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Abstract.

Background: Literature supports the use of serious games and virtual environments to assess cognitive functions and detect
cognitive decline. This promising assessment method, however, has not yet been translated into self-administered screening
instruments for pre-clinical dementia.

Objective: The aim of this study is to assess the performance of a novel self-administered serious game-based test, namely
the Virtual Supermarket Test (VST), in detecting mild cognitive impairment (MCI) in a sample of older adults with sub-
jective memory complaints (SMC), in comparison with two well-established screening instruments, the Montreal Cognitive
Assessment (MoCA) and the Mini-Mental State Examination (MMSE).

Methods: Two groups, one of healthy older adults with SMC (N =48) and one of MCI patients (N =47) were recruited from
day centers for cognitive disorders and administered the VST, the MoCA, the MMSE, and an extended pencil and paper
neuropsychological test battery.

Results: The VST displayed a correct classification rate (CCR) of 81.91% when differentiating between MCI patients and
older adults with SMC, while the MoCA displayed of CCR of 72.04% and the MMSE displayed a CCR of 64.89%.
Conclusion: The three instruments assessed in this study displayed significantly different performances in differentiating
between healthy older adults with SMC and MCI patients. The VST displayed a good CCR, while the MoCA displayed an
average CCR and the MMSE displayed a poor CCR. The VST appears to be a robust tool for detecting MCI in a population
of older adults with SMC.
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INTRODUCTION

Dementia has been characterized as a global public
health priority and its impact in individuals, fami-
lies, and societies has been enormous [1]. Despite
a marked reduction in the prevalence of dementia,
mainly in high-income countries, the number of peo-
ple with dementia is set to triple by 2050 [2]. Still
dementia remains underdiagnosed with more than
half of dementia cases being undiagnosed [3, 4].
Older adults recognize the importance of having their
cognition checked but even in high income countries
such as the United States, only a small percentage of
older adults receive regular cognitive assessments [5].

The detection of cognitive impairment at its earli-
est stages is crucial as it allows for management of
reversible causes and better disease management if
the cause of impairment is a neurodegenerative dis-
ease. Furthermore, it allows for care planning and
lifestyle changes that can enhance the quality of life
of the patient and their family [6]. Mild cognitive
impairment (MCI) represents a diagnostic entity that
is often a precursor of dementia. MCI patients exhibit
cognitive deficits as measured by neuropsychologi-
cal tests in comparison to age and education matched
cognitively healthy older adults. At the same time,
they retain their ability to perform instrumental abil-
ities of daily living and remain high-functioning and
able to live autonomously [7, 8]. The detection of
cognitive impairment at the MCI stage is clinically
useful and allows for better communication between
doctors, patients, and caregivers as it often acts as a
starting point for a care and treatment plan [9]. It has
been shown that non-pharmacological interventions
at this stage can stabilize or even improve patients’
cognitive functioning [10].

There is no consensus concerning the effective-
ness of population-wide screening for cognitive
disorders particularly when taking into account the
high costs associated with such endeavors [11, 12].
It has been shown, however, that early testing with
computerized brief cognitive assessment tests can
help in predicting future dementia [13]. At the same
time, general practitioners (GPs), who are often
the first point of contact between older adults and
healthcare services, often fail to diagnose dementia
and provide appropriate follow-up and referrals.
Lack of knowledge about dementia services, limited
consultation time, uncertainty about the procedure
of diagnosis and disclosure, as well as pessimistic
attitudes toward aging and cognition are some of
the causes of dementia underdetection in general

practices [14-17]. Self-administered computerized
screening tests have been proposed as a solution to
this issue and implementation studies in primary care
have assessed their feasibility and barriers to their
implementation [18-20]. The results of these studies
are promising; however, this screening model still
relies on administration in a healthcare setting and
older adults have to be willing to visit such a setting
and undergo what is essentially a standardized
medical questionnaire/ testing procedure [21, 22].

