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Abstract.

Background: Virtual reality (VR) technology has become increasingly used for assessment and intervention in the neuro-
science field.

Objective: We aimed to investigate the effects of a VR Training System, named VRADA (VR Exercise App for Dementia
and Alzheimer’s Patients), on the cognitive functioning of older people with mild cognitive impairment (MCI).
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Methods: In this intervention study, 122 older adults with MCI were randomly assigned to five groups (the VRADA group
(n=28), abike group (n=11), a physical exercise group (n =24), a mixed group (physical and cognitive exercise) (n=31), and
anon-contact control group (n=28). The VRADA group underwent 32 physical and cognitive training sessions, performed 2
or 3 times weekly for 12 weeks in the VR environment. All participants had detailed neuropsychological assessments before
and after intervention.

Results: A series of linear regression models revealed that the VRADA group showed improvement or no deterioration
in cognitive decline in global cognitive function (MMSE), verbal memory (Rey Auditory Verbal Learning Test and WAIS
forward test), and executive functions, mental flexibility (Trail Making Test B).

Conclusions: This interventionstudy indicates that the VRADA system improves the cognitive function of elders with MCI.

Keywords: Alzheimer’s disease, mild cognitive impairment, multi-component intervention, physical-cognitive training,

virtual reality

INTRODUCTION

Individuals with mild cognitive impairment (MCI),
which is a prodromal phase of dementia, are expe-
riencing cognitive impairments (in the domains
of memory, attention, orientation, and executive
functions) but relatively fewer difficulties in daily
functioning [1-4]. The risk of a person with MCI
developing dementia is ten times higher than that of
a person of the same age [5]. The risk of developing
dementia increases with age and ranges from 8% for
those with MCI between 55- to 59-year-olds, 9.5%
between 60- to 69-year-olds, 14.6% between 70- to
79-year-olds, and 23.6% for those 80 and older [6,
7]. Living with cognitive impairment may adversely
affect one’s quality of life and physical and mental
health [8, 9]. More specifically, individuals with MCI
exhibit higher levels of depression and anxiety that
can accelerate the progression of dementia [8—10].
Nevertheless, not all individuals with MCI develop
dementia. Instead, some remain at the same cogni-
tive level or even improve [11, 12], which suggests
that the incidence of dementia may be attenuated by
delaying the progression of MCI. Thus, early and
effective intervention is essential to delay or prevent
further deterioration [13]. In other words, the progres-
sive development of dementia and its adverse effects
cannot be cured given the absence of effective phar-
macological treatment [13, 14] non-pharmacological
interventions are needed.

Physical activity is described as “any movement
by skeletal muscles that leads to energy expen-
diture” to improve or maintain physical function
[15]. Physical exercise (PE) is a common strategy
for both prevention of risk for cognitive decline
[16] and intervention [17]. It has recently been
shown that PE and a high number of steps per

day (over 10,000 steps), in particular, may be opti-
mally associated with a lower risk of dementia [18].
Moreover, studies of PE intervention—that include
aerobic exercise, resistance training, strength train-
ing, or postural balance—have shown improvements
in cognitive abilities, like global cognition, logical
memory, inhibitory control, attention, and executive
functions, like Symbol Digit tests, Verbal Fluency,
and Stroop [17, 19-23]—motor abilities, quality
of life and reductions in psychological symptoms,
like depression and anxiety in older adults with
MCI [24]. In addition, a cognitive intervention is
either cognitive stimulation (containing a group of
activities with the view to increase cognitive and
social functioning), cognitive rehabilitation (indi-
vidual intervention designed to address cognitive
and behavioral deficits), or cognitive training (which
includes tasks that aim to provide a set of standardized
tasks) [14, 25].

A growing body of evidence has found that
comprehensive, combined, and multi-component
non-pharmacological intervention, including cog-
nitive, social, and physical activities, positively
impacted elders with MCI [13, 26-28]. More specifi-
cally, this intervention has improved global cognitive
function and sustained physical activity in older
adults with MCI [13, 24, 26-28], considering both
cognitive plasticity and learning abilities may be
unaffected [29].

Recently, information and communications tech-
nologies, especially virtual reality (VR), have become
increasingly used for assessment and intervention in
the neuroscience field [30]. VR technology offers
a pleasant, easy, and interactive environment and
allows the patient to be trained physically and cog-
nitively in conditions unsuitable by conventional
programs [4, 31]. VR-based therapeutic intervention
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programs have been tested and found to be promising
and potentially highly effective tools for managing
patients (for a review, see Kim and colleagues [32]
and Zhu and colleagues [33]).

Hassandra and colleagues asked 27 older individ-
uals with MCI and 30 healthy university students to
perform a dual-task training protocol that combined
physical and cognitive exercises in two different
training conditions (i.e., a cycling task in a lab envi-
ronment while performing oral math calculations,
single-digit additions and subtractions, and a cycling
task in the VR environment while performing calcu-
lations that appeared within the VR app). Participants
were interviewed after testing in both conditions and
expressed a significant preference for the VR con-
dition. They found the program a good, easy-to-use,
and tolerable system [34]. Several studies have also
incorporated VR to formulate multi-component inter-
vention programs for individuals with MCI, with
promising results in well-being, physical fitness, and
cognition [35, 36]. Talassi et al. [37] conducted
a computerized intervention in 54 individuals with
MCI and mild dementia. They reported improve-
ments in cognitive and affective status (including
the Mini-Mental State Examination (MMSE) [38],
forward and backward digit span, phonemic and
semantic verbal fluency, episodic memory from the
Rivermead Behavioral Memory Test [39], and the
Geriatric Depression Scale [40]).

