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Abstract.
Background: Aerobic exercise and environmental enrichment have been shown to enhance brain function. Virtual reality
(VR) is a promising method for combining these activities in a meaningful and ecologically valid way.
Objective: The purpose of this Phase 2 pilot study was to calculate relative change and effect sizes to assess the impact of
simultaneous exercise and cognitive training in VR on brain health and cognition in older adults.
Methods: Twelve cognitively normal older adults (64.7 ± 8.8 years old, 8 female) participated in a 12-week intervention,
3 sessions/week for 25–50 minutes/session at 50–80% HRmax. Participants cycled on a custom-built stationary exercise bike
while wearing a VR head-mounted display and navigating novel virtual environments to train spatial memory. Brain and
cognitive changes were assessed using MRI imaging and a cognitive battery.
Results: Medium effect size (ES) improvements in cerebral flow and brain structure were observed. Pulsatility, a measure
of peripheral vascular resistance, decreased 10.5% (ES(d) = 0.47). Total grey matter volume increased 0.73% (ES(r) = 0.38),
while thickness of the superior parietal lobule, a region associated with spatial orientation, increased 0.44% (ES(r) = 0.30).
Visual memory discrimination related to pattern separation showed a large improvement of 68% (ES(�p

2) = 0.43). Cognitive
flexibility (Trail Making Test B) (ES(r) = 0.42) and response inhibition (ES(W) = 0.54) showed medium improvements of
14% and 34%, respectively.
Conclusions: Twelve weeks of simultaneous exercise and cognitive training in VR elicits positive changes in brain volume,
vascular resistance, memory, and executive function with moderate-to-large effect sizes in our pilot study.
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INTRODUCTION

Cognitive decline is a significant public health
concern in older adults. Alzheimer’s disease (AD),
the leading cause of cognitive decline among older
adults, affects more than 33 million people world-
wide with numbers expected to triple over the next
30 years [1]. Due to the gradual progression of the
disease, a significant burden is placed on the health-
care system, with costs approaching $300 billion a
year [2]. AD is characterized by progressive mem-
ory loss, with deficits in episodic memory observed
in the preclinical stage of the disease up to 6 years
prior to diagnosis [3]. This includes spatial mem-
ory, a subtype of episodic memory responsible for
spatial location, spatial pattern, and object loca-
tion recall [4, 5]. Deficits in spatial memory have
been shown to result in difficulty navigating familiar
spaces, ultimately compromising safety, autonomy,
and quality of life [6, 7]. To date, there are no
effective disease-modifying treatments for AD, as
existing FDA-approved drugs have only been shown
to ameliorate symptoms and not target the underlying
etiology [8, 9]. As a result, there has been a paradigm
shift towards primary prevention and exploring new
ways to maintain brain health.

Recent studies have shown that 50% of AD cases
are attributable to seven modifiable lifestyle factors.
Among these lifestyle factors, exercise and cognitive
enrichment have been associated with the greatest
reduction in the risk of developing AD in the US
and worldwide, respectively. This has been sup-
ported by several studies which have shown that
individuals with a lifestyle rich in mental and physi-
cal stimulation experience less age-related cognitive
decline. In one such study, the time between the
onset of cognitive decline and clinical diagnosis
was found to be 7 years longer in highly educated
older adults compared to those with low education
[10]. In another study, exercise training was asso-
ciated with an increase in hippocampal volume and
improvement in spatial memory [11]. Emerging evi-
dence has also shown that there may be a synergistic
effect between exercise and cognitive stimulation,
such that the benefits of engaging simultaneously
in both activities are greater than either one alone.
This is supported in several studies, including one
in which older adults with dementia engaged in
a 12-week intervention consisting of cycling and
cognitive enrichment comprised of tasks assessing
response inhibition, task switching, and processing
speed [12]. The study found moderate improvements

in psychomotor speed compared to exercise-only
controls.

Virtual reality (VR) has emerged as a promising
technology for the prevention of dementia and is
ideally suited for simultaneous aerobic exercise and
cognitive enrichment activities. VR has already been
integrated into the field of medicine with applica-
tions in motor rehabilitation, cognitive rehabilitation,
pain management, and the treatment of psycholog-
ical disorders [13]. The utility of VR in medicine
is driven by its ability to provide a safe, controlled,
and adaptable environment for patients, allowing for
studies that may otherwise not be possible in the
real world. VR has also been shown to be an eco-
logically valid tool for assessing spatial navigation
deficits in healthy older adults and individuals with
Alzheimer’s disease [14]. This has been supported by
several studies, including one that showed a high cor-
relation between real-world and computerized spatial
navigation in a hospital environment (r = 0.73) [14].
Furthermore, immersive VR head-mounted displays
create a sense of presence and engagement which is
important for performance on spatial navigation tasks
[15].

There is limited research on the impact of simulta-
neous aerobic exercise and targeted spatial memory
engagement in virtual reality on cognition and brain
health. Therefore, in this study, we conducted a Phase
2, 12-week intervention in older adults that engages
these simultaneous activities and assessed changes in
neuroimaging and neuropsychological measures of
brain health, including memory, executive function,
and brain morphometry. Cerebrospinal fluid (CSF)
and cerebral blood (CBF) flow were also measured
due to their association with cerebrovascular health,
a risk factor for developing AD [16]. Studies have
also theorized that CSF and CBF flow support the
removal of amyloid from the brain, suggesting a
potential role as an early biomarker of AD progres-
sion [17]. We hypothesized our intervention would
elicit improvements in memory and executive func-
tion, increases in hippocampal and total grey matter
volumes, and exercise-related changes in CSF and
CBF flow.

METHODS

Study population

Sixteen healthy older adults (65.0 ± 8.3 years old;
52–80 years; 8 females) provided written consent and
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Fig. 1. Flow diagram summarizing participant eligibility, participation, and attrition.

participated in this pilot study. Study procedures were
approved by the Institutional Review Board at the
University of Southern California and performed in
accordance with the Declaration of Helsinki. Partic-
ipants were recruited from a convenience sample of
community-dwelling older adults using the LEARNit
clinical trial (NCT02000622) database, local commu-
nity flyers, and online advertisements. Participants
were eligible for the study if they were 50–85 years
of age and were physically capable of cycling and
engaging in moderate-to-vigorous physical activity.
Exclusion criteria included dementia, depression,
stroke, neurological disorders, history of traumatic
brain injury, or contraindications to MRI.

A flow diagram summarizing participant eligibil-
ity, participation, and attrition throughout the study
is shown in Fig. 1. Briefly, 52 older adults were
contacted via phone to assess study eligibility in
accordance with the inclusion and exclusion cri-
teria described above. Thirty-seven eligible older
adults came in for a 1-hour on-campus visit to assess
adverse effects associated with cycling and navigat-
ing a virtual park environment while wearing a VR
head-mounted display. Adverse effects were assessed
using the Simulator Sickness Questionnaire (SSQ),

with a total score of greater than 15 used as guid-
ance for discontinuing further participation in the
study [18, 19]. Twenty-one participants enrolled in
the study, with 16 completing baseline data collec-
tion. Twelve participants completed the entire study,
including VR training and all data collection time-
points.