Furthermore, brief cognitive tests are designed to
differentiate between healthy older adults and MCI
patients. The majority of studies validating those
instruments and assessing their diagnostic utility are
conducted in samples of healthy older adults with no
cognitive concerns, and MCI or dementia patients. At
the same time, people who present to memory clinics
for cognitive testing often have subjective cognitive
complaints. The term “subjective cognitive decline”
(SCD) has been proposed to describe this stage where
the person may be experiencing subjective cognitive
decline which is not reflected in objective testing [23].
Older adults with SCD are at risk of progressing to
MCI and dementia and they display a higher preva-
lence of positive biomarkers for amyloidosis and
neurodegeneration compared to older adults without
SCD [24-26]. The definition of objective impairment
is based on the deviation of a person’s performance
from the norm of age and education-matched con-
trols in standardized neuropsychological testing [7,
8, 27]. Thus, it is possible that a person’s cognitive
functioning has declined but decline is subtle enough
so that the person still scores within the normal range
in neuropsychological testing [23]. Therefore older
adults with SCD may score in the normal range; how-
ever, they may score lower than healthy older adults
without SCD and therefore their difference in per-
formance with MCI patients can be smaller than the
difference in performance between MCI patients and
healthy older adults without SCD [25]. It is impera-
tive to understand if instruments designed to detect
MCI among healthy older adults can still detect that
condition in older adults who present with SCD as
they represent the majority of people who visit mem-
ory clinics.

Lately serious games and virtual environments
(with varying degrees of realism) have been used
to assess cognitive performance and detect cogni-
tive decline [28, 29]. They allow for ecologically
valid assessment through complex metrics and can
be configured to detect subtle changes in various
facets of the user’s performance including spatial
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navigation which often declines with the onset of
preclinical Alzheimer disease [29, 30]. Using serious
games as screening tools can lead to the emergence
of a new cognitive screening paradigm where screen-
ing becomes de-medicalized, is self-administered by
older adults in their preferred setting, and is tied
to an enjoyable activity. Indeed, efforts have been
made to analyze longitudinal performance in a self-
administered serious game that older adults used at
home, over a period of time, to detect MCI [31].

The present study aims to assess the diagnostic util-
ity of a fully self-administered, automated, serious
game-based MCI screening routine, that can be com-
pleted in 30 minutes and does not rely on longitudinal
assessment. Furthermore, this study aims to compare
this novel instrument to two established brief cogni-
tive tests that are often used for initial assessment,
the Mini-Mental State Examination (MMSE) and the
Montreal Cognitive Assessment (MoCA).

MATERIALS AND METHODS
Participants

Participants were recruited from a cohort of older
adults from various socioeconomic backgrounds with
subjective memory complaints (SMC) visiting the
day centers of the Greek Association of Alzheimer’s
Disease and Related Disorders (GAADRD), in Thes-
saloniki, Greece. Participants were recruited between
April 2018 and April 2019. The study was approved
by the GAADRD ethical committee and all partic-
ipants provided informed consent. Diagnosis was
conferred by a neurologist after a full neurologi-
cal, neuropsychological and laboratory assessment.
MCI diagnosis was based on Petersen criteria [7,
27]. Exclusion criteria were: diagnosis of dementia
or another major neurological or psychiatric disor-
der, illiteracy, health issues such as motor, hearing
and vision difficulties that could interfere with the
use of the exercise, treatment with cholinesterase
inhibitors or other drugs that could affect cognitive
performance, alcoholism or drug abuse.