Similarly, Barnes and colleagues [41], when per-
forming a pilot randomized, controlled trial of
intensive, computer-based cognitive training in 47
patients with MCI using a comprehensive test bat-
tery that assessed various cognitive domains (e.g.,
attention, language, memory, spatial and executive
functions) found that intensive, computer-based men-
tal activity was more beneficial than more passive
computer activities (reading, listening, visuospatial
game) which the control group performed. In addi-
tion, Hwang and Lee [42] used a VR training
four-week program in 24 individuals with MCI to
examine possible changes in memory and balance
using various measures (the Visual Span Test, the
Word Color Test, and the Limit of Stability test).
They found that the experimental group exhibited
statistically significant differences in all test cate-
gories compared to the control group, which was
subject to traditional occupational therapy. Simi-
larly, Mrakic-Sposta et al. [4] assessed the impact
of a VR-based program combining aerobic exer-
cise (i.e., riding a bike in a park and avoiding cars
while crossing a road) and cognitive training in 10

patients with MCI. They found improved cognitive
abilities (i.e., visual-constructive, visuospatial atten-
tion, memory functions, and verbal fluency). Liao
and colleagues [43] assessed the effects of VR-
based physical and cognitive training on executive
function (Stroop Color and Word Test and Trail Mak-
ing Test (TMT)) and dual-task gait performance in
older adults with MCI. In addition, they compared
VR-based physical and cognitive training with tra-
ditional combined physical and cognitive training
in 34 elders with MCI. They reported significant
improvements in dual-task gait performance for indi-
viduals with MCI trained in the VR environment,
which may be related to improvements in executive
function [43]. In a pilot, randomized clinical trial,
Doniger and colleagues [44] also tested the ability
of a VR motor-cognitive training to improve cogni-
tive abilities and cerebral blood flow in middle-aged
(40- to 65-year-old) individuals at high Alzheimer’s
disease (AD) risk. They included four groups (the
experimental VR group with cognitive and physi-
cal exercise, a control group trained only cognitively
in the VR- environment, an active control group
with conventional cognitive and physical exercise,
and a control group in which participants engaged
in their usual everyday activities). They found that
cognitive training improved the cognitive function
of patients at risk of AD. Park and colleagues also
reported significant improvement in the cognitive
and motor function of 40 elders with MCI after a
virtual reality-based cognitive—motor rehabilitation
intervention program [45]. More specifically, they
compared two intervention programs, a VR-based
program and a conventional cognitive program, a six-
week intervention. They assessed their participants
using the Montreal Cognitive Assessment (MoCA)
scale, the TMT-A and B, and the Digit Span Test
forward and backward. After the intervention, the
VR group showed significantly more improvement
in the MoCA, TMT, and Digit Span Test forward and
backward compared to the non-contact control group.

In summary, several studies have tested, to date,
the possible beneficial effects of VR technology to
improve the physical and cognitive functioning of
patients with MCI or dementia [32, 33]. However,
research that includes combined physical and cog-
nitive training in individuals with MCI still needs
to be completed, given the limited number of stud-
ies including combined intervention [33] and the
limited number of studies that tested the effects of
VR intervention [34]. In addition, the heterogeneity
across intervention characteristics, such as the type,
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intensity, frequency, and duration of exercise, leads
to difficulty in drawing conclusions and formulat-
ing guidelines [32, 33]. Therefore, our knowledge of
the effectiveness of cognitive and physical VR-based
training in those patients still needs to be improved.

MATERIALS AND METHODS
Study design and objectives

This intervention study assesses a Virtual Real-
ity Training System, VRADA (VR Exercise App for
Dementia and Alzheimer’s Patients), in older people
with MCI. The study spanned over three months (a
12-week program) to evaluate the efficacy of VRADA
intervention in reducing cognitive decline and/or even
improving general cognitive function and specific
cognitive abilities, such as memory and executive
functions. We hypothesized that at the end of the
intervention:

Hypothesis 1: Individuals with MCI, trained via
VRADA, will perform better in neuropsycholog-
ical tests that tap general cognitive function and
specific cognitive abilities like memory and exec-
utive function compared to the other groups.

Hypothesis 2: Individuals with MCI will perform
significantly better in functional abilities, depres-
sive symptoms, and anxiety than the other groups.

To implement the intervention and evaluate the
effect of physical exercise within the virtual environ-
ment, five different groups participated (a) patients
with MCI who comprised the VRADA group, (b)
patients with MCI who comprised the bike group,
(c) patients with MCI who comprised the PE group,
(d) patients with MCI who comprised the physical
and cognitive exercise group (i.e., the mixed group),
and (e) patients with MCI who were the non-contact
control group (i.e., patients who did not participate
in any intervention program and were passive). Par-
ticipants were allocated to one of these five groups
independently of each other.