Study design

Figure 2 summarizes the timeline of events for the
study. First, all enrolled participants were assigned
and required to wear a fitness tracker (GENEAc-
tiv) for a 14-day run-in period to assess baseline
levels of physical fitness. After the run-in period,
participants participated in a full-day baseline visit
consisting of neuroimaging and cognitive perfor-
mance assessments. Following the baseline visit,
participants started a 12-week intervention consisting
of 36 VR training visits. Participants were advised
maintain their pre-intervention lifestyle during the
intervention. If participants had planned vacations
or absences, the intervention was extended until
all VR training visits were completed. Cognitive
assessments, Flanker and MST, were administered
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Fig. 2. Timeline of assessments and VR training during study.

at baseline, 4 weeks, 8 weeks, and 12 weeks. At the
end of the intervention, participants participated in
another full-day visit consisting of the same neu-
roimaging and cognitive assessments performed at
baseline. The order of assessments was kept con-
stant between the baseline and follow-up visits when
possible.

Intervention

Participants engaged in simultaneous exercise and
spatial navigation training in VR 3 times per week,
alternating between a training day and rest day to
allow for exercise recovery. Each visit was comprised
of VR training and a set of pre-post questionnaires.
VR training consisted of cycling on a custom-
built stationary exercise bike at moderate-to-vigorous
intensity levels for 25–50 minutes while navigating
a cognitively challenging virtual environment. The
Short Symptom Checklist (SSC) questionnaire was
administered to check for adverse effects that are
commonly associated with immersive VR, including
nausea, eye strain, dizziness with eyes closed, and
stomach awareness [20]. The Borg Rate of Perceived
Exertion Scale (RPE) was utilized to obtain an addi-
tional surrogate measurement of exertion [21]. Blood
pressure was measured at the beginning of each week
to track changes associated with the intervention.

Aerobic exercise
Aerobic exercise was prescribed using a linear

periodized schedule (Table 1), with cycling intensity
levels increasing from 50% HR max at the onset of the
intervention to 80% HR max at 12 weeks. Maximal
HR was estimated according to a regression equa-
tion established by Tanaka et al. [22] Periodization
consisted of two 6-week phases, moderate and vig-
orous, with intensity levels increasing by 5% every
two weeks within each phase. In the first 6 weeks,
intensity levels increased from 50% to 60% HR max

Table 1
Summary of aerobic exercise and cognitive training progression

Week Aerobic cycling Cognitive training

Intensity Duration Difficulty
(% HR Max) (minutes) (Avg. # turns)

1 50% 40 4
2 50% 45 8
3 55% 50 10
4 55% 50 11
5 60% 50 10∗
6 60% 50 7
7 70% 40 12
8 70% 35 13
9 75% 30 22
10 75% 25 22
11 80% 25 19∗
12 80% 25 16∗
∗Indicates that the specified training week contains trials requir-
ing participants to navigate in the reverse direction (end point to
starting point).

with a corresponding increase in volume from 120 to
150 minutes per week. In the last 6 weeks, inten-
sity levels increased from 70% to 80% HR max
with volumes decreasing from 120 to 75 minutes per
week. Cycling intensity and associated volumes were
calculated according to the Surgeon General recom-
mendations for physical activity in older adults and
the American College of Sports Medicine [23]. Heart
rate was tracked using a Polar H7 chest strap moni-
tor and cycling resistance levels were adjusted at the
beginning of each visit to ensure participants were
within their target heart range.

Cognitive training
Cognitive training was conducted in an immer-

sive virtual reality environment viewed through an
HTC Vive Pro head mounted display (HMD). The VR
environment was designed to enhance motivation and
enjoyment in older adults engaging in aerobic exer-
cise and cognitively challenging tasks. This involved
creating immersive storylines and gameplay and inte-
grating it into a cognitive training paradigm (Fig. 3).
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Fig. 3. Cognitively challenging gameplay and immersive storylines in VR. (top left) Rescue an animal that has escaped the sanctuary; (top
right) Strategic landmarks placed at each intersection and guiding arrow for learning route; (bottom left) Participant cycling on stationary
exercise to navigate VR environment; (bottom right) Top-down view of road network. Green dots denote participant’s path, red dot indicates
starting point, and purple dot indicates destination.

Briefly, participants were assigned the role of a park
ranger and required to complete missions consisting
of monitoring and caring for the animals and perform-
ing routine park maintenance. This included rescuing
animals that have escaped the park, feeding and treat-
ing injured animals, fighting wildfires, and repairing
broken equipment. In-game promotions and rewards
were awarded to the participant as they completed
each mission to promote adherence and gameplay
enjoyment [24].

For the cognitive training paradigm, participants
were tasked with navigating along a network of roads
in the environment, via pedaling on the stationary
exercise bike, and completing a set of cognitive tasks
targeting spatial memory and attention. Cognitive
tasks were administered in five unique virtual envi-
ronments, including an urban park, aviary, savannah,
desert, and jungle, to facilitate learning under differ-
ent conditions. Each environment contained a unique
set of landmarks strategically placed at every road
intersection to serve as visual cues during navigation.

Spatial memory was targeted using a cued route-
learning paradigm consisting of three types of trials:
cued learning, immediate recall, and delayed recall.
In the cued learning trial, arrows were placed at each

road intersection to guide the participant while they
learned a new route. In the immediate recall trial,
participants were tasked with navigating that same
route, but without the assistance of arrows. In the
delayed recall trial, participants were required to nav-
igate a route they learned from a previous training
visit without the assistance of arrows. At each train-
ing visit, participants completed five trials consisting
of a delayed recall, two cued learning, and two imme-
diate recall trials. The difficulty of the routes, defined
by the number of decision points (intersections), pro-
gressively increased each week throughout the study
(Table 1).

The cognitive demand of the intervention was
enhanced by including an attention task, creating a
dual-task paradigm. Participants collected specific
items located along the left and right side of the road
using their corresponding handlebar brakes. Briefly,
each environment had a specific mission, including
rescuing, feeding, and healing animals, as well as
fighting fires and repairing power plants. Each route
contained items associated with that environment’s
mission as well as distractor items. While navigating
a route, participants were tasked with collecting items
specific to that environment and ignoring distractors.
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Neuroimaging

All participants received an MRI scan at baseline
and at 12-week follow-up after completing the inter-
vention. MRI scans were acquired on a 3T Siemens
Prisma using a 32-channel head coil (Siemens Med-
ical Solutions, Erlangen, Germany). A localizer and
scout scan were acquired at the beginning of the ses-
sion to locate and align the participant’s head for
subsequent scan sequences.

Cerebral flow
Cerebrospinal fluid flow (CSF) and cerebral blood

flow (CBF) measurements were acquired using a 2D
cine-PC (PC-MRI) pulse sequence with retrospec-
tive cardiac gating. CSF flow was measured at the
cerebral aqueduct (CA) and the subarachnoid space
(SS) at the level between the second and third cer-
vical vertebrae (C2-C3). CBF flow was measured
at the C2-C3 level at the internal carotid arteries
(ICA) and vertebral arteries (VA). PC-MRI data was
acquired with the following parameters: frames, 32;
TR/TE, 27-28/ 8-9 ms; flip angle, 25◦; field of view
(FOV), 140 × 140 × 5 mm; matrix, 336 × 336; veloc-
ity encoding, 10 (CA), 5 (SS), 80 (ICA/VA) cm/s.

