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Todd C. Handyf , Ging-Yuek R. Hsiungb,g,h and Teresa Liu-Ambrosea,b,c,d,∗
aAging, Mobility, and Cognitive Health Laboratory, University of British Columbia, Vancouver, BC, Canada
bDjavad Mowafaghian Centre for Brain Health, University of British Columbia, Vancouver, BC, Canada
cCentre for Aging SMART at Vancouver Coastal Health, Vancouver Coastal Health Research Institute, Vancouver,
BC, Canada
dDepartment of Physical Therapy, Faculty of Medicine, University of British Columbia, Vancouver, British
Columbia, Canada
eDepartment of Rehabilitation Sciences, The Hong Kong Polytechnic University, Hong Kong
f Department of Psychology, Faculty of Art, University of British Columbia, Vancouver, British Columbia, Canada
gDivision of Neurology, Faculty of Medicine, University of British Columbia, Vancouver, BC, Canada
hVancouver Coastal Health Research Institute and University of British Columbia Hospital Clinic for Alzheimer
Disease and Related Disorders, Vancouver, BC, Canada

Received 31 December 2023
Accepted 4 April 2024
Published 17 May 2024

Abstract.
Background: Slower walking is associated with changes in cortical volume and thickness. Computerized cognitive training
(CCT) and exercise improve cortical volume and thickness and thus, may promote gait speed. Slowing of gait is predictive
of Alzheimer’s disease.
Objective: To examine: 1) the effect of CCT, with or without physical exercise, on cortical volume and thickness and; 2) the
association of changes in cortical volume and thickness with changes in gait speed.
Methods: A subset of 124 adults (n = 53), aged 65–85 years, enrolled in an 8-week randomized controlled trial and completed
T1-weighted MRI and 4-meter walk at baseline and 8 weeks. Participants were randomized to: 1) active control (BAT; n = 19);
2) CCT (n = 17); or 3) CCT preceded by exercise (Ex-CCT; n = 17). Change in cortical volume and thickness were assessed
and compared across all groups using Freesurfer.
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Results: BAT versus CCT increased left rostral middle frontal gyrus volume (p = 0.027) and superior temporal gyrus thick-
ness (p = 0.039). Ex-CCT versus CCT increased left cuneus thickness (p < 0.001) and right post central gyrus thickness
(p = 0.005), and volume (p < 0.001). Ex-CCT versus BAT increased left (p = 0.001) and right (p = 0.020) superior parietal
gyri thickness. There were no significant between-group differences in gait speed (p > 0.175). Increased left superior parietal
volume (p = 0.036, r = 0.340) and thickness (p = 0.002, r = 0.348), right post central volume (p = .017, r = 0.341) and thickness
(p = 0.001, r = 0.348), left banks of superior temporal sulcus thickness (p = 0.002, r = 0.356), and left precuneus thickness
(p < 0.001, r = 0.346) were associated with increased gait speed.
Conclusions: CCT with physical exercise, but not CCT alone, improves cortical volume and thickness in older adults. These
changes may contribute to the maintenance of gait speed in aging.

Keywords: Alzheimer’s disease, clinical trial, cognitive training, exercise, gait, magnetic resonance imaging

INTRODUCTION

Gait speed is the “6th vital sign” in older adults as
it predicts functional status and general health out-
comes [1]. Low gait speed is significantly correlated
with decreased survival rates compared with older
adults with higher gait speed [2]. Notably, gait speed
is a valid, reliable and sensitive measure in both clin-
ical and research settings [1].

Changes in gait speed are associated with changes
in cognitive function, brain morphometry (i.e., vol-
ume and thickness), and brain function. Evidence
suggests these associations are bidirectional. For
example, slowing of gait speed is predictive of mild
cognitive impairment [3] and Alzheimer’s disease [4]
while smaller volumes of hippocampus, total gray
matter, parietal gray matter, parietal white matter,
temporal gray matter, and temporal white matter is
predictive of slowing of gait speed over 4 years [5].
Global cortical thickness and region-specific corti-
cal thickness (e.g., precuneus and precentral gyrus)
is associated with factors contributing to gait speed
(i.e., gait rhythm, pace, gait symmetry and gait vari-
ability) [6, 7]. Thus, maintaining brain volume and
cortical thickness may be critical in preserving gait
speed in older adults.