All the study participants gave written informed
consent following the Declaration of Helsinki. Addi-
tionally, the study was approved by the Scientific
and Ethics Committee of Alzheimer Hellas. The
effects of training were verified through pre and
post-intervention evaluations. More specifically, the
evaluation took place two weeks before the beginning
of the intervention and at the end of the experimental

12 weeks. Neuropsychological evaluation was car-
ried out at these points in the experimental and the
rest of the groups.

Farticipants

One hundred twenty-two patients with MCI were
included (23 males and 99 females). Their ages
ranged from 43 to 88 years (Mge =70.66, SD = 8.58),
and most participants were retired (92.2%). The total
study sample consisted of the visitors of the Greek
Association of Alzheimer’s Disease and Related Dis-
orders’ Day Care Centre “Saint Helen” (Alzheimer
Hellas, DCCSH) in Thessaloniki, from 2020 to 2021.

Their MCI diagnosis was the result of a multidisci-
plinary evaluation by specialized health professionals
who are considered to be experts in the field of
neurocognitive disorders and through a complete neu-
rological, neuropsychological, and neuropsychiatric
assessment, neuroimaging, and blood tests accord-
ing to the criteria for the of Minor Neurocognitive
Disorders of the Diagnostic and Statistical Manual
of Mental Disorders (DSM-5) [46] Participants were
eligible if they met the criteria for MCI as defined
by Petersen [47]. More specifically, inclusion crite-
ria were: (a) a total score of 26 in the MMSE; (b)
0.5 on the global Clinical Dementia Rating scale
[48] (stage 3 of the disease); (c) 1.5 standard devi-
ations (SD) below the normal mean depending on
education and age, in at least one cognitive area
following the neuropsychological testing that was
administered along with a neurological assessment
[48]. The exclusion criteria included: (a) participants
with other neurological disorders; (b) severe behav-
ioral or neuropsychiatric symptoms (e.g., irritability
or/and aggressiveness, apathy); (c) severe depression
and/or anxiety; (d) severe mental illness; (e) epilepsy,
stroke or hydrocephalus; (f) sensory deficits (such
as uncontrolled hearing or visual issues); (g) severe
hypertension or terminal illness and finally (h) par-
ticipation in other intervention programs. Figure 1
describes the participants’ flow chart.

Procedure

Initially, 150 patients with MCI were screened for
eligibility and underwent a neuropsychological eval-
uation. Of the initial 150 patients, 28 did not meet the
eligibility criteria and were excluded from the study.
Participant randomization was conducted following
a simple random sampling scheme. Therefore, the
remaining 122 patients (23 males and 99 females)
were randomly selected by a statistician who was
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Fig. 1. Flow of the participants.
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Fig. 2. Diagram for the Cognitive Assessment.

not involved in the execution and analysis of the
study using SPSS software, version 25. Each eligible
patient was assigned a unique identifier and was allo-
cated through the SPSS algorithm to the respective
training groups. Due to the simple random selection
process, the group sizes were uneven (Fig. 2). Alloca-
tion was concealed from all investigators except for
the statistician. The study staff was not blinded. The
sample study, which consisted of these 122 patients
with MCI, was based on the convenience and avail-
ability of eligible patients who were visitors of the
Day Care Centre “Saint Helen” (Alzheimer Hellas,
DCCSH) and consented to participate. We aimed to
include the largest possible number of participants
within the resources and time available for the study.

Furthermore, before the beginning of the inter-
vention, the 122 participants underwent blood sugar,
lactic acid, weight, and height measurements. In addi-
tion, blood was drawn from a specific number of
participants from each group to determine the effect
of exercise on specific biomarkers associated with
cognitive decline. Of the total number of partici-
pants, 95 patients also agreed to donate blood before
and after the end of the study (3-month follow-up).
Furthermore, all participants were asked to com-
plete a series of questionnaires concerning their
health status, psychological state, fear of falling,
physical activity, attitude and intention to exercise,
enjoyment, and, for the VRADA group, the func-
tionality and friendliness of the system. Finally,
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the neuropsychological assessment included a series
of psychometric tests that were administered at
the beginning of the intervention and three months
afterward (pre- and post-intervention) by trained,
experienced psychologists of the Day Care Centre
“Saint Helen” (Alzheimer Hellas, DCCSH).

Design and development of the VRADA training
system

A multidisciplinary team of experts, such as
dementia experts, computer scientists, engineers,
and healthcare professionals, provided expertise to
encourage patients with dementia to improve their
physical and cognitive skills [34]. Therefore, the
VRADA system was developed based on a person-
centered design, a systematic approach to developing
usable products, systems, or services focusing explic-
itly on the target user [34]. It is known that individuals
with MCI are characterized by apathy, low motiva-
tion, and low interest in daily activities, increasing the
risk of disease progression [49]. To overcome this low
motivation for exercise by patients with MCI, a series
of motivational techniques originated from the self-
determination theory was integrated into the VRADA
system [34]. These techniques involved: (a) Goal set-
ting, giving the participant a choice of the duration
of the exercise at the beginning of each session; (b)
Feedback on performance: after each session, the par-
ticipant received informative feedback with regards
to their exercise, such as duration, total cycling dis-
tance and the total number of correct answers on the
cognitive exercises included in the session; (c) Task
crafting: the ability to choose music to listen during
the exercise; (d) self-monitoring of behavior: screen
indicator of time, speed and distance [34]. There-
fore, the VRADA system was developed to motivate
and encourage MCI patients to exercise physically
and cognitively via a user-friendly, effective, and safe
system [34].