Perfusion
Whole-brain CBF perfusion measurements were

acquired using a Pseudo-Continuous Arterial Spin
Labeling (PCASL) sequence. PCASL images
were acquired with background suppression and
the following parameters: TR/TE/post-label decay,
4300/38.3/2000 ms; resolution, 2.5 mm isotropic;
label duration, 700 ms. PCASL data was processed
using an automated in-house processing pipeline
involving motion correction of the label and control
images, generation of perfusion-weighted images,
and principal component analysis-based denoising
[25]. An established kinetic model for the ASL sig-
nal was utilized to generate CBF time series images
which were then averaged to create a mean CBF
image [26].

Structural volume
Structural volume measurements were acquired

using three sequences: (1) T1-weighted (T1w) mag-
netization-prepared rapid acquisition gradient echo
(MP-RAGE); (2) T2-weighted SPACE; and (3)
T2-weighted (T2w) turbo spin echo (TSE). Three-
dimensional images of the entire brain were
obtained from the T1w MP-RAGE and T1w SPACE
sequences, both acquired in the sagittal plane. T1w

MP-RAGE images were acquired with the fol-
lowing parameters: TR/TE, 2400/2.22 ms; FOV,
256 × 256 × 208 mm; resolution, 0.8 mm3 isotropic.
T2w SPACE images were acquired with the fol-
lowing parameters: TR/TE, 3200/563 ms; FOV,
256 × 256 × 208 mm; resolution, 0.8 mm3 isotropic.
A high-resolution image of the hippocampal sub-
fields was obtained using a T2w TSE acquired at
an angle perpendicular to the long axis of the hip-
pocampus with the following parameters: TR/TE,
8020/50 ms; FOV, 175 × 175 × 28 mm; resolution,
0.4 × 0.7 × 2.0 mm.

Cerebral flow analysis

PC-MRI data was processed using BioFlow v3.1.2,
a free medical imaging analysis software [27]. Each
anatomical region of interest (ROI), including the
CA, SS, and left and right ICA and VA, was man-
ually traced and segmented to generate a waveform
consisting of 32 flow rate (mm3/s) measurements over
a cardiac cycle. The ICA and VA waveforms were
summed to create a single arterial flow waveform.
Background correction was applied to the CA and
SS / arterial waveforms by subtracting out signal from
stationary tissue located at the midbrain and C2 pos-
terior spinous process, respectively. Stroke volume
(SV) and flush peak (FshP) were calculated from the
CA and SS CSF waveforms. Stroke volume repre-
sents the total volume of CSF displaced in the caudal
and cranial directions, while flush peak represents
the peak flow rate in the caudal direction [28, 29].
Pulsatility index (PI) and resistivity index (RI), two
surrogate measures of peripheral vascular resistance,
were calculated from the arterial waveform [30, 31].
PI represents the difference in peak systolic and dias-
tolic flow divided by mean arterial flow, while RI
represents the difference in peak systolic and diastolic
flow divided by peak systolic flow [32].

Structure volume analysis

T1w MP-RAGE data was processed using the
longitudinal pipeline in FreeSurfer v6, a software
package for segmenting and labeling neuroanatom-
ical structures [33, 34]. Grey matter volumes and
cortical thickness were obtained using the recon-all
script, which performed motion correction, intensity
normalization, Talairach coordinate transformation,
skull-stripping, registration, and white and grey mat-
ter segmentation [35, 36]. Segmented regions of
interest (ROI) included the superior parietal lobule,
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hippocampus, and frontal gyrus due to their asso-
ciation with spatial orientation, working memory,
and attention and executive function, respectively
[37–39]. Total grey matter volume was also measured
to provide a global assessment of brain structure.

T2w TSE data was processed using ASHS, a free
open-source software for automated segmentation of
the medial temporal lobe [40]. T2w TSE, T1w MP-
RAGE, and an atlas package available online through
the NITRC image repository, were provided as inputs
to the ASHS pipeline [41, 42]. The atlas package con-
sisted of manually segmented hippocampal images
of older adult participants obtained from a research
study on aging conducted at the Penn Memory Center
at the University of Pennsylvania [40]. ASHS per-
formed registration, multi-atlas segmentation using
joint label fusion, and correction of the consensus
segmentation using corrective machine learning clas-
sifiers [40]. CA1, dentate gyrus (DG), and entorhinal
cortex (ERC) volumes were obtained from the output
of the segmentation pipeline.

Cognitive battery

Six neuropsychological tests were administered
to assess global cognition, executive function, and
memory. Global cognition was assessed using the
Montreal-Cognitive Assessment (MOCA) [43, 44].
Three core components of executive function was
assessed using the D-KEFS Trail Making Test (TMT)
[45], Eriksen Flanker Task [46]; and Digit Symbol
Substitution Test [47]. TMT condition A and B scores
were used to assess to cognitive flexibility. Flanker
interference scores, calculated as the difference in
mean reaction time between the congruent trials and
incongruent trials, were used to assess inhibitory con-
trol [48]. DSST scores, calculated as the total number
of correct pairings within 90 seconds, were used to
assess processing speed and attention [49]. Memory
was assessed using the Rey Auditory Verbal Learning
Test (RAVLT) [50] and Mnemonic Similarity Task
(MST) [52]. For the RAVLT, an immediate recall
score was calculated as the total number of recalled
words from list A across the 5 learning trials [50]. A
delayed recall score was also calculated as the num-
ber of words recalled from List A after a 30-minute
delay following the presentation of List B [50]. For
the MST, a lure discrimination index (LDI) score
was calculated as the probability of similar responses
given to lures (Similar | Lure) minus the probability of
similar responses given to foils (Similar | Foil) [52].
All tests were administered at baseline and 12 weeks,

with Flanker and MST administered at 2 additional
timepoints of 4 weeks and 8 weeks.

Primary outcomes

Proof-of-concept primary outcome measures were
selected for brain function and cognition. This
included executive function, memory, and cere-
bral blood flow. Cerebral blood flow measurements
included arterial pulsatility index (PI) and resistivity
index (RI), surrogate measures of peripheral vascular
resistance which have been shown to be associ-
ated with cognitive dysfunction in individuals with
Alzheimer’s disease [58]. Executive function and
memory measurements included the Flanker inter-
ference control and MST lure discrimination index,
measures of inhibitory control and pattern separa-
tion, respectively. These measures were selected as
they were hypothesized to be the most sensitive to
the changes elicited by the prescribed intervention
over a 12-week period.

Secondary outcomes

The following measures were secondary out-
comes. This included CA and SS CSF flow measure-
ments, stroke volume and flush peak, and whole
brain mean CBF perfusion. Structural measurements
included total grey matter volume, hippocampal
volume, superior parietal lobule thickness, and mid-
dle frontal gyrus thickness. Cognitive measurements
included the MOCA, TMT-B, and Digit Symbol
scores.