Demographic characteristics of participants are
presented in Table 1. Mean age was 66.92 years rang-
ing from 54 to 75 years. Subjects had a mean of 13.27
years of formal education ranging from 6 to 21 years
of formal education. The majority of the participants
were female (73 persons). The sample included 48
healthy older adults with SCD and 47 MCI patients.
No statistically significant differences were observed

Table 1
Demographic characteristics of participants
SCD MCI
Male/Female 10/38 12/35
Mean Age, y (Std. Err.) 65.96 (0.652)  67.89 (0.759)

Mean Education, y (Std. Err.) 13.67 (0.430) 12.87 (0.430)
Mean MMSE (Std. Err.) 28.88 (0.154)  28.04 (0.245)
Mean MoCA (Std. Err.) 27.98 (0.266)  25.34 (0.398)

SCD, subjective cognitive decline; MCI, mild cognitive impair-
ment; Std. Err., standard error of mean.

between the SCD and MCI groups in age and edu-
cation, while statistically significant differences in
MMSE and MoCA scores were observed as expected.

Neuropsychological assessment

Participants were administered an extended neu-
ropsychological test battery including the following
cognitive tests: Ray Auditory Verbal Learning Test
[32], a Greek version of the “FAS” verbal fluency
test [33], Rey-Osterrieth Complex Figure Test [34],
Rivermead Behavioural Memory Test [35], Test of
Everyday Attention items 1, 4 & 6 [36], and Trail
Making Test part B [37]. The battery also included
the following functional scales: Functional Rating
Scale for Symptoms of Dementia [38] and Functional
Cognitive Assessment Scale [39]. Furthermore, the
battery included the following measures of depres-
sion and anxiety: Geriatric Depression Scale [40] and
Short Anxiety Screening Test [41]. This battery was
used as part of the diagnostic procedure. Participants
were also administered the MoCA [42] and MMSE
[43] in order to compare the diagnostic performance
of these tests to the diagnostic performance of the
Virtual Supermarket Test (VST).

Serious game-based cognitive screening test

The VST has been developed through a collab-
oration of the Centre for Research and Technology
Hellas/ Information Technologies Institute and the
GAADRD. It is based on a shopping exercise which
is essentially a simple virtual reality task with a low
degree of immersion. It runs on tablet devices with
Android® operating system, and a 10-inch tablet is
recommended for its administration. The applica-
tion has been described in detail in previous studies
that have established the diagnostic accuracy of its
examiner-administered version and its concurrent
validity with established pencil and paper neuropsy-
chological tests [31, 44, 45].
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The latest version of the VST comprises a fully
automated, self-administered screening routine that
can be completed in the span of 30 minutes. An
interactive training session ensures that users are
familiarized with the operation of the tablet and the
various actions they would have to perform during
testing. After completion of training, a test session
is administered three times through an automated
administration routine. The VST is designed to mimic
one of the most common activities of daily living,
daily shopping in a super market. During the test ses-
sions, a shopping list is provided to the user who
is allowed to navigate freely, buy the products they
are instructed to buy, and proceed to pay at the till,
by entering the correct amount. The application is
aimed at activating a multitude of cognitive pro-
cesses namely visual and verbal memory, executive
function, attention, and spatial navigation with the
emphasis placed on executive function. The need of
simultaneous activation of different cognitive pro-
cesses makes the program challenging enough to
correspond to the ability of the target population
while reducing ceiling effects. The latest version of
the VST includes advanced navigation metrics with
the virtual space divided into three zones (green,
yellow, and red). Different zones represent different
deviations from a pattern of optimal navigation for
task completion.

Administration of the VST

Each participant was administered the VST in a
quiet room of a day center of the GAADRD. A
research assistant presented the participant with a
tablet and entered their demographic data in the VST
application. Participants were informed that they will
be completing the screening routine on their own and
that the research assistant will remain in the room to
observe the administration. The research assistant did
not provide any further assistance or instructions to
the participants.

RESULTS
Data preparation and classification methodology

During the data analysis, we investigated a series
of variables, which were calculated from the metrics
that were recorded during the VST sessions. Several
variables were calculated as the ratios or differences
between the same type of variables from different tri-

als, e.g., a variable expressing time spend in virtual
space locations that are indicative of deviation from
optimal trajectory as a fraction of time spent in all
virtual space locations in a certain trial. Also, vari-
ables expressing average performance across trials
were calculated, e.g., a variable expressing average
time needed to complete a single test trial.