After the development of the VRADA prototype,
Hassandra and colleagues conducted two feasibility
studies to evaluate the accessibility, usability, and tol-
erability of the initial application in both University
students (n=37) (named VRla) and patients with
MCI (n=20) (named VR2b) [34]. Both studies, VR2a
and VR2b, showed that the scales included had high
internal consistency (Cronbach’s alpha between 0.79
and 0.89), except for the System Usability Scale,
which had slightly lower yet acceptable internal con-
sistency (Cronbach’s alpha=0.067 for VR2a and
0.068 VR2b, respectively) [34].

Fig. 3. The Oculus Go Head-Mounted display.

Equipment and training system

The hardware devices composing the training sys-
tem were a cycle-ergometer (stationary seated bike
type; Toorx, ChronoLine, BRX R 300), a VR head-
mounted display (the Oculus Go headset) with a
single 3DOF controller (see Fig. 1) [34]. In addition,
the VRADA application was based on the ORamaVR
MAGES platform [50, 51]. An enjoyable virtual envi-
ronment (VR) was developed to emulate the exercise
in a forest. At the beginning of each session, each user
was required to choose the duration of their virtual
exercise, i.e., cycling. For this purpose, we adapted a
ray cast from the VR controller that allowed each user
to choose a response simply by pointing and pressing
the ray at the button on the controller (Fig. 2) [34].
The forest is dynamically generated as the partici-
pant cycles along the forest path. In parallel, animals
appear in the forest during the exercise, and the user
must remember the memory game at the end of the
session [34]. Finally, users were trained to perform
math calculations that appeared within the VR app
(single-digit additions and subtractions) [34]. At the
end of the session, each participant’s performance
data were shown on the bike display, i.e., the number
of correct or/and wrong answers, along with a visual
and verbal reward (see Fig. 3) [34].

Therefore, the VRADA system, in an integrated
manner, allows participants with MCI to complete
cognitive tasks while cycling.

Training protocols

The VRADA and the bike group had to complete
32 physical and cognitive training sessions performed
2 or 3 times a week for 12 weeks. The VR-based inter-
vention session carried out in a quiet room of the Day
Care Centre “Saint Helen” was the same for each par-
ticipant and lasted 20 min during the first five sessions
and at a specific speed (20 km/h) with a progressive
increase in time up to 30 min and speed up to 30 km/h
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Fig. 4. Selection by the user of the duration of the training session.

Xpévog Taybtnta

Amnooraon MNahpog

Fig. 5. User selects the correct answer.

(mild to moderate intensity). During each session,
participants were instructed to complete (a) 20 sim-
ple numerical calculations (single-digit additions and
subtractions) while cycling and (b) a memory game
(how many animals appeared in the forest) (see Fig. 4)
[34]. To answer, patients used a remote control [34].

The bike group also had 32 sessions over 12 weeks,
performed 2-3 times per week for 20-30 min each.
While cycling at a mild to moderate intensity (start-
ing at 20km per hour for the first five sessions and

1481

Fig. 6. Closing scene after each session.

Fig. 7. The forest where the animals appeared.

up to 30 km per hour for the remaining ones), partici-
pants were asked by the experimenter to complete 20
simple numerical calculations (single-digit additions
and subtractions).

The PE group had 32 sessions over 12 weeks,
performed 2 to 3 times per week for 45 min each. Par-
ticipants engaged in simple and complex exercises,
following simple, rhythmic, verbal instructions. The
routines included exercises for the head and neck,
exercises for the shoulders, and a double workout for
the hands and hips.

The Mixed group underwent 32 sessions of simple
and complex physical exercise routines while seated
over 12 weeks, held 2-3 times weekly for 45 min
each. The routines included: (a) turning the head and
neck while counting time and repetitions; (b) shoul-
der exercises (shrug both shoulders x 10 (counting
each repetition either using digits or the alphabet let-
ters); (c) hands and hips (dual-task) (raise the right
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Table 1
Training protocol and intervention details per group

Group Duration Frequency Intervention details
VRADA 12 weeks, 32 sessions, 2-3 times per week VR combined intervention: physical and cognitive exercises.
20-30 min Physical exercise (cycling): 20 min during the first 5 sessions
(20km/h) with a progressive increase in time up to 30 min and
speed up to 30 km/h (mild to moderate intensity).
Cognitive exercises while cycling: 20 simple numerical calculations
(single-digit additions and subtractions); memory game
(participants asked to remember the number of animals that
appeared in the forest), max. Number of animals 5).
Bike 12 weeks, 32 sessions, 2-3 times per week Physical exercise (cycling): 20 min. During the first 5 sessions
20-30 min (20km/h), with a progressive increase in time up to 30 min and

Physical exercise 12 weeks, 32 sessions, 2-3 times per week

45 min

Mixed 12 weeks, 32 sessions, 2-3 times per week

45 min

Non-contact control

speed up to 30 km/h (mild to moderate intensity).