Statistical analysis

Statistical analyses were performed using SPSS
(IBM v27, 2020) [59]. Given the limited sampled size
and exploratory nature of this pilot study, effect sizes
were utilized to examine the impact of the interven-
tion on all neuroimaging and cognitive outcomes. A
paired t-test was performed to calculate effect sizes
for all outcome measures collected at 2 timepoints,
baseline and 12 weeks. Normality assumptions were
assessed through visual inspection of the distribu-
tion of pre-post difference scores on a histogram and
QQ plot. Effect sizes were reported using Cohen’s D
(d), with values of .2, .5, and .8 interpreted as small,
medium, and large, respectively [60]. Outcome mea-
sures that did not satisfy the assumptions for a paired
t-test were assessed using the Wilcoxon matched-
pairs signed-ranks test, with effect size (r) values
of .1, .3, and .5 interpreted as small, medium, and
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large, respectively [60]. One participant was excluded
from the perfusion, CSF, and CBF flow analysis as
they wore a facemask during MRI image acquisi-
tion which has been shown to impact respiration and
cerebral blood flow [61–63].

A one-way repeated measures ANOVA was per-
formed to calculate effect sizes on all outcome
measures collected at 4 timepoints, including the
MST and Flanker. Normality assumptions were
assessed through visual inspection of the distribu-
tion of the residuals on a histogram and QQ plot.
Homoscedasticity was assessed using Mauchly’s test
for sphericity. Effect sizes were reported using par-
tial eta squared (�p

2), with values of .01, .06, and .14
interpreted as small, medium, and large, respectively
[60]. Outcome measures that failed the assumptions
for the ANOVA were assessed using the Friedman’s
test with Kendall’s W effect size values of .2, .5, and
.8 interpreted as small, medium, and large, respec-
tively [60]. One participant was excluded from the
MST analysis due to missing data at the baseline
timepoint.

Percent mean and standard deviation change
scores, defined as the difference in scores pre- to post-
intervention divided by the pre-intervention score,
were reported for all outcome measures that were
analyzed using parametric tests. Percent median and
IQR change scores were reported for all measures
analyzed using non-parametric tests.

RESULTS

Cognitive battery

Global cognition
No differences in global cognition, as measured

by the MOCA, were found pre- (26.0 ± 2.7) to post-
intervention (25.8 ± 3.7).

Executive function
Two core aspects of executive function improved

during the intervention: cognitive flexibility and inhi-
bitory control (Fig. 4). Cognitive flexibility as
measured by TMT-B showed improvement of
medium effect size, with completion times decreasing
14.4% pre- to post-intervention (median = –14.4%,
IQR = 0.0%, r = 0.42). This improvement was slightly
diminished but remained moderate even after con-
trolling for processing speed by subtracting out TMT
A completion time (TMT B-A) (median = –21.2%,
IQR = 26.6%, r = 0.38). Inhibitory control as mea-
sured by Flanker task reaction times also showed

Table 2
Participant demographics and physical characteristics

Characteristics N = 12

Age (year) 65 ± 8.8
Gender, n 8 F
Race, n

Asian 1
African American –
White 9
Hispanic 2

Education (year) 17 ± 2
Weight (Ibs) 166 ± 25
Body fat (%) 31 ± 9
Blood pressure

Systolic 132 ± 14
Diastolic 80 ± 9

Physical activity (mins/day)a

Light 316 ± 81
Moderate 48 ± 21
Vigorous 9 ± 8

Mean, standard deviation, minimum, and maximum
values are shown. Physical activity measurements
were recorded using a GENEActiv accelerometer.
Light, moderate, and vigorous physical activity lev-
els were defined according to 30, 100, and 200 mg
threshold levels, respectively. The reported values
represent the average number of minutes in which
accelerometer measurements were greater than the
light/moderate/vigorous activity thresholds for at least
80% of a 1-minute bout [64]. aOne participant
excluded due to missing accelerometer data.

medium effect size improvement. Pairwise compar-
isons showed a decrease in reaction time across all
timepoints, including baseline to 4 weeks (median =
–15.4%, IQR = –10.9%), 4 weeks to 8 weeks
(median = –14.2%, IQR = –14.1%), and 8 weeks to 12
weeks (median = –9.8%, IQR = 0.5%). Overall, reac-
tion times decreased 34.4% pre- to post-intervention
(median = –34.4%, IQR = –23.0%, W = 0.54). No dif-
ferences in processing speed and attention, as
measured by the Digit Symbol Substitution Test,
were found pre- (68.4 ± 14.4) to post-intervention
(71.3 ± 13.6).

Memory
Visual memory discrimination related to pattern

separation, as measured by the MST lure dis-
crimination index (LDI), showed large effect size
improvement with scores increasing 68.4% pre-
to post-intervention (+68.4% ± –25.0%, �2 = 0.43)
(Fig. 4). Pairwise comparisons showed an increase
in scores across the first three timepoints, including
baseline to 4 weeks (+42.1% ± –33.3%) and 4 weeks
to 8 weeks (+25.9% ± –6.3%). No differences in ver-
bal memory, as measured by RAVLT, were found
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Table 3
Descriptive statistics and effect sizes for all cognitive outcomes

Measure Baseline 4 Weeks 8 Weeks 12 Weeks Effect size

MOCAa 26.0 ± 2.7 – – 25.8 ± 3.7 0.06
DKEFS TMT

Part B 80.0 ± 42.0 68.5 ± 42.0 0.42∗
Part Aa 35.1 ± 15.8 33.0 ± 11.1 0.23
Part B - A 49.5 ± 30.0 39.0 ± 38.0 0.38∗

Digit Symbol Substitutiona 68.4 ± 14.4 71.3 ± 13.6 0.42
Flanker

Incongruentb 718.8 ± 89.7 674.3 ± 94.4 685.0 ± 109.2 641.8 ± 81.7 0.73∗∗
Congruent 579.1 ± 77.7 556.5 ± 139.5 584.7 ± 174.6 551.8 ± 113.7 0.04
Interference Control 127.0 ± 47.8 107.4 ± 42.6 92.2 ± 36.6 83.2 ± 36.8 0.54∗

RAVT
Immediate Recall 49.0 ± 13.0 50.0 ± 14.0 0.26
Delayed Recalla 9.6 ± 3.8 9.7 ± 3.8 0.03

MSTc

Lure Discrimination Indexb 0.19 ± 0.24 0.27 ± 0.16 0.34 ± 0.15 0.32 ± 0.18 0.43∗∗

Descriptive statistics are reported as median ± IQR and effect sizes reported using r or Kendall W for data collected at 2 timepoints and
3 + timepoints, respectively, unless otherwise specified. aData normally distributed so statistics reported as mean ± SD and effect sizes
reported using Cohen’s d. bData normally distributed so statistics reported as mean ± SD and effect sizes reported as using �p

2. cOne
participant excluded due to missing data at baseline timepoint. ∗Medium effect sizes associated with pre- to post-intervention changes.
∗∗Large effect sizes associated with pre- to post-intervention changes.

Fig. 4. (A) Cognitive flexibility, as measured by TMT-B, improved pre- to post-intervention. (B) Inhibitory control, as measured by Flanker,
improved across each of the 4 timepoints. (C) Visual discrimination related to pattern separation, as measured by MST, improved pre- to
post-intervention. Effect sizes are shown in the bottom or top right corner of each boxplot.

pre- to post-intervention on either the immediate
(pre: median = 49.0, IQR = 13.0; post: median = 50.0,
IQR = 14.0) or 30-minute delayed (pre: 9.6 ± 3.8;
post: 9.7 ± 3.8) word-list recalls.