Randomized controlled trials (RCT) show that
physical exercise can maintain or improve brain
morphometry [8, 9]. Structured aerobic exer-
cise, including walking, is shown to increase
hippocampal volume [9–11]. Lower hippocampal
volume is associated with lower gait speed [12].
Observationally, longer daily physical exercise dura-
tion is associated with increased global cortical
thickness [13]. A 6-month pilot study showed
that structured physical exercise increased corti-
cal thickness in the pericalcarine area, left superior
parietal, rostral middle frontal, and lateral occipital
gyri [14].

Systematic review and RCT studies provide evi-
dence which shows that computerized cognitive
training (CCT) may also improve cortical volume
[15] and thickness [16]. Over the last two decades
there has been exponential growth in research and
commercial interest in CCT to improve cognitive
outcomes [15]. Computerized cognitive training pro-
grams include tasks and games that target specific
cognitive processes, such as executive functions and
memory [17]. Given the contribution of executive
functions to gait speed and performance [18], it has
been proposed that CCT could also benefit mobil-
ity outcomes such as usual gait speed and dual-task
gait speed [19, 20]. A systematic review and meta-
analysis of 10 randomized controlled trials showed a
small effect of cognitive-based interventions on dual-
task gait speed [21], but not usual gait speed, and
concluded additional studies are needed.

Combining CCT with physical exercise may mag-
nify benefits for the brain, and thereby, mobility in
older adults. However, the effect of CCT, with or
without physical exercise, on cortical volume and
thickness and their relationship with gait speed is not
well examined.

The objective of this study is to determine if CCT,
with or without physical exercise, promotes changes
in cortical volume and thickness, and if those changes
are related to changes in usual gait speed. We hypoth-
esized that combining CCT with physical exercise
would increase cortical volume and thickness more
than CCT alone or an active control. We also hypoth-
esized that increases in cortical volume and thickness
will be associated with increases in gait speed.

METHODS

Ethical approval

Ethics was approved by the University of British
Columbia Clinical Research Ethics Board (H14-
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02438) and Vancouver Coastal Health Research
Institute (V14-02438) ethics board. All participants
provided written informed consent prior to study
enrollment.

Study design

This is a secondary analysis of an 8-week, 3-arm
RCT in which 124 participants were enrolled and
randomized to: 1) Balanced on Toned (BAT; active
control; n 41), 2) CCT (n = 41), or 3) Physical exercise
plus CCT (Ex-CCT; n = 42). The study is registered
at ClinicalTrials.gov (NCT02564809) [22] and the
study protocol [22] and primary findings [23] are
published.

Participants

Recruitment took place in the Metro Vancouver
community through newspaper advertisements, and
flyers at local community centres. Recruitment pro-
cedures are detailed in the published protocol [22].

The study include those who: 1) were aged between
65 and 85 years; 2) completed high school educa-
tion; 3) lived in their own home; 4) had acceptable
visual and auditory acuity and could read, write, and
speak English; 5) had preserved general cognitive
function indicated by a Mini-Mental State Exami-
nation (MMSE) score ≥ 24/30 [24]; 6) scored > 6/8
on the Lawton and Brody Instrumental Activities of
Daily Living Scale [25]; 7) were not on a fixed dose of
anti-dementia medications; 8) were able to walk inde-
pendently; 9) could engage in 15 min of brisk walking
based on the Physical Activity Readiness Question-
naire [26]; and 10) provided informed consent. The
study excluded those who: 1) were diagnosed with
dementia of any type; 2) were clinically suspected to
have a neurodegenerative disease; 3) had clinically
significant peripheral neuropathy or severe muscu-
loskeletal or joint disease that impaired mobility, as
determined by a physician; 4) were taking medica-
tions that could negatively affect cognitive function;
and 5) were planning to participate, or enrolled in, a
concurrent clinical drug trial.

This secondary analysis included 53 of 124 par-
ticipants who were enrolled in this RCT; all 53
participants underwent magnetic resonance imaging
(MRI) (Fig. 1). Individuals who did not meet the
specific scanning requirements of the University of
British Columbia (UBC) MRI Research Centre were
excluded. Specifically, anyone with a pacemaker,
brain aneurysm clip, cochlear implant, surgery within

the past 6 weeks, electrical stimulator for nerves
or bones, implanted infusion pump, history of any
eye injury involving metal fragments, artificial heart
valve, orthopedic hardware, other metallic prosthe-
ses, coil, catheter or filter in any blood vessel, ear or
eye implant, bullets, or other metallic fragments were
excluded.

