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Abstract

Elderly individuals with mild cognitive impairment (MCI) constitute a high-
risk population for dementia; however, their brains retain plasticity. Training
interventions based on virtual reality (VR) technology can help delay the pro-
gression from MCI to dementia. VR training can improve overall cognitive
function in elderly individuals with MCI, particularly memory, attention, and
executive function, with intervention efficacy influenced by factors such as im-
mersion level, training format, and task content. VR training enhances neural
activity efficiency in the brains of elderly individuals with MCI, manifested as
changes in activation levels of relevant brain regions and improved inter-regional
connectivity. VR training is expected to become a complementary approach for
cognitive improvement in elderly individuals with MCI; future research should
clarify the dose-response relationship of VR interventions, investigate its long-
term effects, and deeply explore the underlying mechanisms through which VR
training improves cognitive function in elderly individuals with MCI.

Full Text

Effects of VR Training on Cognitive Function in Older
Adults with Mild Cognitive Impairment and Its Neural
Mechanisms

CHANG Siqin', HUANG Chen!, DAI Yuanfu!, JIANG Changhao?
(1School of Kinesiology and Health, Capital University of Physical Education
and Sports, Beijing 100191, China)

(®The Center of Neuroscience and Sports, Capital University of Physical Edu-
cation and Sports, Beijing 100191, China)

chinarxiv.org/items/chinaxiv-202408.00246 Machine Translation


https://chinarxiv.org/items/chinaxiv-202408.00246
https://chinarxiv.org/items/chinaxiv-202408.00246

ChinaRxiv [$X]

Abstract: Older adults with mild cognitive impairment (MCI) represent a
high-risk population for dementia; however, their brains retain considerable
plasticity. Virtual reality (VR)-based training interventions can help delay the
progression from MCI to dementia. VR training improves overall cognitive
function in elderly individuals with MCI, particularly in memory, attention,
and executive function, with intervention effects influenced by factors such as
immersion level, training modality, and task content. VR training enhances
neural activity efficiency in MCI patients, manifested through altered activation
levels in relevant brain regions and increased inter-regional connectivity. VR
training shows promise as a supplementary approach for cognitive improvement
in MCI patients. Future research should clarify the dose-response relationship of
VR interventions, examine long-term effects, and further explore the underlying
mechanisms through which VR training improves cognitive function in elderly
MCI patients.

Keywords: virtual reality, mild cognitive impairment, elderly, cognitive func-
tion, brain function

Mild cognitive impairment (MCI) refers to a condition in which the degree of
impairment in multiple cognitive domains—including memory, attention, and
executive function—exceeds what would be expected from normal aging alone,
yet does not meet diagnostic criteria for dementia or Alzheimer’s disease (Pe-
tersen, 2003; Winblad et al., 2004). Older adults with MCI constitute a high-risk
group for dementia, with incidence rates reaching 14.9% among MCI patients
over 65 years of age (Petersen et al., 2018), substantially higher than the 1-2%
incidence observed in the general population (Roberts et al., 2014). Neverthe-
less, research indicates that the brains of elderly MCI patients retain plasticity
and that the MCI state is partially reversible, providing a critical window for
dementia prevention (Belleville et al., 2011; Walsh et al., 2020).

Current interventions for cognitive function in MCI patients fall into three main
categories. The first addresses transient cognitive decline resulting from other
medical conditions or medication side effects by modifying external factors.
The second involves pharmacological interventions; however, existing drug ther-
apy research yields numerous contradictory results and adverse events (EE4,
2020). The third category comprises non-pharmacological interventions, which
currently receive the most attention and focus primarily on cognitive train-
ing and physical exercise. For older adults, limitations in physical mobility,
restricted activity ranges, and facility constraints can hinder participation in
certain exercises, while most cognitive tasks are monotonous and lack appeal,
resulting in low sustained engagement and consequently diminished intervention
efficacy.

Virtual reality (VR) technology, as an emerging approach, provides users with
multisensory, dynamic, and interactive virtual environments (Doniger et al.,
2018). Different VR devices can alter the sense of immersion in virtual worlds
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and the perception of the real world. Non-immersive virtual reality (NIVR) uti-
lizes computers or gaming systems controlled via mouse, keyboard, or gamepad,
offering the lowest level of virtual environment immersion (Salatino et al., 2023).
Semi-immersive virtual reality (SIVR) typically comprises screens, haptic feed-
back devices, and infrared cameras, allowing users to perceive the real world
while interacting with the virtual environment (Bamodu & Ye, 2013). Immer-
sive virtual reality (IVR) generally includes head-mounted displays and hand
controllers, achieving complete visual occlusion (Salatino et al., 2023). VR sys-
tems can record user task data and provide feedback as needed while integrating
with health monitoring, motion capture, and eye-tracking devices, making them
ideal platforms for cognitive and motor training programs (Kwan et al., 2021).
VR-based training interventions have been applied to enhance cognitive function
in elderly MCI patients.

VR training refers to interventions that involve completing a series of tasks in vir-
tual environments to improve individual cognitive function levels, encompassing
various content types such as daily living tasks, skill-learning tasks, function-
oriented tasks, and serious games. Based on whether large muscle group move-
ments are performed, these can be categorized as physical training, cognitive
training, or combined training integrating both elements. Diverse forms and
content can enhance rehabilitation motivation and promote active patient par-
ticipation (Jong-Hwan Park et al., 2020). VR training imposes minimal space
requirements, typically feasible in ordinary living spaces, thereby overcoming
barriers related to geographic distance, mobility limitations due to physical de-
cline, and economic burden. Since the user’s actual environment is controllable,
safety is higher compared to traditional interventions conducted in real-world
settings. Additionally, environments tailored to training content increase MCI
patients’ task engagement, thereby improving intervention completion rates and
sustainability.