Neuroimaging

Structural volumes
Analysis of whole brain volumes showed changes

of medium effect size, with total grey matter volume
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Table 4
Descriptive statistics and effect sizes for all neuroimaging outcomes

Measure Baseline 12 Weeks Effect Size

Structural volume (cm3)
Total grey mattera 633.0 ± 32.7 637.6 ± 25.6 0.38∗
Hippocampus 7.74 ± 0.57 7.75 ± 0.51 0.05

CA1 2.69 ± 0.27 2.69 ± 0.29 0.07
Dentate gyrus 1.65 ± 0.14 1.63 ± 0.14 0.26
Entorhinal cortex 0.92 ± 0.10 0.92 ± 0.10 0.02

Cortical thickness (mm3)
Superior parietal lobulea 4.57 ± 0.27 4.59 ± 0.27 0.30∗
Superior frontal gyrus 5.30 ± 0.23 5.32 ± 0.26 0.26
Middle frontal gyrus 9.71 ± 0.42 9.78 ± 0.46 0.56∗
Inferior frontal gyrusa 15.07 ± 0.89 15.17 ± 1.14 0.15

CB flow - ICA and VAb

Pulsatility index 1.24 ± 0.41 1.11 ± 0.38 0.47
Resistivity index 0.67 ± 0.11 0.65 ± 0.10 0.30

CSF flow - Subarachnoid spaceb

Stroke volume (mm3)a 436.2 ± 177.0 527.3 ± 297.3 0.28
Flush peak (mm3/s) 1972 ± 572 2194 ± 776 0.51∗

CSF flow - Aqueductb

Stroke volume (mm3)a 47.8 ± 48.5 57.6 ± 30.5 0.19
Flush peak (mm3/s) 209.1 ± 74.7 220.8 ± 58.2 0.20

Cerebral perfusionb,c 36.6 ± 9.3 38.2 ± 7.4 0.13

Descriptive statistics are reported as mean ± SD and effect sizes reported using Cohen’s d unless oth-
erwise specified. aData not normally distributed so statistics reported as median ± IQR and effect sizes
reported using test statistic from non-parametric Wilcoxon signed rank test. bOne participant was
excluded due to wearing a facemask while in MRI scanner. cPCASL sequence not acquired in one
participant. ∗Medium effect sizes associated with pre- to post-intervention changes.

increasing 0.73% pre- to post-intervention (median =
+0.73%, IQR = –102.1%, r = 0.38) (Fig. 5). No
changes were found at the hippocampus (pre: 7.74 ±
0.57; post: 7.75 ± 0.51 cm3) pre to post-intervention.
Analysis of the hippocampal substructures found no
changes pre- to post-intervention at the CA1 (pre:
2.69 ± 0.27 cm3; post: 2.69 ± 0.29 cm3), dentate
gyrus (pre: 1.65 ± 0.14 cm3; post: 1.63 ± 0.14 cm3),
or entorhinal cortex (pre: 0.92 ± 0.10 cm3; post:
0.92 ± 0.10 cm3). Within the cerebral cortex, thick-
ness of the superior parietal lobule and middle frontal
gyrus showed changes of medium effect size, increas-
ing 0.4% (median = +0.4%, IQR = 0.0%, r = 0.30) and
0.72% (0.72% ± 9.5%, d = 0.56), respectively, pre-
to-post intervention (Fig. 5). No changes in thick-
ness were found at the superior frontal gyrus (pre:
5.30 ± 0.23; post: 5.32 ± 0.26, r = 0.26) or inferior
frontal gyrus (pre: 15.07 ± 0.89; post: 15.17 ± 1.14,
r = 0.15)

Cerebral flow
Changes in PC-MRI measurements of both cere-

bral blood flow and cerebrospinal fluid flow were
found pre to post-intervention (Fig. 6). CBF flow
at the internal carotid and vertebral arteries showed
changes approaching medium effect size, with

arterial pulsatility decreasing 10.5% (–10.5%±0.5%,
d = 0.47), indicating a reduction in the peripheral
resistance of the cerebral arteries. CSF flow at the C2-
C3 subarachnoid space showed changes of medium
effect size, with flush peak (craniocaudal) flow rates
increasing 11.3% pre- to post-intervention (11.3% ±
35.7%, d = 0.51). However, no differences were
found in stroke volume (pre: 436.2 ± 177.0 mm3;
post: 527.3 ± 297.3 mm3). For CSF flow at the cere-
bral aqueduct, no differences were found for both
stroke volume (pre: median = 47.8, IQR = 48.5 mm3;
post: 57.6, IQR = 30.5 mm3) and flush peak (pre:
209.1 ± 74.7 mm3/s; post: 220.8 ± 58.2 mm3/s). Fin-
ally, no differences were found in PCASL whole brain
cerebral blood perfusion (pre: 36.6 ± 9.3 ml/100 g/
min; post: 38.2 ± 7.4 ml/100 g/min).

Aerobic exercise and cognitive training

Participants were within or above their target heart-
rate zone while cycling in VR 61% of the time.
Participants were below their target heart-rate zone
39% of the time. On a per-week basis, participants
cycled well above their target HR for the first 8 weeks
and slightly below it the last 4 weeks (Fig. 7). Par-
ticipants spent an average of 118 minutes per week
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Fig. 5. Whole brain volume (A), superior parietal lobule thickness (B), and middle frontal gyrus thickness (C) increased pre- to post-
intervention. Effect sizes are shown in the bottom right corner of each boxplot.

Fig. 6. (A) Lower arterial pulsatility suggests reduced peripheral vascular resistance. (B) Higher cranio-caudal peak CSF flow through C2-C3
SS suggests improved circulation. Effect sizes are shown in the bottom right corner of each boxplot.

cycling in VR. On a per-week basis, average time
spent cycling closely tracked weekly target times,
with participants cycling slightly longer the first 5
weeks and slightly shorter the last 7 weeks (Fig. 7).
Overall, participants cycled for approximately the
prescribed amount of time, but at higher than rec-
ommended exertion levels in the moderate phase and
lower than recommended exertion levels in the vig-
orous phase according to the exercise periodization
protocol shown in Table 1.

Current study VR intervention outcomes vs.
published control group outcomes

The design of this proof-of-concept pilot study did
not include a formal control group. As an alterna-
tive method to account for possible practice effects
or natural changes in brain health that occur over
time, control groups from previously published ran-
domized controlled exercise and cognitive training
interventions were reviewed (Table 6) [65–68]. These
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Fig. 7. (A) Exertion levels, defined as percentage of HR max, per week. Solid line indicates target exertion based on aerobic exercise
schedule. (B) Time spent cycling per week. Solid line indicates target volume based on aerobic exercise schedule.