For optimal feature selection to solve our binary
classification problem (SCD versus MCI) we applied
the following methodology:

1. We performed Univariate feature selection,
which works by selecting the best features based
on univariate statistical tests. We kept the k high-
est scoring features using the ANOVA F-value
metric.

2. We used Sequential Backward Floating Selec-
tion (SBES) for the purpose of optimal feature
selection [46, 47]. In SBFS, a subset of opti-
mal features is selected among the k number
of total features in such a way that, the clas-
sifier should give maximum accuracy on the
selected features. We used Linear Discriminant
Analysis (LDA) as classifier, one of the most
widely used classification algorithms, which
operates through finding linear combination of
features to classify two or more classes [48].
This process has k iterations, each one reducing
the number of features until the last iteration
selects only one feature. The results and accu-
racy scores of LDA on all iterations of the SBFS
method were stored.

3. We selected the first 10 subsets of variables
sorted by their accuracy scores, in descending
order, from step 2 and run LDA n times (n being
the number of subjects), for each of the 10 sub-
sets, by leaving one subject out in each iteration
to validate the selection of variables. This pro-
cess is called Leave One Out cross-validation.
We measured the overall classification accuracy
for each of the 10 subsets, that is the ratio of all
correctly classified outcomes to the number of
subjects.

4. Steps 1-3 were repeated starting with k=
number of total variables to k =2 with step=—1.
We always stored the subset of variables scoring
the highest accuracy in step 3.

The final set of features comprised variables
expressing average time needed to complete the exer-
cise, accuracy of navigation inside the virtual space
— deviation from optimal trajectory, attention — mis-
takes conducted while completing the exercise, and
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Table 2
Classification accuracy of the VST, the MoCA and the MMSE
CCR Sensitivity Specificity
VST 81.91% 76.27% 91.43%
MoCA 72.04% 69.81% 75%
MMSE 64.89% 63.64% 66.67%

CCR, correct classification rate; VST, Virtual Supermarket Test;
MoCA, Montreal Cognitive Assessment; MMSE, Mini-Mental
State Examination.

learning — difference in performance between trials.
A description of VST metrics and the 12 variables
used for classification can be found in the Supple-
mentary Material. Classification analysis was also
conducted using the scores of the MMSE and MoCA
tests and a combination of MMSE and MoCA.

Classification accuracy of the VST, MoCA, and
MMSE

The VST displayed a correct classification rate
(CCR) of 81.91% with a sensitivity of 76.27% and a
specificity of 91.43% for MCI detection. The MoCA
displayed a CCR of 72.04% with a sensitivity of
69.81% and a specificity of 75%. The MMSE dis-
played a CCR of 64.89% with a sensitivity of 63.64%
and a specificity of 66.67%. A classifier utilizing both
the MoCA and the MMSE was trialed but failed to
improve the CCR of the MoCA. The CCR, sensitiv-
ity, and specificity of the VST, MoCA, and MMSE
are presented in Table 2.

DISCUSSION

There is a body of literature on the use of virtual
shopping tasks/serious games for the assessment
of cognitive functions and everyday functionality,
and for the detection of cognitive decline [31, 44,
49-51]. Nevertheless, this innovative and engaging
paradigm of cognitive assessment has not moved
beyond research or clinical settings. The need for the
presence of an examiner during administration is a
barrier to its translation into applications that could
allow at-risk groups to self-assess their functional-
ity and be active participants in the management and
monitoring of their brain health. The basic aim of this
study was to assess whether a self-administered seri-
ous game-based paradigm has potential as a robust
cognitive screening method aimed at those adults that
are at risk for cognitive decline, namely older adults
with SMC.