Research on VR applications as a cognitive impairment treatment tool has
grown rapidly following the COVID-19 pandemic and associated mobility re-
strictions worldwide (Hu et al., 2021; Jahn et al., 2021). Studies demonstrate
that elderly MCI patients show significant improvements in overall cognitive
function, memory, attention, and executive function following VR training, ac-
companied by corresponding positive changes in brain function during both task
and resting states. However, the magnitude of benefit, long-term effects, and
underlying mechanisms of VR training for improving various cognitive functions
in elderly MCI patients remain unclear. As VR training shows promise as an
adjunctive treatment for MCI, summarizing research findings on VR technol-
ogy’s role in improving cognitive function in elderly MCI patients, clarifying
relevant influencing factors, and examining associated brain function changes
can facilitate further research and real-world application, ultimately enhancing
health outcomes for older adults.
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2.1 Overall Cognitive Function

Assessment of overall cognitive function in elderly MCI patients typically em-
ploys the Montreal Cognitive Assessment (MoCA) and the Mini-Mental State
Examination (MMSE). A systematic analysis of three studies by Tortora et
al. (2024) found VR training and traditional cognitive therapy to be equally
effective in improving overall cognitive function in elderly MCI patients. Other
studies suggest VR training may produce more pronounced effects than conven-
tional cognitive or physical training.

In Liao et al. (2020), MCI patients in the experimental group received 12 weeks
of immersive VR combined training. Physical training included aerobic and
resistance exercises along with function-oriented tasks such as window cleaning,
goldfish scooping, and obstacle navigation, while cognitive training utilized four
different types of VR games. The control group underwent equivalent physical
and cognitive training in real-world settings. Post-intervention, only the experi-
mental group demonstrated significant improvement in MoCA scores. Another
randomized controlled study assigned MCI patients in the experimental group
to non-immersive VR kayaking training, while the control group performed
home exercises including Williams flexion exercises, side leg raises, and prone leg
lifts. After six weeks, the experimental group showed significant improvement
in both MoCA and General Practitioner Assessment of Cognition (GPCOG)
scores, with significant between-group differences (Choi & Lee, 2019). Similar
results were observed in a study targeting patients with both physical frailty
and MCI: following eight weeks of immersive VR combined training, the experi-
mental group showed significant MoCA score improvement, whereas the control
group participating in real-world exercise and tablet-based cognitive training
showed no significant changes (Kwan et al., 2021).

However, some studies indicate that VR training does not significantly affect
overall cognitive function in elderly MCI patients. In these studies, experimental
groups undergoing four to eight weeks of immersive VR combined training or im-
mersive VR cognitive training with game elements showed only non-significant
slight improvements or no changes in MMSE scores (Mrakic-Sposta et al., 2018;
Thapa et al., 2020; Kang et al., 2021). These discrepancies may result from dif-
ferences in scale sensitivity. Research indicates that MoCA outperforms MMSE
in MCI screening, demonstrating higher sensitivity (Ciesielska et al., 2016; Zhao
et al., 2023) and more accurately reflecting cognitive changes. In MCI research,
the two measures typically serve different purposes; for example, in Goumopou-
los et al. (2023), MMSE was used only to exclude dementia patients during
screening, while MoCA assessed cognitive changes pre- and post-intervention.
Some studies report different findings, with significant MMSE score improve-
ments following immersive or semi-immersive VR training (Amjad et al., 2019;
Yang et al., 2022). However, substantial heterogeneity exists across these stud-
ies in VR training content design, intervention duration and frequency, and
device type, necessitating further investigation into whether assessment sensi-
tivity differences account for these divergent results.
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2.2 Memory

Memory impairment represents a hallmark feature of dementia (Ban et al.,
2020). As a prodromal state of dementia, MCI is characterized by compro-
mised episodic memory, which shows sharp decline in pathological aging such
as Alzheimer’s disease (Christman et al., 2020). Verbal learning tests are com-
monly used to assess episodic memory changes following VR intervention. In
Jin-Hyuck Park (2022), MCI patients in the experimental group underwent non-
immersive VR training, completing tasks such as acquiring gems and locating
positions in virtual environments. Results showed significant improvement in re-
call test scores after eight weeks of intervention, while recognition performance
showed no significant changes. Goumopoulos et al. (2023) obtained similar re-
sults, administering personalized ten-item cognitive tasks based on patients’
cognitive profiles during a 12-week semi-immersive VR training program. Rey
Auditory Verbal Learning Test (RAVLT) results indicated that compared to
the control group receiving normal daily activities and care, the experimental
group showed significant improvement in delayed recall and slight enhancement
in recognition testing.

Although some studies demonstrate positive effects of VR training on mem-
ory function in elderly MCI patients, its superiority over other interventions
remains unconfirmed. In a randomized controlled study, both RAVLT and Rey-
Osterrieth Complex Figure Test (RCFT) results indicated that after ten weeks
of intervention, MCI patients undergoing semi-immersive VR motor training did
not show significantly greater improvement than the control group using com-
puters for cognitive training (Ji-Hyuk Park & Jin-Hyuck Park, 2018). In another
study of stroke patients with MCI, researchers used the Digit Span Test (DST)
to assess immediate memory, short-term memory, and working memory. After
six weeks of intervention, both the experimental group receiving immersive VR,
cognitive training and the control group undergoing traditional cognitive train-
ing showed significant memory function improvement, with no between-group
differences (Liu et al., 2022).