Table 5
Summary of aerobic exercise and cognitive training performance

in virtual reality

Performance Mean ± SD

Avg. HR (bpm) 112.6 ± 8.9
Time in or above target HR (%) 61.4 ± 6.6

Less than target (%) 38.6 ± 6.6
RPE

Baseline 7.5 ± 1.2
Final 12.1 ± 1.7
Peak 13.6 ± 2.3

Distance traveled (miles)a 269 ± 12
Avg. speed (mph)a 11.3 ± 1.5
Time in VR

Total (hours) 23.5 ± 3.8
Week (mins) 118 ± 19
Visit (mins) 39 ± 6

Correct decisions (%)
Forward 92.9 ± 8.2
Reverse 82.1 ± 16.0
Immediate recall 93.5 ± 8.0
Delayed recall 90.1 ± 11.9

aSpeed and distance traveled were estimated based on the wheel-
base and gear ratio of the stationary exercise bike.

reference studies had similar participant demograph-
ics to our VR intervention, as they were conducted in
cognitively normal older adults with mean ages rang-
ing from 62 to 72 years old. Moreover, all but one
reference study was 12 weeks in duration. The con-
trol group was non-active in three of the five reference
studies and consisted of light stretching activities in
the other two studies. Table 6 shows a comparison
between our VR intervention and the reference stud-
ies control groups for the outcome measures that had
medium-to-large effect sizes. For each outcome mea-
sure, the relative change from baseline to 12 weeks
was larger for our VR intervention compared to the
control group.

DISCUSSION

In this phase 2 pilot study, we conducted a 12-week
intervention assessing the impact of simultaneous
exercise and cognitive training in VR on brain health
and cognition in a cohort of healthy, cognitively nor-
mal older adults. This novel multi-modal approach
required subjects to cycle on a stationary exercise
bike while engaging in cognitively challenging spa-
tial memory tasks in a virtual environment. Our
findings showed improvements across several MRI
imaging and neuropsychological measures of brain
health. Specifically, we found positive changes, of
medium-to-large effect size, in vascular resistance
and brain structure, including total grey matter vol-
ume, superior parietal lobule thickness, and middle
frontal thickness. Cognitive changes were found as
well, with improvements seen in memory discrimi-
nation, cognitive flexibility, and response inhibition.

Cognitive performance

Among the neuropsychological measures,
improvements in key aspects of memory and
executive function were identified. Improvements
in pattern separation, a hallmark feature of episodic
memory and a sensitive measure of hippocampal
function, were found pre- to post-intervention [69].
This is a key finding as pattern separation has been
shown to decline across the lifespan, with older
adults performing poorly compared to younger
adults on recognition memory tasks requiring visual
pattern separation due to age-related alterations in
hippocampal integrity [70, 71]. Our findings support
previous studies which have shown that pattern
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Table 6
VR intervention outcomes vs control group outcomes

Measure Control groups from other studies VR intervention

Study characteristics Baseline 12 Weeks Baseline 12 Weeks

Structural volume (cm3)
Total grey matter McCauley et al.c 548.1 ± 46.2 548.2 ± 49.3 633.0 ± 32.7 637.6 ± 25.6

Cortical thickness (mm3) n = 20
Superior parietal lobule Age: 69 ± 5.8 4.16 ± 0.24 4.17 ± 0.27 4.57 ± 0.27 4.59 ± 0.27
Middle frontal gyrus Sex: 70% F 9.22 ± 0.32 9.16 ± 0.36 9.71 ± 0.42 9.78 ± 0.46

CSF flush peak (mm3/s) Length: 12 weeks 1972 ± 572 2194 ± 776
CBF flow pulsatility indexa Activity: None 0.99 ± 0.23 1.01 ± 0.25 1.24 ± 0.41 1.11 ± 0.38
Y-Balanceb 396.4 ± 38.7 407.7 ± 37.3 363.9 ± 88.0 386.1 ± 66.5
MST - Lure discrimination index Kovacevic et al.252

n = 23
Age: 72 ± 6.6 0.12 ± 0.12 0.17 ± 0.17 0.19 ± 0.24 0.32 ± 0.18
Sex: 65% F
Length: 12 weeks
Activity: Stretching

TMT - Part B Juliano et al.253

n = 20
Age: 67 ± 11.7 78.1 ± 29.0 79.6 ± 35.2 80.0 ± 42.0 68.5 ± 42.0
Sex: 60% F
Length: 12 weeks
Activity: None

TMT - Part B - A Nishiguchi et al.254

n = 24
Age: 74 ± 5.6 37.9 ± 20.7 41.5 ± 30.7 49.5 ± 30.0 39.0 ± 38.0
Sex: 46% F
Length: 12 weeks
Activity: None

Flanker - Interference controlb Gothe et al.255

n = 57
Age: 62 ± 5.6 186.7 179.1 127.0 ± 47.8 83.2 ± 36.8
Sex: 75% F
Length: 8 weeks
Activity: Stretching

aPulsatility calculations for the control group and intervention were based on two different MRI acquisition sequences. The control group
measurements were acquired using an in-house vascular compliance sequence, while the intervention measurements were acquired using
a PC-MRI sequence. bInterference control values for the control group were calculated as the difference in mean incongruent (Incon) and
congruent (Con) reaction times at baseline and 8- weeks based on the following reported values in the study: baseline (Incon: 790.6 ± 137.3,
Con: 603.9 ± 81.3). 8-weeks (Incon: 770.4 ± 182.2, Con: 591.3 ± 86.4). cControl group values are shown for a 12-week control period
between baseline and the start of a periodized aerobic exercise intervention conducted in older adults by Dr. Tim McCauley at the CERC at
USC. Participants were advised to continue their normal daily activities during this control period.

separation can be improved in older adults through
exercise and environmental enrichment. In one such
environmental enrichment study, older adults showed
significant improvement in MST lure discrimination
performance after a 4-week intervention involving
spatial exploration and learning in the real world
[72]. In another exercise-only study, a 30% improve-
ment in MST lure discrimination performance was
found in older adults after a 12-week intervention
involving high-intensity interval training [73].

Three core subcomponents of executive function:
attention, cognitive flexibility, and inhibitory control
were assessed. Improvements in both cognitive flex-
ibility and inhibitory control, but not attention, were
observed. These improvements in executive function

are consistent with previous studies, including a
meta-analysis assessing the impact of aerobic exer-
cise on executive function in older adults [74]. In the
meta-analysis, aerobic exercise interventions were
associated with modest, but significant improvements
on a battery of assessments measuring executive func-
tion [74]. This included cognitive flexibility, in which
5 studies, 6 to 17 weeks in duration, showed signifi-
cant improvement in TMT-B completion times [74].

Cerebral flow

Among the neuroimaging measures, positive
changes in cerebral blood flow (CBF) pulsatility at
the arteries in the cervical C2-C3 region were found.



124 A. Sakhare et al. / Combined Exercise and Cognitive Training VR

Pulsatility is an important measure of cardiovascu-
lar health and is commonly used as an indicator of
peripheral vascular resistance [75]. Aging is associ-
ated with a gradual stiffening of the arteries [76].
Arterial stiffening causes excessive pulsatile flow
which induces microvascular damage and leads to
increased peripheral vascular resistance [76]. Long-
term dysregulation of cerebral blood flow can also
cause hypertension, a risk factor for developing
Alzheimer’s disease [1]. As a result, pulsatility may
be a potential early biomarker for AD. This is sup-
ported in several studies, including one which showed
that individuals with MCI and AD had higher arterial
pulsatility relative to healthy older adults [77].

