cut-off score,
CAVIRE-2 testing shows sensitivity of 88.9%, specificity of
70.5%, and a Youden’s index of 0.59.

A) CAVIRE-2 Cognitive Domain Scores

ROC sub-analysis (Fig. 4B) of participants with < 10 years
and> 10 years of education shows an AUROC of 0.86 (95%
CI=0.77-0.95, p<0.001) and 0.87 (95% CI=0.76-0.99,
p=0.003) respectively (Table 5). The optimal cut-off score
for participants with<10 years of education was<1825
(sensitivity=89.7%, specificity=58.2%), while those
with>10 years of education had a cut-off of<1900 (sensi-
tivity =85.7%, specificity=71.6%).

Another ROC sub-analysis by age shows a difference
in discriminative potential (Fig. 4C). For participants aged
55-69 years old, the AUROC was 0.77 (95% CI 0.61-0.93,
p=0.024), at the optimal cut-off score of<1900, sensitiv-
ity=81.8% and specificity=60.8%. Conversely, for par-
ticipants aged 70-84 years old, the AUROC was higher
at 0.91 (95% CI 0.84-0.98, p<0.001), and at a lower cut-
off 0of<1700, sensitivity=88.0% and specificity=280.9%
(Table 5).

4 Discussion

CAVIRE-2 is the second iteration of a fully immersive,
verisimilitude-based, automated VR platform developed
to assess six domains of cognition. The study results show
that CAVIRE-2 is comparable to the conventional MoCA
assessment in its discriminative ability for cognitive assess-
ment, with similar sensitivity (88.6%) and greater specific-
ity (70.4%).

The advocacy for immersive VR cognitive assessments
hinges on its proposed ecological validity— the ability to

B) Cognitive Test Completion Time
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Fig. 3 A Box plot of CAVIRE-2 six cognitive domain scores, with
comparison between NC and MCI participants. B Box plot of the
completion time for the two cognitive tests: CAVIRE-2 assessment
and MoCA assessment, with comparison between NC and MCI par-
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ticipants. Abbreviations: NC, Normal (Cognitively Healthy) Control;
MCI, Mild Cognitive Impairment. ***Represents statistical signifi-
cance 0f<0.001
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cognitive impairment with selected optimal cut-off, whole population
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Table 5 ROC performance of CAVIRE-2 in the study population stratified by education levels and age (n=280)

NC MC  AUC (95% CI) p-value Optimal cut-off ~ Sensitivity ~ Specificity ~ Youden’s Index
n
All 244 36 0.879 (0.811-0.947) <0.001* <1850 0.889 0.705 0.59
Education<10 years 110 29 0.861 (0.772-0.950)  <0.001* <1825 0.897 0.582 0.48
Education>10 years 134 7 0.872 (0.758-0.985) 0.003* <1900 0.857 0.716 0.57
Age 55-69 years 176 11 0.768 (0.611-0.925) 0.024" <1900 0.818 0.608 0.43
Age 7084 years 68 25 0.909 (0.838-0.979)  <0.001* <1700 0.880 0.809 0.69

NC, Normal (Cognitively Healthy) Control; MCI, Mild Cognitive Impairment; AUC, Area Under Curve; 95% CI, 95% Confidence Interval
#Null Hypothesis: True area=0.5
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correlate quantitative scores with real-world functional
capacity. The participants with MCI achieved significantly
lower scores (p<0.001) for both the Barthel’s Index (BADL)
and Lawton’s Scale (IADL), as compared to those who were
cognitively healthy (NC). Early identification of cognitive
impairment of adults using tools such as CAVIRE-2 allows
healthcare professionals to carry out further evaluation of
their challenges coping with their activities of daily living,
recommend measures to mitigate their cognition decline
and to seek family and other community resources to main-
tain their quality of life.

The study has its strengths. The study has validated
CAVIRE-2 as an alternative, reliable and ecological valid
tool to assess and identify people with cognition impairment
in primary care. The VR system is portable, operator inde-
pendent and can be implemented in various settings within
the local community, extending its outreach to people in iso-
lation or in non-clinical facilities. Most participants reported
no prior experience with immersive VR technology, yet
their completion rates were high, reflecting usability and
acceptability of newer technology by the older adults.

Currently, CAVIRE-2 is known to be the only VR cog-
nitive assessment that evaluates all six cognitive domains
through different scenes involving activities of daily living.
Other VR technologies are limited to assessing between two
to five out of the six cognitive domains (Liu et al. 2023).
Moreover, in contrast to other existing VR cognitive assess-
ments, CAVIRE-2 omits the use of external devices to inter-
act with the VR environment, for example: mouse, touch
screen, joystick. In CAVIRE-2, the individual can perform
the VR tasks using hand movements and speech. This pro-
vides a more naturalistic environment, thus having better
ecological validity for the assessment of cognitive function.

The results in this study also affirm that age and extent of
education are significant variables affecting the neuropsy-
chological assessments using VR. The different CAVIRE-2
optimal cut-off scores should be considered when the VR
system is used for people of different length of their educa-
tion. Similarly, the performance matrix of the CAVIRE-2
system needs to be adjusted to assess the cognition of older
adults, with a lower optimal cut-off score of 1700 for those
aged 70-84 years compared with 1900 in younger adults
aged 55-69 years. This observation is in keeping with cur-
rent studies that advocate a lower MoCA threshold in older
participants when classifying cognitive impairment (Ros-
setti et al. 2011; Freitas et al. 2012), suggesting that a tiered
approach may apply when using the CAVIRE-2 system.

Its limitations should be recognised as the VR scenes are
created to simulate local environments in a developed and
highly urbanised community, in which the almost 80% of
the population resides in apartments. The validation of the
VR software is based on the MoCA value of 26 (Ng 2013),

@ Springer

but opinions vary on its cut-off score. A recent meta-analysis
reports an optimal cut-off score of 23 produced the highest
classification accuracy and reduced the false positive rate
(Carson et al. 2018). Indeed, adopting a lower MoCA cut-off
may impact the performance of CAVIRE-2 by reducing the
number of false positives and thus increasing its accuracy.

5 Conclusion

The study demonstrated the utility of CAVIRE-2 as a valid
and reliable cognitive assessment tool comparable to tradi-
tional neuropsychological assessments like MoCA. Further
proof of value study will be conducted when it is imple-
mented in a larger scale across more diverse primary care
and community settings such as nursing homes and daycare
centres for senior adults.
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