Currently, the efficacy of VR training for improving memory function in elderly
MCI patients remains controversial. A systematic review by Yan et al. (2022)
showed that VR combined training integrating cognitive and physical inter-
ventions did not produce positive effects on memory function in elderly MCI
patients. However, a subsequent meta-analysis indicated that VR training sig-
nificantly improved short-term memory in elderly MCI patients (Yu et al., 2023).
Methodological limitations prevent some studies from yielding robust evidence.
For instance, in Maeng et al. (2021), MCI patients showed significant verbal
memory improvement after four weeks of immersive VR supermarket shopping
training, but the absence of a control group precludes ruling out confound-
ing factors. In another study of elderly individuals with subjective cognitive
decline or diagnosed MCI, verbal memory delayed recall scores improved signifi-
cantly after four weeks of immersive VR cognitive training compared to baseline;
however, since both experimental and control groups took dementia-preventive
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medication during the intervention period and between-group differences were
non-significant, the improvement cannot be definitively attributed to VR train-
ing (Kang et al., 2021).

2.3 Attention

Attention deficits represent an important manifestation of Alzheimer’s disease,
appearing early in the disease course (Perry et al., 2000). A meta-analysis
by Zhu et al. (2021) of 14 randomized controlled studies using VR training
to intervene in cognitive function among elderly MCI or dementia patients
demonstrated that VR training significantly improved attention in experimen-
tal groups. Subsequent research further confirmed this conclusion: Torpil et
al. (2021) randomly assigned 64 MCI patients to two groups, with the experimen-
tal group receiving four different types of non-immersive VR cognitive training
alongside conventional cognitive rehabilitation, while the control group received
only conventional training. After 12 weeks, both groups showed significant im-
provement in attention as measured by the LOTCA-G cognitive assessment
system, with the experimental group demonstrating significantly greater im-
provement.

Research findings vary considerably regarding whether VR interventions pro-
duce superior effects compared to other modalities. In a randomized controlled
study by Ji-Hyuk Park and Jin-Hyuck Park (2018), the experimental group
of elderly MCI patients underwent semi-immersive VR motor training while
the control group used computers for cognitive training encompassing atten-
tion, memory, and visuospatial abilities. After ten weeks, both groups showed
significant attention improvement, with the experimental group demonstrating
significantly greater enhancement, indicating superior effects of VR training.
Conversely, in a study of elderly patients with post-stroke MCI, no significant
differences in attention improvement were observed between the experimental
group receiving immersive VR cognitive training and the control group under-
going traditional cognitive training (Liu et al., 2022).

Current evidence regarding attention function remains relatively limited, with
some studies exhibiting methodological deficiencies. In Zhu et al. (2022), 18
elderly MCI patients and 13 dementia patients underwent five weeks of immer-
sive VR virtual supermarket tasks, with results showing significant attention
improvement across all participants; however, the absence of a control group
precludes excluding confounding factors. In studies by Thapa (2020) and Yang
(2022), researchers observed positive changes in brain activity related to at-
tention in elderly MCI patients following immersive VR training using EEG
technology, but lacked corresponding behavioral evidence of change.

2.4 Executive Function

Executive functions involve high-level cognitive abilities related to planning,
initiating, monitoring, and inhibiting goal-directed behavior, with core compo-
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nents including inhibitory control, working memory, and cognitive flexibility
(Diamond, 2013). The Trail Making Test (TMT) is commonly used to detect
executive dysfunction, comprising two subscales: TMT-A primarily assesses vi-
suospatial ability and psychomotor speed, while TMT-B evaluates processing
speed and cognitive flexibility (H=&M et al., 2016). In Amjad et al. (2019),
22 elderly MCI patients in the experimental group underwent semi-immersive
VR training encompassing five domains: logic, memory, reaction, mathematical
calculation, and physical activity. The intervention lasted 25-30 minutes per
session, five times weekly for six weeks. The control group performed normal
joint activities and upper/lower limb stretching exercises during the same pe-
riod, with participants ensured to avoid any electronic gaming activities. Results
showed significant reductions in both TMT subscale scores in the experimental
group, indicating improved executive function. Two additional randomized con-
trolled trials implementing six weeks of non-immersive VR cognitive training
and 12 weeks of immersive VR cognitive training obtained similar results (J. S.
Park et al., 2020; Goumopoulos et al., 2023). Some studies observed significant
improvement only in subscale A (Maeng et al., 2021; Yang et al., 2022), while
others noted improvement only in subscale B (Liao et al., 2019; Thapa et al.,
2020).

Some studies employed the backward digit span task from DST to assess work-
ing memory changes pre- and post-intervention. In Liu et al. (2022), both
the experimental group receiving immersive VR cognitive training and the con-
trol group undergoing traditional cognitive training showed significant DST im-
provement after six weeks, without between-group differences. In Ji-Su Park et
al. (2020), the experimental group of elderly MCI patients received six weeks
of VR cognitive-motor rehabilitation while the control group performed conven-
tional cognitive rehabilitation activities; both groups showed significant within-
group differences in forward and backward DST, with the experimental group
demonstrating superior improvement in forward testing. Another study using
immersive VR cognitive training based on Korean traditional culture for 12
weeks in elderly MCI patients found no significant within- or between-group
DST changes compared to a control group maintaining normal daily activities
(Jong-Hwan Park et al., 2020). Research indicates that TMT-B can also re-
flect working memory levels (Llinas-Regla et al., 2017). Thapa et al. (2020)
found that elderly MCI patients in the experimental group showed significantly
reduced TMT-B completion time after immersive VR cognitive training, indi-
cating working memory improvement, while the control group receiving health
education showed increased completion time.