Measurement

All participants were assessed at baseline and
after 8 weeks (i.e., trial completion). The subset of
53 participants included in this secondary analysis
underwent MRI at the UBC MRI Research Center.

Descriptive variables

General health history, demographics, socioeco-
nomic status, and education were ascertained by
a structured questionnaire. Global cognition was
assessed using the Montreal Cognitive Assessment
(MoCA) [27]. The Functional Comorbidity Index
estimated the degree of comorbidity associated with
physical functioning [28]. Current physical activity
was assessed with the Physical Activity Scale for
the Elderly (PASE) [29, 30]. The PASE is a 12-item
questionnaire that assesses the amount of time spent
per day in the previous week on leisure activity time
(light, moderate, and strenuous activities), household
work, and time spent volunteering.

Gait speed

Usual gait speed was assessed using the 4-meter
walk component of the Short Physical Performance
Battery (SPPB) [31]. Individuals were given a
dynamic start and were instructed to start walking
a before the start of the 4-meter walk test distance.
Individuals were instructed to walk at their usual
gait speed past the 4-meter mark and timed with a
handheld stopwatch. Two trials were completed by
participants and the faster time was used to calculate
gait speed. Gait speed in meters per second (m/s) was
calculated by dividing 4-meters by the time it took to
walk 4 meters in seconds.

Magnetic resonance imaging

Structural MRI data acquisition
MRI was conducted at the UBC MRI Research

Centre using a Philips Achieva 3.0T MRI scan-
ner with eight-channel sensitivity encoding head
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Fig. 1. Study design and flow of procedures. Fractions indicate proportion of participants in MRI subset to total sample size.

coil (SENSE factor = 2.4) and parallel imaging.
3D T1-weighted anatomical scans were col-
lected using the following parameters: TE = 3.6 ms,
shot TR = 7.7 ms, TI = 808 ms, flip angle θ =
8◦, FOV = 256 × 200 × 170 mm, transverse orien-
tation, 170 slices, acquired and reconstructed
voxel = 1 × 1 × 1 mm.

T1-weighted image processing

T1-weighted brain images were segmented
and analyzed using FreeSurfer (http://www.
freesurfer.net), version 7.1.1. [32]. FreeSurfer is
developed at the Martinos Center for Biomed-
ical Imaging by Laboratory for Computational
Neuroimaging (http://surfer.nmr.mgh.harvard.edu/).

To provide reliable volume and thickness esti-
mates, T1-weighted images acquired at baseline and

trial completion were automatically processed with
FreeSurfer’s recon-all longitudinal stream [32]. An
unbiased within-subject template space and image
[33] was created using a robust, inverse consis-
tent registration [34]. Processing steps including
skull stripping, Talairch transforms, atlas registra-
tion and spherical surface maps and parcellation were
initialized with common information from the within-
subject template. This step significantly increases
statistical power [32]. Images were visually inspected
for segmentation errors, and all errors were corrected
appropriately.

Randomization

The randomization sequence was generated by an
independent member of the team using computer
software (http://www.randomization.com). Blocked
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randomization was used, with a block size of 12.
Group allocation was concealed from the study coor-
dinator. After enrolment, performed by a research
assistant, and completion of the baseline assess-
ment, the study coordinator sent a list of participant
identification numbers to the independent member
responsible for the randomization. The independent
member provided the study coordinator with the
group assignment for the enrolled participants. After
completion of baseline assessment at the Vancou-
ver General Hospital, the participants were informed
of their group assignment. Outcome assessors were
blinded to treatment allocation.

Sample size

The required sample size was estimated based on
the work of Diamond and colleagues [35]. Sam-
ple sizes were calculated for the parent study using
predictions of change in the primary outcome, Rey
Auditory Verbal Learning Test [23]. We predicted a
mean change of –0.31 for the BAT group, 0.31 for the
CCT group, and 0.40 for the Ex-CCT group. With a
pooled standard deviation of 1.1 and alpha of 0.05,
36 participants per group were required to achieve a
power of 0.80. We accommodated a 10% dropout rate
for a total required sample size of 120 (i.e., 40 BAT,
40 CCT, and 40 Ex-CCT. This secondary analysis
should be viewed as hypothesis-generating for future
studies, as the statistical power for this analysis is not
pre-specified.