Cognitive exercise: 20 simple numerical calculations (single-digit
additions and subtractions), asked orally by the researcher.

Physical simple and complex exercise routines at a seated position,
participants followed simple, verbal, rhythmic instructions:
(a) head and neck exercises, (b) shoulder exercises, and (c) a
dual-task, hands, and hips exercise

Physical simple and complex exercise routines at a seated position,
participants followed simple, rhythmic, verbal instructions:
(a) turning the head and the neck while counting time and
repetitions; (b) shoulders (shrug both shoulders x 10 (counting
each repetition either using digits or the alphabet letters);
(c) Hands and Hips (dual-task): Raise right foot slightly while
making a fist, lower the foot and relax the hand, raise the left foot
and stretch hands, lower the foot and relax hand x 10 (counting
each repetition either using digits or the alphabet letters)

No intervention

foot slightly while making a fist, lower the foot and
relax the hand, raise the left foot and stretch hands,
lower the foot and relax hand x 10 (counting each
repetition either using digits or the alphabet letters) a
dual-task, hands, and hips exercise with counting).

Finally, the non-contact control group did not
attend any intervention, and it was passive.

At the end of the session, the same assessments
were administered to the participants to determine
the effect of physical and cognitive exercise on
the participants’ cognitive and physical abilities and
specifically which groups differed from their initial
condition and which type of intervention played the
most crucial role (see Table 1 for details on the inter-
ventions for each group).

Assessments

To test the effectiveness of the VRADA interven-
tion, the MMSE [38, 52] as a measure of general
cognitive function, the TMT-B [53-55] as a mea-
sure of executive functions, the Rey auditory verbal
learning test (RAVLT) [56-59], and the Digit Span
Forward test [60, 61], as measures of memory, were
performed.

These tests are presented in detail below.

Mini-Mental State Examination. The MMSE com-
prises ten sub-items that measure varied brain
domains: orientation to time, orientation to place,
registration of three words, attention and calcula-
tion, recall of three words, language, and visual
construction [38, 52]. The maximum score indicates
good cognitive functioning, 30 points, while the low-
est score is 0, indicating severe cognitive deficits.
The threshold for the diagnosis of dementia in the
Greek population is 23/24 [52]. The Greek version
of the MMSE has been proved to be valid during
test and retest with a Spearman’s coefficient p =0.98
(»<0.001) [53]. At the score level of 23/24, sensi-
tivity was proved to be 90.80, specificity 90.62, and
positive predictive value of 92.94 [52].

Trail Making Test-B. The TMT-B [53-55] exam-
ines mental flexibility, executive control, perception
speed, concentration, working memory, mental track-
ing, and attention alternation. It involves five
conditions: visual scanning, number sequence, letter
sequence, number-letter alternation, and movement
speed. The task requires participants to draw lines
to connect, 25 numbered (1-13) and letters (A-M)
(i.e., 1-A-2-B-3-C and so on) arranged in circles
and randomly distributed on a paper surface from
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1 to 25 (i.e., 1-2-3-4). The score represents the time
required to complete the test (time in seconds) and the
accuracy (number of errors); therefore, higher scores
indicate worse performance. The average score is 75,
and a deficient score is over 273 s. If the participant
cannot complete the test in 5 min, the test is discon-
tinued [55]. The test was administered and adapted
in Greek-speaking elders with and without dementia
and helps identify healthy individuals from patients
with dementia [54].

Rey auditory verbal learning test. The RAVLT test
[56-59] is designed to evaluate the verbal memory
request of the subject in recalling 15 unrelated words
over five trials, followed by a second list to serve
as interference and subsequent short- and long-delay
recall of the original list. Three scores were com-
puted: the immediate recall score (maximum: 15),
the total score for three recalls (maximum: 45), and
the delayed recall score (maximum: 15). The Greek
version of the RAVLT was recently adapted to an
elderly Greek population with MCI, AD, and without
dementia (from 60 to 89 years old) and discriminative
and validity data were established [60]. In the group
of participants with and without MCI and between
60 and 69 years old, sensitivity for the total score
(cutoff score: 40.5/45) was 84.2%, and specificity
was 61.1%. The respective scores for the group of
the same participants from 70 to 79 years old (cutoff
score: 35.5/45) were 81.9% and 39.3% [58]. Finally,
for the age group of 80 to 89 (cutoff score: 27.5/45),
sensitivity was 77.6%, and specificity was 45.6%
[58].

Digit Span Forward test. The Digit Span Forward
test, a subtest of the Wechsler Memory Scale [60,
61], was administered to assess short-term mem-
ory. Strings of numbers were read to participants,
who had to repeat the digits in the same order they
were presented. The number of correctly repeated
rows was recorded. The maximum possible score is
16. As mentioned, the Wechsler Adult Intelligence
Scale (WAIS) is standardized in the Greek population
above 16, showing very high validity and reliabil-
ity. The reliability of repeated measures (Pearson’s
correlation coefficient r between the first and second
administration scores) ranged between 0.87 and 0.94,
and internal consistency (Cronbach’s alpha from 0.90
to 0.97) [61].