Regarding inhibitory control, a meta-analysis of three randomized controlled
studies using the Stroop color-word test concluded that VR training did not
improve this executive function in elderly MCI patients (Yu et al., 2023). A
subsequent randomized controlled trial found no significant improvement in
Stroop performance after ten weeks of semi-immersive VR cognitive training
or computer-based cognitive training (Ji-Hyuk Park & Jin-Hyuck Park, 2018),
consistent with previous findings. Another meta-analysis indicated that VR
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combined interventions did not show significant positive effects on executive
function in elderly MCI patients (Yan et al., 2022). However, executive function
encompasses planning, decision-making, and volitional processes (Potmesilova
et al., 2023), representing comprehensive abilities required for task completion.
Whether VR training can improve other executive functions and daily task per-
formance in elderly MCI patients requires further investigation.

3.1 Immersion Level

The degree of immersion in virtual environments influences VR training effi-
cacy in elderly MCI patients. High-immersion virtual environments produce
the strongest “sense of presence.” Immersive virtual environments may facilitate
specific functions in cognitively impaired patients, affecting communication, in-
teraction, motivation, engagement, and positive attitudes toward others (Garcia
et al., 2012). Compared to non-immersive VR, immersive VR creates stronger
presence and provides more accurate spatial cognitive cues, enabling better task
performance (Tseng & Giau, 2022). Immersive VR devices offer richer sensory
experiences, but this increases the likelihood of cybersickness—the most com-
mon discomfort symptom associated with VR use, typically including nausea,
disorientation, and oculomotor symptoms (Kennedy et al., 1993). Discomfort
symptoms can reduce engagement, compromise safety, cause task interruption,
adverse events, and poor sustainability, thereby diminishing VR training effi-
cacy. Research indicates that elderly MCI patients experience higher propor-
tions of disorientation and nausea symptoms compared to healthy older adults
(Maeng et al., 2021). When using semi-immersive or non-immersive VR de-
vices, the ability to simultaneously perceive the real world significantly reduces
cybersickness symptoms, though lower immersion may limit ecological validity
(Tuena et al., 2020).

Increasing immersion in VR training can enhance user-environment interaction
frequency, provide more information for processing, and improve task engage-
ment. Moreover, VR training simulating real environments, being closer to real-
life scenarios, can reproduce everyday experiences as realistically as possible,
thereby improving ecological validity and enhancing VR training’s effectiveness
in improving cognitive function in elderly MCI patients. Conversely, reducing
immersion can effectively decrease cybersickness symptoms, improve training
safety and sustainability, and enhance training completion rates, thereby im-
proving efficacy. Additionally, non-immersive virtual environments provided
by computers, tablets, TV projections, or smartphones are more cost-effective,
increasing the likelihood of spontaneous, long-term use by elderly MCI patients
in daily life.

3.2 Training Modality

Cognitive training or physical training represent common forms of VR training
for elderly MCI patients. VR combined training integrates both modalities,
including cognitive tasks and physical exercise, with serial training referring to
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separate execution of the two task types and parallel training involving simul-
taneous execution (Herold et al., 2018). A systematic review by Lauenroth et
al. (2016) demonstrated that in non-virtual environment training interventions,
combined training more effectively promoted cognitive function in older adults
or neurodegenerative disease patients compared to single-modality physical or
cognitive training. In virtual environments, combined training also effectively
improves cognitive function in elderly MCI patients. Yan et al. (2022) conducted
a meta-analysis of eight randomized controlled studies using VR combined train-
ing for elderly MCI patients, finding that VR combined training significantly
improved overall cognitive function, with parallel training demonstrating supe-
rior effects compared to serial training.

Compared to healthy controls, MCI patients exhibit deficits in complex daily
activity abilities, with instrumental activities of daily living (TADL) related to
memory and frontal executive functions particularly severely affected (Ahn et
al., 2009). Significant improvements in executive function and immediate mem-
ory following cognitive training do not transfer to IADL (Bruderer-hofstetter et
al., 2018), while both cognitive ability and physical function are crucial for TADL
(Burton et al., 2018; Lai et al., 2022). Combined interventions integrating cogni-
tive and physical training may further promote cognitive function improvement
by better enhancing TADL in elderly MCI patients. Parallel VR combined train-
ing typically requires participants to allocate attention, formulate plans, make
decisions, coordinate physical activities with instructions or cues, and maintain
volition—a coherent and logical process more closely resembling daily activities.
This training modality can improve complex daily activity abilities in elderly
MCI patients and thus demonstrates more significant cognitive improvement ef-
fects compared to single-modality training. However, due to varying degrees of
physical decline in older adults, some elderly MCI patients are not suitable for
VR physical training for safety reasons. When implementing single-modality
VR cognitive training, efficacy can be enhanced through targeted training of
relatively weak cognitive functions or by designing comprehensive tasks approx-
imating daily activities.

3.3 Task Content

VR training content in existing studies exhibits considerable diversity. Virtual
supermarkets represent a common VR intervention scenario, with researchers
typically designing different tasks according to study objectives. Mrakic-Sposta
et al. (2018) implemented route selection and correct product identification tasks
to train attention and visuospatial abilities, while Zhu (2022) and Maeng (2021)
incorporated list-recall tasks into the shopping process to train memory func-
tion. Given the diverse etiologies of MCI and substantial individual differences
in symptom presentation, personalized content is more beneficial for improv-
ing individual cognitive function than uniformly prescribed training content.
Goumopoulos et al. (2023) combined and sequentially allocated independent
training tasks targeting memory, attention, perception, and executive function,
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providing targeted training based on individual cognitive weaknesses. Results
showed significant improvement across all cognitive domains in elderly MCI
patients, with increased self-efficacy scores; 70% of participants expressed will-
ingness to continue training after the experiment due to perceived effectiveness
and improved quality of life. Some MCI patients experience subjective cogni-
tive complaints—awareness and judgment of their own cognitive decline—and
completing desired task content may enhance self-efficacy, facilitating cognitive
improvement.