Experimental groups

A description of each experimental group is pro-
vided below. More details are in the published
protocol [22]. Each experimental group met in-person
3x/week for 8 weeks and classes were delivered by
the research team at the Djavad Mowafaghian Cen-
tre for Brain Health at UBC or the Centre for Aging
SMART at Vancouver Coastal Health [23].

Balanced and toned

The BAT group served as an active control in
this trial. BAT in-person classes were 3x/week, with
each session being 1 h. Each week, BAT participants
received 1 session of sham cognitive training (e.g.,
casual online games), 1 h of sham physical exercise
training (e.g., stretching exercises, range of motion
exercises, core strength exercises, balance exercises,
and relaxation techniques), and 1 h of brain health

education. For the first 4 weeks participants attended
educational classes (e.g., lectures on sleep and goal
setting). For the final 4 weeks participants were asked
to complete homework for an educational project
(e.g., creating an individual photo book).

Computerized cognitive training

CCT in-person classes were 3x/week, with each
session being 1 h. CCT participants were also asked
to complete 1 h of CCT, 3x/week, at home at the
same time on days that they were not in-person. The
FitBrains® program was used for CCT; this program
is no longer commercially available.

Exercise plus computerized cognitive training

For each in-person session, Ex-CCT participants
completed 15 min of brisk walking at a moderate
intensity (i.e., 13–14 rating on the Borg Rating of Per-
ceived Exertion Scale 6–20) [36], immediately prior
to 45 min of FitBrains® training. At home, Ex-CCT
participants were asked to repeat the same 1 h train-
ing 3x/week at the same time on days that they were
not in-person. The Borg Rating of Perceived Exer-
tion Scale has a strong relationship with both heart
rate and exercise intensity [37].

Adherence

Attendance was recorded for in-person session
and the completion of assigned home-based activities
(i.e., brisk walking and CCT) were tracked by diaries.
At-home CCT was also tracked by the FitBrains®

app. Adherence for both in-person and home-based
sessions were reported as the percentage of expected
sessions completed.

Adverse events

Adverse events through the study were recorded
including musculoskeletal pain or discomfort follow-
ing the sham exercise portion (i.e., BAT) and the
15 min of brisk walking (i.e., Ex-FBT). Participants
were monitored for shortness of breath during the
sham exercise and brisk walks.

Statistical analyses

Mean values, standard deviations, and distribution
of participant characteristics and measures were ana-
lyzed using R version 4.0.4 [38] in RStudio 2021.09.2
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Build 382 [39]. Differences in participant character-
istics between non-MRI participants from the parent
study and the MRI participants were analyzed using
the R package tableone (0.13.0) [40].

Surface-based statistical analysis was employed
to examine between-group differences in cortical
volume and thickness over time. These analyses fol-
lowed FreeSurfer’s Two-Stage Model approach [32].
Stage one reduces temporal data within each sub-
ject to a single statistic (e.g., a “change score”); in
this case, symmetrized percent change. At this stage,
data were smoothed using a 10 mm full-width half-
maximum kernel and resampled onto FreeSurfer’s
fsaverage template. Stage two of this model compares
cortical thickness and volume (i.e., symmetrized
percent change) between-groups via FreeSurfer’s
mri glmfit command (i.e., General Linear Model).
For the present study, analyses were controlled for
covariates, specifically age, sex, and MoCA score
within mri glmfit [32]. Three model matrices were
built to compare experiment groups. That is, BAT
versus CCT, CCT versus Ex-CCT, and BAT ver-
sus Ex-CCT. Cluster-wise correction using Monte
Carlo simulations [41] was then applied to address
multiple comparisons, using both hemispheres (i.e.,
two spaces), with a vertex-wise threshold set at –
log10(p)=1.3, and cluster-wise threshold set at an
alpha of 0.050. Mean, minimum, and maximum
Cohen’s d of each significant cluster was calculated
with FreeSurfer’s mri segstats to determine and inter-
pret effect size (i.e., d = 0.2 (small); d = 0.5 (medium);
d = 0.8 (large) [42].

Analyses of covariance were used to determine
between-group differences in gait speed at 8 weeks,
controlling for baseline gait speed, using R version
4.0.4 [38] in RStudio 2021.09.2 Build 382 [39].
Specifically, two-tailed simple contrasts were con-
ducted between: 1) BAT versus CCT; 2) CCT versus
Ex-CCT; and 3) BAT versus Ex-CCT with the R
package car (3.0–13) at an alpha of 0.050.