Statistical analysis

Statistical analysis was performed using the Sta-
tistical Package for the Social Sciences version 26

Table 2
Demographic and anthropometric characteristics by group in experimental and control groups

Bike group PE group Mixed group Non-contact control group

VRADA group

28)

N

M (SD)
74.36 (7.04)
74.31 (25.73)
158.29 (8.46)

(N=31)
M (SD)

70.39 (7.36)

73.29 (13.46)

24)

N
M (SD)
70.96 (7.95)
80.77 (25.73)

(N=11)
M (SD)

73.00 (8.54)

72.83 (13.62)

(N=28)
M (SD)
66.07(10.04)

P

Range

Range
62-85
49-118

Range
43-82
57-177

149-172

Range
58-87
53-97

146-180

Range
49-87
51-114

149-180

43-88 0.006
43-88 0.629

145-173 0.254

Age (y)

73.08(15.14)

Weight (kg)

0.009

24/4
95.8% retired

130-178

29/2

96.8% retired
3.2% employed
3.7% unemployed

160.5 (6.55)
19.4% (primary school)

20/4

161.4 (9.54)
95.8% retired

5/6

164.7 (10.27)
100% retired

2177

74.1% retired
22.2% employed
3.7% unemployed

162.5 (7.65)
17.9% (Primary school)

Height (cm)
Gender (F/M)
Occupation (%)

0.030

4.2% employed

0.034

25.9% (primary school)

16.7% (primary school)

30% (primary school)

Educational level
(y) (%)

10% (Junior high school) 20.8% (Junior high school) 45.2% (high school) 40.7% (high school)

35.7% (high school)

33.3% (high school) 35.5% (University) 33.3% (University)
29.2% (University)

10% (high school)

46.4% (University)

50% (University)

M, mean; SD, standard deviation; p, statistical significance; PE, physical exercise.
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(IBM Corp. Armonk, NY). First, after the data were
checked for homogeneity of variance and normality
of distribution, demographic variables were com-
pared across groups using one-way ANOVA for
continuous (i.e., age, body weight, and height) and
Chi-Square test for categorical variables (i.e., gen-
der and educational level), respectively. Second, a
series of Generalized Linear Models, specifically
linear regressions, were conducted for differences
in performance between groups while controlling
for covariates (age, educational level, and baseline
score). The significance level was set at p < 0.05.

RESULTS
Demographic characteristics

The demographic characteristics of the study
sample are presented in Table 2. The five groups
had a statistically significant difference in age,
F(4,117)=3.852, p=0.006, gender x*(4, 122)=
13.425, p=0.009, with female participants outnum-
bering male participants. Furthermore, there were
differences in educational level between groups
X2(12,120) =22.291, p=0.034. Howeyver, there were
no statistically significant differences in body
weight between groups, F(4,106) =0.649, p =0.629,
and height between participants F(4,107)=1.356,
p=0.254) (see Table 2 for demographic character-
istics of participants by group).

Group differences

To test scores between the VRADA group and
the comparison groups in the neuropsychological
tests Pre- and Post-intervention, first, we computed
the mean scores of the difference between pre- to
post-intervention in each neuropsychological test
(see Table 3 for the means and standard devia-
tion in neuropsychological measures in pre- and
post- assessment), and afterward, we conducted a
series of linear regression models. Regression models
revealed statistically significant differences between
the VRADA group and the other groups in several
domains, including (a) general cognitive function as
measured by the MMSE test; (b) memory as assessed
by the RAVLT and the WAIS (digits forward) test;
and, (c) executive functions and mental flexibility
specifically, as measured by the TMT-B test.

In more detail, as shown in Table 4, there was a
statistically significant difference in the performance
in the MMSE test of the bike group compared to

Table 3
Means and Standard Deviations on Neuropsychological tests (in the difference between pre- to post-intervention)

VRADA group
(N

28)

(N

Non-contact control group

(N=31)

Mixed group

PE group
(N=24)

Bike group
=11)

(N

=28)

Range
-1.00-1.00

M (SD)
~0.041 (0.35)
0.518 (4.45)
~0.041 (0.35)
-20.18 (72.54)

Range
-1.00-1.00
—-11.0-6.00

-1.00-1.00
-161-268

M (SD)
0.040 (0.53)

Range
-1.0-1.00
-17.0-33.0
—1.00-1.00

M (SD)
0.00 (0.43)
0.36 (9.01)
0.00 (0.43)

0.619 (73.14)

Range
0.00—4.00
-3.0-42.00

M (SD)

0.363 (1.20)

Range
-1.00-0.00

-11.0-26.0
-1.00-0.00
-30.0-194.0

M (SD)
—0.210 (0.41)

MMSE (diff)

-9.0-16.0
-1.00-1.00

-1.28 (4.14)
0.040 (0.53)
21.79 (76.54)

9.54 (15.60)
0.363 (1.20)
26.54 (61.82)

0.038 (6.59)
~0.210 (0.41)
16.81 (47.31)

RAVLT-1V (diff)

0.0-4.00
-25-194.0

WAISforward (diff)