In VR training based on real-world activities, the authenticity, timeliness, and
cultural appropriateness of task scenario details directly affect task completion.
According to the neural mismatch model, unpleasant symptoms emerge when
sensory information is inconsistent with individuals’ past experiences (Reason,
1978). For example, in supermarket task scenarios, mismatches between product
packaging and participants’ prior purchasing experiences can cause difficulties
in task completion (Mrakic-Sposta et al., 2018). In Faria et al. (2016), stroke
patients with cognitive impairment completed cognitive tasks in scenarios includ-
ing supermarkets, post offices, banks, pharmacies, and connecting city streets,
which displayed billboards, real-world products, and locally familiar trademarks.
This helped participants connect the VR world with their real-world experiences,
preventing task failure due to information inconsistency. Additionally, due to
individual differences, VR training content designed based on real-world activ-
ities that does not align with participants’ daily habits may generate boredom
and reduce intervention efficacy. In Zhu et al. (2022), the VR group underwent
five weeks of intervention with three training days per week, each requiring three
20-30 minute virtual supermarket tasks; one elderly MCI patient who disliked
real-life shopping found the intervention overly frequent.

Some VR training is designed based on game training. Research indicates that
VR interventions incorporating game elements produce more significant cogni-
tive impairment improvements than cognitive training programs alone (Moulaei
et al., 2024), and virtual rewards for task completion enhance user motivation
(Ferreira-Brito et al., 2019). Game elements increase fun, enhancing motiva-
tion intensity and task engagement, thereby improving training completion and
sustainability. However, compared to traditional game training, VR training
requires operation of multiple novel devices, necessitating consideration of char-
acteristics of elderly MCI patients and their technology acceptance. Mondellini
et al. (2022) found significant differences in VR technology acceptance between
Estonian and Italian elderly MCI patients, with less accepting Estonian partic-
ipants showing significantly reduced willingness to continue VR training after
experiencing the tasks. Research indicates that elderly MCI patients experience
anxiety when facing unfamiliar new technologies (Goumopoulos et al., 2023),
require more assistance learning to use VR devices (Hassandra et al., 2021),
and still need professional support during formal training even after instruction
(Maeng et al., 2021). Some elderly MCT patients also reported incomplete com-
prehension of training instructions (Liu et al., 2022). When game-element VR,
training content exhibits high novelty, the negative impacts of increased device
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operation difficulty and more numerous or complex instructions may offset the
motivational advantages of game-based training, potentially reducing training
efficacy.

4 Neural Mechanisms of VR Training Effects on Cognitive Function
in Elderly MCI Patients

The potential mechanisms through which VR training improves cognitive func-
tion in elderly MCI patients remain unclear. Current explanations suggest that
virtual environment stimulation activates brain metabolism, increases cerebral
blood flow and neurotransmitter release (You et al., 2005; Carrieri et al., 2016),
and reactivates and improves various cortical functions (Garcia-Betances et al.,
2015; Carrieri et al., 2016). Current research primarily uses electroencephalogra-
phy (EEG), functional near-infrared spectroscopy (fNIRS), and functional mag-
netic resonance imaging (fMRI) to observe brain function changes in elderly MCI
patients during VR training. VR training affects brain region activity related to
cognitive function in elderly MCI patients during both resting and task states,
showing phenomenological and magnitude differences from traditional motor
and cognitive training. Furthermore, different VR content produces different
effects on brain function in older adults. Analyzing brain function changes in
elderly MCI patients during resting and task states can facilitate preliminary
exploration of the neural mechanisms through which VR training improves cog-
nitive function.

4.1 Effects of VR Training on Resting-State Brain Function Resting
state refers to a condition in which participants perform no tasks (Xie et al.,
2023). During this state, the brain expends substantial energy on spontaneous
activity, with changes in regional blood flow and blood oxygen levels (Lv et al.,
2018; Raimondo et al., 2021). Resting-state brain function imaging is commonly
used to distinguish MCI patients from healthy older adults and identify potential
markers predicting MCI conversion to Alzheimer’s disease (Iliadou et al., 2021).

One study found positive changes in attention-related brain activity following
VR training in elderly MCI patients (Thapa et al., 2020). Sixty-eight elderly
MCI patients were randomly assigned to an experimental group receiving immer-
sive VR training and health education or a control group receiving only health
education. The experimental group completed 24 VR cognitive training ses-
sions including four game series: juice making, crow shooting, fireworks sorting,
and object memory. Researchers conducted resting-state EEG measurements
before and after the eight-week intervention. Band power analysis revealed sig-
nificantly reduced theta waves in parietal and temporal regions compared to
baseline. Power ratio analysis showed decreased TBR (theta/beta ratio) in tem-
poral and parietal brain regions. Research indicates that increased theta waves
are associated with cognitive impairment risk (Prichep et al., 2006; Sanchez-
Moguel et al., 2017), while higher TBR typically indicates mind-wandering and
reduced attention (Van et al., 2019). Resting-state TBR negatively correlates
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with attentional control, attention restoration, and cognitive processing capacity
(Angelidis et al., 2016; Putman et al., 2014; Clarke et al., 2019). Reduced theta
waves following VR training indicate positive cognitive effects, while decreased
TBR suggests improved attention levels.