Correlations of cortical volume and thickness with
change in gait speed were conducted in FreeSurfer.
Partial correlations between change in gait speed and
significant changes in cortical volume and thickness
(i.e., significant clusters with symmetrized percent
change from Two-Stage Model) were performed via
mri glmfit. Models were adjusted for group alloca-
tion, age, sex, and MoCA. Like the main analysis,
cluster-wise correction with Monte Carlo simula-
tions was applied, adjusting for both hemispheres, at
–log10(p)=1.3 vertex-wise and cluster-wise thresh-
old set at an alpha of 0.050. Mean, minimum, and

maximum partial correlation coefficient’s of each
significant cluster was calculated with FreeSurfer’s
mri segstats to determine the strength of the correla-
tion (i.e., r = 0.00 – 0.10 (negligible); r = 0.10 – 0.39
(weak); r = 0.40 – 0.69 (moderate); r = 0.70 – 0.89
(strong); r = 0.90 – 1.00 (very strong) [43].

RESULTS

One hundred twenty-four community dwelling
healthy older adults were enrolled and random-
ized in the parent study, with 117 participants
completing the 8-week RCT. Sixty-five participants
completed MRI at baseline and trial completion.
All MRI scans were manually edited for quality
assurance to determine segmentation accuracy with
FreeSurfer’s recon-all pipeline; this resulted in the
exclusion of 12 participants from this secondary
analysis (Fig. 1). Specifically, 10 participants were
excluded at baseline (see Fig. 1) due to the presence
of artifacts affecting segmentation (n = 4), excessive
head motion (n = 4), excessive white matter hyperin-
tensities impacting cortical segmentation (n = 1), or
missing data resulting in the loss of the frontal lobe
(n = 1). At 8 weeks, 2 participants were excluded due
to the presence of artifacts (n = 1) or excessive white
matter hyperintensities impacting cortical segmenta-
tion (n = 1). Thus, 53 participants were included in
this analysis.

Adherence

Adherence for in-person sessions was 95.8% for
the BAT group, 89.5% for the Ex-CCT group, and
91.42% for the CCT group. Adherence for home-
based sessions was 90.9% for the Ex-CCT group and
94.1% for the CCT group.

Participant characteristics

Overall, the majority of the MRI subset partici-
pants were female (56.6%), highly educated, and less
than half presented with mild cognitive impairment
determined by a MoCA score < 26/30 [27]. As shown
in Table 1, MRI participant characteristics at baseline
were similar among all three groups.

Supplementary Table 1 compares the MRI sub-
set to non-MRI participants at baseline. There
were significant differences in mean MoCA scores
(t(122)=2.51, p = 0.013), where MRI participants
had a higher mean score (M = 25.94, SD = 3.42)
than non-MRI participants (M = 24.44, SD = 3.22).
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Table 1
MRI participant subset baseline characteristics

Measure� BAT n = 19 Ex-CCT n = 17 CCT n = 17

Age (y) 71.89 (5.91) 71.71 (3.72) 71.06 (4.88)
Sex=Male (%) 9 (47.4) 8 (47.1) 6 (35.3)
Education (%)

High School Education 2 (10.5) 1 (5.9) 1 (5.9)
Trades 1 (5.3) 2 (11.8) 0 (0.0)
Some University 2 (10.5) 6 (35.3) 6 (35.3)
University Degree 14 (73.7) 8 (47.1) 10 (58.8)

BMI (kg/m2) 25.35 (5.16) 26.65 (5.02) 25.74 (4.49)
MMSE (/30) 28.05 (1.72) 28.71 (1.36) 29.24 (0.83)
MoCA (/30) 24.84 (3.69) 26.00 (3.55) 27.12 (2.69)
MCI (%) 10 (52.6) 7 (41.2) 5 (29.4)
Gait Speed (m/s) 1.24 (0.29) 1.29 (0.25) 1.21 (0.18)
Six Minute Walk (m) 500.37 (95.05) 532.65 (89.63) 520.29 (111.32)
SPPB (/12) 10.95 (0.91) 11.12 (0.78) 11.06 (0.90)
PASE (/793) 109.07 (48.19) 128.77 (48.04) 114.81 (43.05)

Displayed values indicate Mean (SD) or n (%); BAT, Balance and Toned; Ex-CCT, Exercise with
Fit Brains; CCT, Fit Brains. � Higher scores reflect better performance: MMSE, Mini-Mental
State Exam; MoCA, Montreal Cognitive Assessment; MCI, mild cognitive impairment, defined
as < 26/30 MoCA [27]; SPPB, Short Physical Performance Battery; PASE, Physical Activity
Scale for the Elderly.