The improvements in CBF flow found in our study
are likely driven by exercise which has been shown
to lower arterial stiffness and may play a key role
in reversing cerebrovascular dysfunction. Moreover,
exercise is a modifiable risk factor for AD, suggesting
that interventions that incorporate aerobic exercise
may be useful for preventing cognitive decline. This
has been supported in several studies, including a
cross-sectional study on middle-aged adults, in which
higher aerobic fitness was associated with lower arte-
rial stiffness and better cognitive performance [78].
In another 12-week study in older adults, it was found
that the aerobic exercise group had significantly lower
pulsatility compared to the control group at the basi-
lar, vertebral, posterior, anterior, and middle cerebral
arteries [79]. This supports the findings from our
study, which show lower pulsatility at the vertebral
and carotid arteries.

Cerebrospinal fluid flow (CSF) at the cerebral
aqueduct and C2-C3 region was measured as an
exploratory analysis. CSF flow dysfunction in these
two regions is commonly associated with normal
pressure hydrocephalus [80], syringomyelia [81], and
Chiari malformations [82]. However, recent studies
have also shown that CSF flow alterations occur with
normal aging. In one such study, it was shown that
stroke volumes and flush peak flow rates at the C2-C3
region, and stroke volumes at the cerebral aque-
duct, were lower in older adults compared to younger
adults [28]. While studies assessing CSF flow in AD
are limited, there is evidence to suggest it plays an
important role in the clearance of amyloid plaques
from the brain. This clearance pathway is charac-
terized by arterial pulsatility which drives CSF flow
through a network of perivascular channels, facilitat-
ing elimination of waste from the interstitial space
[83]. Taken together, this suggests that low CSF flow
may be associated with impaired clearance.

Studies assessing the effects of exercise on CSF
flow are limited. However, as exercise has been shown
to improve CBF flow, it is expected that changes in
CSF flow would occur as well due to the dynamic link
between CBF and CSF flow in the brain established
by the Monroe-Kellie doctrine [84]. While we did
not find any differences in CSF flow at the aqueduct,
we did find CSF flow changes at the C2-C3 region.
Specifically, we found improvements in peak cranio-
caudal CSF flow rates. Taken together, this suggests
that exercise induces alterations in CSF and CBF flow
that may enhance waste clearance from the brain.

Structural volumes

Structural changes in the brain, including increases
in total grey matter volume, superior parietal lob-
ule thickness, and middle frontal thickness, were
observed. This increase is a key finding as normal
aging is associated with brain volume loss, with esti-
mates ranging from 0.32% to 0.55% per year in
healthy adults 70 years of age or older [85]. More-
over, regions of brain volume loss are differentially
impacted by age, with larger losses occurring in the
frontal, parietal, and temporal lobe [86]. Improve-
ments in brain volume have been shown in several
exercise studies, including one which found signifi-
cant increases in grey matter volume in older adults
who engaged in 6-months of moderate aerobic exer-
cise [86]. In another study, it was shown that 82%
of grey matter volume in the brain was associated
with physical activity, including aerobic exercise,
weight lifting, running, martial arts, and sports [87].
Taken together, this supports the findings in our study
and suggests that brain volume in older adults may
be preserved and enhanced after only 3 months of
aerobic exercise at moderate-to-vigorous intensity
levels. In addition to exercise, cognitive enrichment
may also play an important role in enhancing brain
volume. This is supported by our findings at the
superior parietal lobule, an important region for form-
ing egocentric representations of space in spatial
memory [88]. Improvements observed specifically
at this region suggests that our cognitive training
paradigm targeting spatial memory engagement may
have subserved the impact of aerobic exercise on
brain volume.

Interestingly, changes in hippocampal volumes
were not observed. This included the hippocampal
subfields CA1, dentate gyrus, and entorhinal cor-
tex. Preserving hippocampal volumes is of critical
importance as the dentate gyrus is the primary site
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of neurogenesis while the CA1 and the entorhinal
cortex are important regions for spatial memory.
Moreover, the hippocampus is highly sensitive to
the effects of aging, with volume loss estimated to
be as high as 1.1% per year in older adults [89].
Previous studies assessing the impact of aerobic exer-
cise on hippocampal volumes have yielded results
with significant heterogeneity. In one such study,
hippocampal volumes increased 2% after 1 year of
aerobic exercise consisting of walking at moderate
intensities [11]. However, in another study in which
older adults exercised at moderate-to-vigorous inten-
sities over 16 weeks, it was shown that hippocampal
volumes were preserved but not enhanced [90]. This
was supported in a meta-analysis, which showed that
exercise prevented decreases in hippocampal volume
over time [91]. Overall, the impact of exercise on hip-
pocampal volumes remains unclear. It is also possible
that our 3-month intervention was not long enough to
elicit significant changes to hippocampal volumes.

Participant adherence to the intervention

Another objective of this pilot study was to assess
how well older adults could adhere to an aerobic
exercise protocol while engaging in cognitive train-
ing in VR. Our periodized aerobic exercise routine
was designed for participants to cycle at moderate
(50%–60% HR max) intensity levels the first 6 weeks
and vigorous (70%–80% HR max) intensity levels the
last 6 weeks. We found that participants cycled well
above their moderate target exertion levels the first 6
weeks. This may be due to age, as older adults have a
lower estimated HR max which yields a target HR that
is close to their resting HR at low prescribed inten-
sity levels. Participants cycled approximately within
their target exertion levels in weeks 7 through 10, but
slightly below in weeks 11 and 12. This may be due to
the design of the cognitive training paradigm, where
participants did not have enough time to get up to the
required heart rate before the end of the trial. Overall,
however, participants were successfully able to reach
target exertion levels, as they cycled within or above
their target HR zone 61% of the time. Moreover, par-
ticipants were also able to cycle for the prescribed
duration, as the average cycling time for participants
tracked closely with the target times each week. Col-
lectively, this suggests that it is possible to incorporate
an aerobic exercise routine that adheres to the Sur-
geon General guidelines for exercise in older adults
while simultaneously engaging in a cognitive training
paradigm in virtual reality.

Cognitive training

The cognitive training paradigm was designed to
progressively increase in difficulty throughout the
intervention. Overall, all participants performed well
on the navigation tasks, making correct decisions at
93%±8% of the intersections (min: 52%, max 100%)
in the forward direction and 82%±16% (min: 33%,
max 100%) in the reverse direction. The high perfor-
mance on these tasks indicates that the older adult
participants were successfully able to navigate and
learn new routes in virtual reality. This suggests that
the visual cues in the virtual environments, including
the landmarks at each intersection, were sufficient
for spatial learning. Due to the high performance on
the navigation tasks, participants may benefit from a
higher level of route difficulty. This can be achieved
by adding more intersections or reducing the number
of cued learning trials.

Participant retention and attrition

A total of fifty-two older adults were contacted and
screened for eligibility to participate in this study.
Thirty-seven eligible older adults completed an addi-
tional VR screen, with 27% (n = 10) excluded from
further participation due to self-reported symptoms
of simulator sickness associated with cycling in a vir-
tual environment. This attrition rate is expected based
on previously published studies assessing adverse
effects associated with locomotion in virtual reality,
including one which found that 25% of younger and
older adults reported significant sickness symptoms
when cycling while wearing an immersive VR head-
mounted display [19]. Among the 27 participants that
passed the VR screen, sixteen completed baseline
data collection with twelve completing the entire 12-
week intervention and all data collection timepoints,
yielding a 25% attrition rate. While the attrition rate
appears relatively high, it was confounded by the
onset of COVID. Indeed, two participants discon-
tinued due to safety concerns regarding COVID and
not the intervention itself. After excluding for this
unprecedented pandemic, the attrition rate dropped
to 13%, which is well within previously established
guidelines for clinical trials [92]. Moreover, in a
systematic review on exercise studies in sedentary
adults, it was found that the average rate of attri-
tion for prescribed weightlifting and aerobic exercise
periodization routines was 9.5% [93]. In this study,
only 6% of the study sample (n = 1) discontinued due
to non-compliance with the prescribed intervention,
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which is lower than the attrition rates seen in other
exercise studies.