Yang et al. (2022) further compared differences in brain band power, power ra-
tios, and functional connectivity between immersive VR training and traditional
exercise training in elderly MCI patients. Building upon Thapa et al. (2020),
the researchers added an experimental group performing aerobic and resistance
exercise in real-world settings and conducted resting-state EEG measurements
post-intervention. Band power analysis revealed significantly reduced parietal
theta power in the VR group compared to the exercise group, consistent with
neuropsychological test results: Symbol Digit Substitution Test (SDST) results
showed significantly greater improvement in the VR group, and while both
groups demonstrated significant within-group differences in MMSE scores post-
intervention, only the VR group showed significant between-group differences
compared to the health education control group; TMT-A testing showed sig-
nificant within-group differences only in the VR group. However, power ratio
analysis favored the exercise group: both groups showed numerically lower pari-
etal TBR than the control group, but only the exercise group demonstrated sig-
nificant between-group differences; the exercise group also showed significantly
lower DAR (delta/alpha ratio) in frontal and temporal regions post-intervention
compared to the VR group. Research indicates that elevated DAR is associated
with cognitive impairment (Finnigan et al., 2016). Furthermore, researchers
found higher resting-state alpha connectivity in prefrontal cortex, anterior cin-
gulate cortex, temporal, and parietal regions in the exercise group compared to
the VR group post-intervention. A review showed reduced alpha connectivity in
MCI patients compared to healthy populations (Lejko et al., 2020), potentially
related to cholinergic dysfunction (Haense et al., 2012). Alpha waves are modu-
lated by neurotransmitters such as acetylcholine (Suffczynski et al., 2001), and
exercise increases acetylcholine levels (Li et al., 2022). Since the VR training in
this study did not include physical exercise components, the exercise interven-
tion produced higher alpha connectivity and more significant DAR, improvement
post-intervention. VR training can improve resting-state brain function indica-
tors related to attention and cognitive control in elderly MCI patients, but when
training content includes only cognitive components, its effects on inter-regional
connectivity may be inferior to traditional exercise training.

In addition to EEG results, Kang et al. (2021) used fMRI to investigate brain
functional connectivity in elderly patients with subjective cognitive decline and
diagnosed MCI. The experimental group underwent immersive VR training
twice weekly for four weeks, including eight task types targeting attention, mem-
ory, executive function, calculation, and visuospatial orientation, with game
elements incorporated. Both experimental and control groups took dementia-
preventive medication during the intervention. fMRI results revealed signifi-
cantly increased connectivity in visuospatial function-related brain regions, in-
cluding connections from right lateral visual cortex to left cingulate gyrus, right
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cingulate gyrus, left frontal pole, left superior frontal gyrus, anterior cingulate
cortex, and white matter, as well as connections from medial visual cortex to
right insular cortex, right frontal pole, right frontal cortex, right caudate nu-
cleus, left caudate nucleus, right thalamus, left insular cortex, and white mat-
ter. Compared to the control group, increased functional connectivity in cortical
and white matter regions in the VR group was associated with improved per-
formance on the copy task of the Rey Complex Figure Test, indicating that
VR training improved functional connectivity in brain regions related to visual
function in elderly MCI patients.

4.2 Effects of VR Training on Task-State Brain Function Task state
refers to brain activity during specific tasks such as memory, recognition, and
movement. Research shows that cognitive training causes brain functional re-
organization in older adults during task states, manifested as decreased or in-
creased brain activity, or both (ZEWE et al., 2018).

Some studies observed reduced brain activation intensity or narrowed activation
range following cognitive training in older adults (Brehmer et al., 2011; Vermeij
et al., 2017), with similar phenomena observed in elderly MCI patients after
VR training. In Liao et al. (2020), elderly MCI patients in the experimental
group received immersive VR combined training while the control group un-
derwent physical and cognitive training in real-world settings. After 12 weeks,
researchers used 16-channel fNIRS to measure brain activation during MoCA
assessment. Results showed significantly reduced activation in channels 7 and
13, left prefrontal cortex, right prefrontal cortex, and bilateral prefrontal cortex
in the experimental group, while the control group showed significant reduc-
tion only in channel 10 and right prefrontal cortex. Researchers interpreted
reduced post-training brain activation as improved neural efficiency due to in-
tervention. Enhanced neuronal processing efficiency requires fewer neurons to
perform the same tasks, representing more efficient neural representation and
more precise neural circuits (Brehmer et al., 2011). Combined with neuropsy-
chological performance, the VR training group showed significant improvement
in overall cognitive function, executive function, immediate memory, delayed
memory, and IADL, while the control group showed improvement only in exec-
utive function and immediate memory scores, with fewer brain regions showing
reduced activation. This further demonstrates that non-virtual cognitive and
physical training can improve cognitive function in elderly MCI patients, but
with less pronounced effects than VR training.

Some studies found enhanced activation in local brain regions following cogni-
tive training. The compensatory model posits that the aging brain maintains
optimal cognitive function by increasing activation in specific regions and re-
cruiting additional brain networks (Lustig et al., 2009), with similar phenom-
ena observed in elderly MCI patients. Belleville et al. (2011) used fMRI to
demonstrate increased activation in frontal, temporal, and parietal regions in
elderly MCI patients following non-virtual memory training, including both pre-
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training activated regions and newly recruited alternative regions. Maintaining
optimal memory function depends not only on increased activation of specific
regions but also on newly activated brain areas (Cabeza, 2002; Reuter-Lorenz,
2002; Stern et al., 2005). Similar increased activation levels were observed un-
der VR training conditions. Tian et al. (2023) conducted a pre-post experiment
using 18-channel near-infrared spectroscopy to sample resting-state and task-
state data in elderly MCI patients during a single VR game session. Seventeen
participants played the 10-minute VR game “Beat Saber” with similar music
and identical difficulty settings. Upon task completion, participants were di-
vided into task completers (n=6) and non-completers (n=11). Analysis of six
brain regions (left prefrontal, right prefrontal, left occipital, right occipital, left
motor, and right sensorimotor) revealed statistically significant differences in
right occipital lobe (ROL) and left occipital lobe (LOL) between groups, with
non-completers showing higher activation levels in both resting and task states.
From the compensatory model perspective, non-completers required stronger
brain activation to maintain cognitive function. However, this study lacked a
non-VR intervention control group, preventing determination of whether acti-
vation differences were attributable to VR training itself.