TMT-B

-241-88

-122-177

M, mean; SD, standard deviation; MMSE, Mini-Mental State Examination; RAVLT-1V, Rey auditory verbal learning test; TMT-B, Trail Making Test B; WAISforward, WAIS Digit Span Forward

test; PE, physical exercise.
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Table 4

Results from the general linear model for the difference in the performance between the VRADA and the control groups in the MMSE test
in relation to age, educational level, and MMSE pre-score

Parameter b SE Wald x2 df P

Intercept 0.642 0.949 0.457 1 0.499
Non-contact control group 0.178 0.190 0.876 1 0.349
Mixed group 0.282 0.178 2.502 1 0.114
PE group 0.199 0.187 1.118 1 0.290
Bike group 0.628 0.229 7.455 1 0.006
VRADA group (reference group) - - - - -

Age 0.000 0.071 0.000 1 0.997
Educational level 0.016 0.015 1.122 1 0.289
MMSE pre -0.038 0.292 1.714 1 0.190

The table shows the regression coefficients (b), standard errors (SE), Wald x2 test with appropriate degrees of
freedom (df) and statistical significance (p). MMSE, Mini-Mental State Examination; PE, physical exercise.

Table 5

Results from the general linear model for the difference in the performance between the VRADA group and the other groups in the RAVLT-IV
test in relation to age, educational level, and RAVLT-1V pre

Parameter b SE Wald x? df p

Intercept -20.21 4.343 21.671 1 <0.001
Non-contact control group -1.398 1.419 0.970 1 0.325
Mixed group -3.075 1.370 5.039 1 0.025
PE group -2.783 1.438 3.741 1 0.053
Bike group 5.023 1.860 7.290 1 0.007
VRADA group (reference group) - - - - -

Age 0.167 0.574 8.502 1 0.004
Educational level 0.061 0.120 0.254 1 0.614
RAVLT-1V pre 0.929 0.073 157.8 1 <0.001

The table shows the regression coefficients (b), standard errors (SE), Wald x> test with appropriate degrees of
freedom (df) and statistical significance (p). RAVLT, Rey auditory verbal learning test; PE, physical exercise.

the VRADA group after controlling for age, edu-
cational level, and MMSE pre-intervention score.
More specifically, the VRADA group significantly
improved its global cognitive function compared
to the bike group. Specifically, the bike group
(M=0.363, SD=1.20) (p=0.006, np2=().072) did
not improve their performance after the interven-
tion, as their performance before the intervention
exceeded their post-intervention. In contrast, the
VRADA group improved their performance post-
intervention (M =-0.210, SD=0.41) (see Table 4).
Subsequently, in the memory area, as assessed by
the RAVLT, the linear regression analysis showed
a statistically significant difference in the perfor-
mance of the bike group as compared to the
VRADA group after controlling for age and edu-
cational level. More specifically, the bike group
(M=9.54, SD=15.60) (p=0.007, 77p2=0~142) did
not improve its performance after the intervention
(as the performance before the intervention exceeded
its performance after the intervention, while the
VRADA group seemed to maintain its performance

at almost the same level after the intervention)
(M=0.038, SD=6.59) (Table 5).

Concerning the WAIS forward test, the regres-
sion coefficients showed a statistically significant
difference in the performance of the bike group as
compared to the VRADA group. More specifically,
the bike group exhibited, on average, higher perfor-
mance before the intervention (M =3.09, SD =10.25)
(»=0.003, np2 =0.091) as compared to the VRADA
group, whose performance improved after the inter-
vention (M =-0.210, SD =0.41) after controlling for
age and educational level (see Table 6).

Regarding executive functions and mental flex-
ibility, in particular, as assessed with TMT-B, the
regression coefficients showed a statistically signifi-
cant difference in the performance of the non-contact
control group and the VRADA group after control-
ling for age and educational level. More specifically,
the VRADA group (M=16.81, SD=47.31) seems
to maintain almost the same performance in
mental flexibility as compared to the non-contact
control group, in which a statistically significant
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Table 6

Results from the general linear model for the difference in the performance between the VRADA group and the other groups in the
WAISforward test in relation to age, educational level, and WAISforward pre-score

Parameter b SE Wald x2 df P

Intercept —5.648 3.401 2.756 1 0.097
Non-contact control group 0.174 1.097 0.300 1 0.584
Mixed group 0.257 1.025 0.114 1 0.736
PE group 0.224 1.067 0.013 1 0.909
Bike group 3.616 1.331 8.754 1 0.003
VRADA group (reference group) - - - - -

Age 0.000 0.039 0.000 1 1.000
Educational level —-0.045 0.083 0.288 0.002
WAISforward pre 1.143 0.373 9.359 1 0.591

The table shows the regression coefficients (b), standard errors (SE), Wald x2 test with appropriate degrees of
freedom (df) and statistical significance (p). WAISforward, WAIS Digit Span Forward test; PE, physical exercise.