The VST displayed a good CCR, while the MoCA
displayed an average CCR and the MMSE displayed
a poor CCR. The VST differentiated between SCD
and MCI with a CCR of 81.91%. Its CCR is sig-
nificantly higher than that of the MoCA (which is
often considered a gold standard screening test for
MCI) in this sample, indicating that it can be a robust
screening test [42, 52, 53]. At the same time, its CCR
was also much higher than that of the MMSE which
is known to perform worse than the MoCA and is
not considered ideal for MCI detection [52, 53]. The
CCR of the VST is in line with findings of previ-
ous VST studies [31, 44, 45]. The self-administered
nature of the latest version of the VST has led to only
aslightdecrease of its CCR in comparison to previous
examiner-administered versions.

It is worth noting that all tests in the present study
were tasked with detecting MCI in an at-risk sample
avoiding the usual comparison of MCI patients with
healthy counterparts without SMCs. The need to
focus on at-risk populations instead of “supernormal”
healthy participants with no complaints has been
highlighted in the assessment of the effectiveness
of cognitive training interventions [54]. A similar
approach could also benefit the field of cognitive
screening as healthy older adults with no cognitive
concerns are unlikely to seek screening. Memory
clinics and primary care services are usually tasked
with detecting objective cognitive decline among
people who present with subjective cognitive con-
cerns. It can be argued that the same group of people
would be interested in using a self-administered
screening test (like the VST), at home to assess their
cognitive status. Furthermore, at the stage of SCD
or MCI older adults retain the ability to operate a
self-administered test and navigate inside a virtual
environment. Both of these abilities can decline at
the onset of dementia; therefore, it is imperative that
self-administered screening tests are aimed at older
adults with SCD or MCI.

At the same time there is uncertainty about how
the screening accuracy of a self-administered testin a
research setting translates into “real-world” screening
accuracy [18-20]. The absence of a research assis-
tant who can verify that the examinee is focused
and engaged with the task, and technical variabil-
ity among tablet PC software and hardware (screen
size and aspect radio, image quality, touch device
sensitivity, computing power) can affect test results.
Furthermore, disclosure of results in a meaningful
way that is non-threatening to the examinee and
promotes necessary follow-up and actions that are
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beneficial to their brain health is a huge and very
delicate issue that must be dealt with appropriately
[55-57]. Even if all these issues are resolved, it is
still unclear if receiving a first indication through
this screening method will actually lead to follow-up,
further testing, and seeking of appropriate care and
interventions. Still, the results of this study provide
the necessary support for implementation studies in
“real world” environments which could answer these
questions and assess the benefits of such a screening
method for the individual and the healthcare system.

The strengths of this study include the thorough
assessment of all participants prior to assignment to
one of the two study groups. A full neurological,
neuropsychological, and laboratory assessment was
conducted and diagnosis was conferred by a neurolo-
gist. Furthermore, the VST has been used in previous
studies and is known to be usable and accepted
by both healthy older adults and MCI patients.
Limitations of the study comprise the inclusion of
significantly more female participants and the lack of
test-retest reliability data for the VST. Future studies
should focus on assessing the “real-world” utility of
serious game-based self-screening applications. This
should include assessment of their usability and the
characteristics that make them easy to use and desir-
able. Furthermore, studies should pilot and test the
integration of such applications in existing healthcare
models and their effect in increasing timely diagnosis
of cognitive disorders and decreasing the burden of
healthcare services.

Conclusion

The VST displayed excellent performance in the
detection of MCI in a sample of older adults with
SMC. The MoCA displayed average classification
performance and the MMSE displayed poor clas-
sification performance in the same sample. The
self-administered format and excellent classification
performance of the VST can enable older adults to
self-screen for cognitive decline. Further studies are
needed in order to assess the integration of the VST
in healthcare systems and practices and its impact
in promoting timely detection of cognitive disorders
and appropriate follow-up.
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