Adverse effects in virtual reality

The primary concern with coupling locomotion
and virtual reality while wearing an immersive
HMD is adverse effects due to sensory incongruence
induced by a mismatch between perceived motion in
VR and actual motion in the real world [94–96]. In
this study, only one participant discontinued due to
significant adverse effects, suggesting the VR screen
was successful in preemptively excluding individ-
uals with high sensitivity to simulator sickness. A
few participants did experience mild adverse effects,
including one participant that experienced slight nau-
sea and stomach awareness sporadically throughout
the intervention. Two participants also experienced
slight nausea within the first week, but quickly accli-
mated to VR and reported no adverse effects on any of
the subsequent visits afterwards. Overall, symptoms
were temporary and self-resolved in all cases. A pre-
liminary acclimation period that gradually increases
the time spent in VR may help prevent these initial
transient symptoms.

Limitations

There were several notable limitations to this pilot
study. The primary limitation was a small sam-
ple size of 12 participants, which is insufficient for
assessing statistical significance. Instead, effect sizes
and percent changes were reported for each mea-
sure. Another limitation of the present study was
the lack of a control group. While control groups
are not required for proof-of-concept pilot studies,
[57] its exclusion makes it difficult to assess nat-
ural change that occurs in the brain over time or
practice effects that occur due to repeated neuropsy-
chological testing. As a surrogate, we utilized control
groups from previously published randomized con-
trolled studies with similar participant demographics.
The control groups showed no brain structure or
cerebral blood flow changes over 12 weeks. More-
over, no practice effects were observed for the
neuropsychological tests, including Flanker, DKEFS
TMT-B, and MST. This is supported by a few studies,
including one in which MST was empirically val-
idated to show no practice effects with repeated
short-term testing [52]. Overall, however, test-retest
reliability for several of our cognitive outcomes have
been reported to vary considerably, generally rang-

ing from fair-to-good, depending on the specific task
and condition [51, 53–56]. As a result, the brain
and cognition improvements reported in our study
may be partially attributed to natural brain changes
or practice effects which cannot be fully excluded
without an exercise-only and cognitive-only control
group.

An additional limitation of this study was the
heterogeneity of the participant demographics. Our
study included all adults between 50 and 85 years of
age, spanning almost the entire range of older adult-
hood. This may have confounded our findings as age
differentially impacts brain structure and cognitive
function. Similarly, our sample was imbalanced by
gender, with twice as many women participating in
the study as men. Furthermore, the participants in our
study were physically active and highly educated.
Self-reported measures of physical activity showed
that most participants engaged in weightlifting or aer-
obic exercise, including walking and cycling, prior
to the start of the intervention. As a result, the posi-
tive changes in brain health associated with aerobic
exercise and cognitive training in this active, well-
educated cohort may underestimate the true changes
observed in a more typical, sedentary older adult pop-
ulation. Finally, while the benefits of aerobic exercise
and cognitive training have been shown to appear
within 12 weeks, longer intervention durations may
be needed to elicit changes in key regions such as the
hippocampus.

CONCLUSION

In this pilot study we report that a 12-week inter-
vention consisting of simultaneous aerobic exercise
and cognitive training in virtual reality elicits pos-
itive changes in executive function, memory, brain
structure, and cerebral blood flow. We also demon-
strate that this intervention can be conducted in older
adults, ages 50–85, with high compliance and low
attrition. Future steps include conducting this study
in a larger, randomized controlled clinical trial with
careful consideration of control arms, such as aerobic
exercise-only and cognitive training-only to under-
stand the relative benefits of engaging in combined
activities over each one individually.

Ethics approval and consent to participate

All subjects provided written consent to participate
in this study, which was approved by the Institutional
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of Helsinki.
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Frydrychowicz A, Schöllhorn J, Hetzel A, Schumacher M,
Hennig J, Markl M. 3D blood flow characteristics in the
carotid artery bifurcation assessed by flow-sensitive 4D
MRI at 3T. Magnetic Resonance in Medicine: An Official
Journal of the International Society for Magnetic Resonance
in Medicine. 2009;61(1):65-74.

[33] Dale AM, Fischl B, Sereno MI. Cortical surface-based
analysis: I. Segmentation and surface reconstruction. Neu-
roimage. 1999;9(2):179-94.

[34] Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Hasel-
grove C, Van Der Kouwe A, Killiany R, Kennedy D,
Klaveness S, Montillo A. Whole brain segmentation: auto-
mated labeling of neuroanatomical structures in the human
brain. Neuron. 2002;33(3):341-55.

[35] Anderson-Hanley C, Barcelos NM, Zimmerman EA, Gillen
RW, Dunnam M, Cohen BD, Yerokhin V, Miller KE,
Hayes DJ, Arciero PJ, Maloney M. The aerobic and cogni-
tive exercise study (ACES) for community-dwelling older
adults with or at-risk for mild cognitive impairment (MCI):
neuropsychological, neurobiological and neuroimaging
outcomes of a randomized clinical trial. Frontiers in Aging
Neuroscience. 2018;10:76.

[36] Sepehrband F, Barisano G, Sheikh-Bahaei N, Choupan J,
Cabeen RP, Crawford MS, Mack WJ, Chui HC, Ringman
JM, Toga AW, Alzheimer’s Disease Neuroimaging Initia-
tive. Alteration of perivascular spaces in early cognitive
decline: Neuroimaging/Optimal neuroimaging measures
for early detection. Alzheimer’s & Dementia. 2020;16:
e045605.

[37] Karnath HO. Spatial orientation and the representation of
space with parietal lobe lesions. Philosophical Transactions
of the Royal Society of London. Series B: Biological Sci-
ences. 1997;352(1360):1411-9.

[38] Jarrard LE. On the role of the hippocampus in learning
and memory in the rat. Behavioral and Neural Biology.
1993;60(1):9-26.

[39] Japee S, Holiday K, Satyshur MD, Mukai I, Ungerleider
LG. A role of right middle frontal gyrus in reorienting of
attention: a case study. Frontiers in Systems Neuroscience.
2015;9:23.

[40] Yushkevich PA, Pluta JB, Wang H, Xie L, Ding SL, Gertje
EC, Mancuso L, Kliot D, Das SR, Wolk DA. Automated
volumetry and regional thickness analysis of hippocam-
pal subfields and medial temporal cortical structures in
mild cognitive impairment. Human Brain Mapping. 2015;
36(1):258-87.

[41] Kennedy DN, Haselgrove C, Riehl J, Preuss N, Bucci-
grossi R. The NITRC image repository. NeuroImage. 2016;
124:1069-73.

[42] “ASHS: Automatic Segmentation of Hippocampal Sub-
fields.” N I T R C, www.nitrc.org/frs/?group id=370.

[43] Nasreddine ZS, Phillips NA, Bédirian V, Charbonneau S,
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