Table 7

Results from the general linear model for the difference in performance of the VRADA group from the other groups in TMT-B, in relation
to age, educational level, and TMT-B pre

Parameter b SE Wald x? daf P
Intercept -63.31 51.90 1.448 1 0.222
Non-contact control group —41.24 17.15 5.780 1 0.016
Mixed group -3.96 15.97 0.061 1 0.804
PE group -10.69 17.02 0.395 1 0.530
Bike group 12.26 21.33 0.331 1 0.565
VRADA group (reference group) - - - - -
Age —-0.107 0.716 0.022 1 0.881
Educational level 0.281 1.465 0.037 1 0.848
TMT-B pre 0.564 0.087 41.85 1 <0.001

The table shows the regression coefficients (b), standard errors (SE), Wald x2 test with appropriate degrees of
freedom (df), and statistical significance (p). PE, physical exercise; TMT-B, Trail Making Test.

improvement is shown after the intervention (M=
—20.18,SD=72.54) (p =0.016, np2=0.066) (Table 7).

Summary

Overall, the results supported our hypothesis that
MCI patients of the VRADA group had statistically
significant improvements in several cognitive mea-
sures after the intervention compared to those of the
groups. More specifically, the VRADA group showed
significant improvements in general cognitive func-
tion, as measured by the MMSE test, in contrast to the
bike group, which did not demonstrate such improve-
ment. In addition, the VRADA group performed
significantly better in the RAVLT, which assessed
memory. In contrast, the bike group did not show a
similar performance. Finally, the VRADA group per-
formed significantly better in executive functions and
mental flexibility, as tested with the TMT-B. How-
ever, they did not perform as well as the non-contact
control group. Our results confirmed our hypothe-
ses that VRADA intervention may positively impact
cognitive abilities such as general cognitive skills,
memory, and executive functions of elders with MCI.

DISCUSSION

VR is increasingly becoming a technology that can
support individuals with dementia by providing fun,
interest, and real-time feedback [34, 35, 45, 62, 63].
People with MCI have been supported through VR-
based interventions and showed either improvement
or at least no deterioration. This study aimed to assess
the effects of a VR-based cognitive and physical train-
ing program, VRADA, on cognitive status in elders
with MCI and compare training via VR technology
to a more traditional form of intervention (i.e., both
physical and cognitive). Based on previous research,
we expected improvements in the cognitive status of
individuals with MCI trained in the VR environment.
Our results confirmed our hypothesis, indicating that
VR-based multi-component intervention improved
patients’ cognitive function with MCI more than
other intervention modalities. These findings are in
line with previous studies like Mrakic-Sposta et al.
[4], Barnes et al. [41], Hwang and Lee [42], Liao
and colleagues [43, 64], Doniger et al. [44], and
Park et al. [28, 45]. Furthermore, they report sig-
nificant improvements in cognitive abilities before
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and after VR-based intervention for individuals with
MCI. More specifically, our findings align with Park
and colleagues [45]. After implementing a VR-based
cognitive—motor rehabilitation intervention program
for six weeks in 40 individuals with MCI, they found
significant improvements in their executive func-
tions, global cognitive function (assessed via MoCA
scale), and memory (i.e., mental flexibility, executive
control, perception speed, concentration, working
memory, mental tracking, and attention alternation)
(assessed through the TMT-A and -B) and in their
short-term and working memory (assessed through
Digit Span Test forward and backward)—similarly,
our results line with Mrakic-Sposta and colleagues
[4]. After providing multidimensional physical and
cognitive VR intervention, they also found improve-
ments in the executive functions of patients with MCI
(verbal fluency, memory, and attention).

In addition, our results indicated that even though
in some cognitive abilities, like short-term mem-
ory (as measured through the RAVLT), the VRADA
group did not show improvement, their performance
remained unchanged before and after the intervention
compared to the bike group. One possible explanation
for this finding is that VR training (combined with
computerized cognitive training) may effectively
delay cognitive decline [31, 65]. Some improvements
were also noticed in the active-control groups (i.e.,
the PE and the mixed group) in the areas of language
skills (as measured with the writing subscale of the
BDAE test) or global functioning (MMSE), which
is excepted as it is well known that physical exercise
affects cognitive functions by raising the level of neu-
rotrophic factor that comes from the brain and blood
flow to the hippocampus, with beneficial metabolic
effects as a result [43—45]. However, training ina VR
environment is more beneficial as it also increases the
motivation for participation, which in turn activates
thinking via the activation of brain neurotransmitter
pathways like cholinergic and dopaminergic systems,
which have been shown to contribute to better con-
centration and memory in the older people [35, 45,
65].

Conclusions, limitations, and relevance

Limitations of this intervention study are linked
mainly to the COVID-19 pandemic era in that it
was conducted (i.e., with a reduced sample in some
groups). In addition, the gender distribution of the
study was skewed as there were more female patients
than male ones. Therefore, a replication of this study

with a larger sample, more evenly divided between
the genders, and long-term follow-ups are necessary
for estimating and evaluating rehabilitation efficacy.
Despite the limited number of participants—in some
groups—the strength of this study includes a mul-
timodal intervention approach, the comparison of
the VR-based combined intervention with different
types of physical and cognitive intervention (e.g.,
physical aerobic exercise but without the VR compo-
nent or physical exercise) to allow comparison of the
impact of each component. Future research should
include a more in-depth evaluation of the efficacy
of the VRADA system via a randomized controlled
trial with larger sample sizes, extended intervention
period, and the effectiveness of VR-based interven-
tions, like VRADA, in other measures like quality of
life or social skills.
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