Furthermore, different virtual environment settings affect brain activation lev-
els and whole-brain connectivity in cognitively impaired populations. Qu et
al. (2023) used fNIRS to investigate brain activation in elderly participants dur-
ing resting state and two VR task conditions (urban and natural environments).
Wavelet amplitude (WA) results showed that VR intervention primarily affected
the right motor cortex and right occipital lobe in cognitively impaired popula-
tions: right motor cortex WA significantly decreased under both VR conditions,
while right occipital lobe WA significantly increased only in the natural envi-
ronment condition. VR intervention also enhanced whole-brain connectivity,
mostly bidirectional information connections, with natural environment tasks
exerting more significant effects on brain network connectivity than urban envi-
ronment tasks. Overall results indicated that VR natural environments provide
greater brain stimulation than urban environments, supplementing details on
brain function changes during task states in elderly cognitively impaired popu-
lations and offering new insights for future VR training content design.

5 Problems and Prospects

VR training can produce positive effects on various cognitive functions in el-
derly MCI patients and is gaining global popularity. However, the magnitude
of benefits, mechanisms through which different factors influence intervention
effects, and dose-response relationships remain unclear. Few follow-up reports
after intervention completion make it difficult to determine long-term effects.
Existing research has focused only on VR training effects on brain function in
elderly MCI patients, lacking investigation of brain structural changes and other
neurophysiological activities, leaving neural mechanism exploration incomplete
and requiring further deepening.
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5.1 Clarify Intervention Differences and Optimize VR Training
Whether VR training effects on cognitive function in elderly MCI patients
are equivalent or superior to traditional environment interventions remains
controversial. Regarding overall cognitive function, empirical studies indi-
cate VR training superiority, with two immersive VR combined training
studies showing better effects than traditional combined training (Liao et
al., 2020; Kwan et al., 2021) and one non-immersive VR motor training
study demonstrating superiority over traditional motor training (Choi & Lee,
2019). For memory, two studies obtained equivalent improvement effects, with
Ji-Hyuk Park et al. (2018) comparing semi-immersive VR motor training to
computer-based cognitive training, and Liu et al. (2022) comparing immersive
VR cognitive training to traditional cognitive training. For attention, studies
show considerable variation: the aforementioned memory study by Ji-Hyuk
Park et al. (2018) found significantly greater attention improvement in the VR
group, while Liu et al. (2022) found no significant between-group differences.
For executive function, studies also show substantial variation: Amjad et
al. (2019) compared semi-immersive VR combined training to real-world motor
training, finding significant executive function improvement only in the VR
group. Another study comparing non-immersive VR cognitive training to
conventional cognitive rehabilitation found executive function improvement in
both groups, with superior improvement in the VR group compared to the
control group performing desktop activities in real-world settings (J. S. Park et
al., 2020). In Liu et al. (2022), immersive VR cognitive training and traditional
cognitive training produced equivalent working memory improvement. Notably,
some studies employed substantially different task forms between virtual and
traditional environments, such as cognitive versus motor training (Ji-Hyuk
Park & Jin-Hyuck Park, 2018) or combined versus motor training (Amjad
et al., 2019). Additionally, research indicates that natural and urban virtual
environments differentially affect brain network connectivity in older adults,
with natural virtual environments providing greater brain stimulation (Qu
et al., 2023). Therefore, whether differences between VR and traditional
intervention effects stem from intervention modality or environment requires
further clarification.

Virtual environments can be created through real-scene filming or modeling
technology, with content derived from the real world or entirely from imagina-
tion and hypothesis, offering considerable flexibility. Compared to real envi-
ronments, advantages include higher controllability—allowing rapid adjustment
of weather, lighting, sound, and scene furnishings—while disadvantages include
lack of sensory information beyond visual and auditory modalities and more
restricted activity range, amplitude, and flexibility. VR training is designed
based on virtual environment characteristics. The inherent limitations of this
environment, along with unreasonable task design, low completion rates, and
poor technology acceptance among participants, may explain why VR training
did not produce ideal effects in some studies. Additionally, methods for en-
hancing intervention efficacy in traditional settings may be applicable to VR
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training. Research indicates that exercise programs containing at least two of
aerobic, resistance, or balance training components are most effective for pro-
tecting overall cognition and executive function in MCI patients (Huang et al.,
2022). Therefore, designing multi-component exercise in VR motor training
may produce superior effects to single-modality exercise, though this requires
appropriately designed control groups to exclude confounding factors.

5.2 Define Immersion Levels and Reveal Influence Mechanisms Cur-
rent research shows that VR training immersion levels differentially affect im-
provement of specific cognitive functions in elderly MCI patients, but the rea-
sons for these differences remain unclear. A meta-analysis by Yu et al. (2023)
of 14 randomized controlled studies using VR training to improve cognition
in elderly MCI patients found that semi-immersive VR interventions produced
significantly better effects on cognitive flexibility than fully immersive and non-
immersive VR interventions. For other cognitive functions, although no signif-
icant differences emerged among the three VR types, certain trends were ob-
served: non-immersive VR subgroups achieved more significant improvements
in overall cognitive function and short-term memory, while fully immersive VR
showed slight advantages for attention intervention effects. Subgroup analysis
from another meta-analysis indicated that semi-immersive VR produced more
significant improvement in overall cognitive function in elderly MCI patients
compared to immersive VR (3245 et al., 2023).

Result discrepancies may stem from different classification of VR device types.
For example, a randomized controlled trial included in both studies (J. S. Park
et al., 2020) used the MOTOCOG system with hardware including a touch-
screen monitor and devices such as doorknobs, buttons, and steering wheels,
with participants performing driving, cooking, and shopping activities in a 2D
screen-displayed virtual environment. Yu et al. (2023) classified this as non-
immersive VR, while ##%5¥ et al. (2023) classified it as semi-immersive VR.
Clear, unified standards for defining these two VR device categories using 2D
screens are currently lacking. Altering VR training immersion levels can affect
task engagement, ecological validity, and user experience, thereby influencing
training efficacy. However, the mechanisms through which this factor affects
intervention outcomes for specific cognitive functions require further investiga-
tion.

5.3 Clarify Dose-Response Relationships and Explore Long-Term Ef-
fects Researchers typically implement long-term VR training lasting 4-12
weeks, with 2-3 sessions per week, each lasting 15-100 minutes, though VR
intervention intensity currently lacks clear definition. Limitations of existing
research include small sample sizes, unclear long-term effects, and failure to con-
sider sex differences. Dose-response relationship research remains scarce, with
only Amjad et al. (2019) comparing effects of single-session versus long-term (30
sessions) semi-immersive VR combined training: after six weeks of intervention,
changes in delta and theta waves during eyes-closed and eyes-open states were
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greater than after single-session intervention; beta-2 waves, which showed no
change after single-session intervention, demonstrated significant enhancement
after long-term intervention; furthermore, EEG complexity in both states was
higher after long-term intervention. Research indicates that Alzheimer’s disease
patients show more regular EEG patterns and reduced complexity compared to
age-matched controls (Monllor et al., 2021). Long-term intervention produced
more significant effects on the brains of elderly MCI patients, but the dose
producing maximal effects remains undetermined.

Few studies have reported long-term effects of VR training. Mirelman et
al. (2016) implemented six weeks of non-immersive VR motor training in older
adults, with the experimental group showing improved executive function and
attention to a slightly lesser degree than the control group receiving traditional
environment motor training—effects that were statistically comparable. Six
months post-intervention, follow-up assessments revealed that both groups
maintained cognitive performance above post-training levels, with the VR group
showing lower executive function but higher attention performance compared to
the control group. However, only 43 of the 282 older adult participants in this
study had MCI, and no subgroup analysis was conducted; thus, whether these
long-term effects apply to elderly MCI patients remains undetermined. Future
research should expand sample sources using appropriate sampling methods to
ensure representativeness and generalizability, optimize experimental design
considering trial duration and intensity, clarify dose-response relationships for
VR training effects on cognitive function in elderly MCI patients, and conduct
continuous tracking and follow-up after intervention to determine long-term
effects.

5.4 Explore Brain Changes and Reveal Neural Mechanisms Brain
imaging and electrophysiological techniques including fMRI, EEG, and fNIRS
are used to observe objective indicators such as brain region activation and inter-
regional connectivity associated with cognitive function improvement in elderly
MCI patients. During resting state, immersive VR cognitive training positively
affected attention-related brain activity and improved functional connectivity
in brain regions related to visual function. EEG results showed significantly
reduced theta waves and decreased TBR in parietal and temporal regions of
the VR group (Thapa et al., 2020). In some studies, these improvements were
significantly greater than in traditional exercise training control groups, though
control groups showed significantly greater improvement in some power ratios
(DAR and TBR) and higher resting-state alpha connectivity in prefrontal cor-
tex, anterior cingulate cortex, temporal, and parietal regions post-intervention
(Yang et al., 2022). fMRI results showed that immersive VR cognitive training
improved functional connectivity in visuospatial function-related brain regions
in elderly MCI patients (Kang et al., 2021). During task state, immersive VR
combined training produced significantly reduced activation in channels 7 and
13, left prefrontal cortex, right prefrontal cortex, and bilateral prefrontal cor-
tex, indicating improved neural efficiency, while the control group receiving
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combined training in traditional environments showed reduced activation only
in channel 10 and right prefrontal cortex, suggesting VR training may produce
superior brain function improvement effects compared to traditional interven-
tions (Liao et al., 2020). However, due to small sample sizes and substantial
heterogeneity in VR training immersion levels, task modalities and content, du-
ration, and frequency across existing studies, the generalizability of conclusions
remains limited, requiring caution when applying findings to broader contexts.

Current neuroscience research findings primarily focus on resting-state brain
function changes, with relatively insufficient results on task-state brain activ-
ity, while effects of VR training on brain structure and other neurophysiological
activities in elderly MCI patients remain unclear. Research indicates that cogni-
tive training can increase cortical gray matter volume and enhance white matter
fiber connections in older adults (Zf#E et al., 2018); whether VR training can
produce similar effects on the brains of elderly MCI patients awaits confirmation.
Future research should expand sample sizes, continue exploring VR training ef-
fects on brain function in elderly MCI patients, and examine brain structure
and other neurophysiological activities to further reveal the neural mechanisms
through which VR training affects cognitive function in elderly MCI patients.
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