There was also a significant difference in mean
SPPB scores (t(122)=2.26, p = 0.026), with MRI
participants (M = 11.04, SD = 0.85) having a higher
mean score than non-MRI participants (M = 10.62,
SD = 1.13).

Cortical volume and thickness

Compared with the CCT group, the BAT group
showed increased left rostral middle frontal gyrus
volume (cluster size = 553.51 mm3, cluster-wise
p = 0.027, mean Cohen’s d = 17.516, min Cohen’s
d = 13.583, max Cohen’s d = 25.387; Fig. 2A) and
left superior temporal gyrus thickness (cluster
size = 525.58 mm2, cluster-wise p = 0.039, mean
Cohen’s d = 17.301, min Cohen’s d = 13.573, max
Cohen’s d = 24.257; Fig. 3C) at trial comple-
tion. Compared with the CCT group, the Ex-CCT
group had increased left cuneus thickness (cluster
size = 1062.12 mm2, cluster-wise p < 0.001, mean
Cohen’s d = 23.374, min Cohen’s d = 15.825, max
Cohen’s d = 36.156; Fig. 3D) and right post cen-
tral gyrus thickness (cluster size = 714.85 mm2,
cluster-wise p = 0.005, mean Cohen’s d = 22.443,
min Cohen’s d = 15.824, max Cohen’s d = 41.109;
Fig. 3E) and volume (cluster size = 1030.08 mm3,
cluster-wise p < 0.001, mean Cohen’s d = 22.335,
min Cohen’s d = 15.834, max Cohen’s d = 37.935;
Fig. 2B). Compared the BAT group, the Ex-CCT
had increased cortical thickness in the left (clus-
ter size = 900.23 mm2, cluster-wise p = 0.001, mean

Cohen’s d = 20.206, min Cohen’s d = 14.568, max
Cohen’s d = 31.624; Fig. 3A) and right (cluster
size = 681.95 mm2, cluster-wise p = 0.020, mean
Cohen’s d = 20.721, min Cohen’s d = 14.571, max
Cohen’s d = 38.249; Fig. 3B) superior parietal gyri
extending into the cuneus.

Gait speed

At 8 weeks, there were no significant between-
group differences in gait speed: 1) BAT versus CCT
(F(2, 33)=1.200, p = 0.282); 2) CCT versus Ex-CCT
(F(2, 31)=1.931, p = 0.175); and 3) BAT versus Ex-
CCT (F(2, 33)=1.78, p = 0.675).

Correlation of cortical change and gait speed

Increased gait speed was significantly and pos-
itively correlated with increased: 1) left superior
parietal volume (cluster size = 618.42 mm3, cluster-
wise p = 0.036, mean r = 0.340, min r = 0.288, max
r = 0.434; Fig. 4) and thickness (cluster size = 841.27
mm2, cluster-wise p = 0.002, mean r = 0.348, min
r = 0.287, max r = 0.459; Fig. 5), right post central
gyrus volume (cluster size = 697.26 mm3, cluster-
wise p = 0.017, mean r = 0.341, min r = 0.287, max
r = 0.434; Fig. 4) and thickness (cluster size = 697.52
mm2, cluster-wise p = 0.001, mean r = 0.348, min
r = 0.288, max r = 0.458; Fig. 5), left banks of
superior temporal sulcus (bankssts) thickness (clus-
ter size = 629.84 mm2, cluster-wise p = 0.002, mean
r = 0.356, min r = 0.288, max r = 0.498; Fig. 5), and
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Fig. 2. Between-group differences (α < 0.05) in: A) left rostral middle frontal volume; and B) right post central volume, controlling for age,
sex, and MoCA.

left precuneus thickness (cluster size = 1028.94 mm2,
cluster-wise p < 0.001, r = 0.346, min r = 0.287, max
r = 0.484; Fig. 5).

DISCUSSION

Eight weeks of CCT with physical exercise can
positively impact cortical volume and thickness in
community-dwelling older adults. Contrary to our
hypothesis, CCT alone was inferior to active control
in promoting cortical volume and thickness out-
comes. Increased cortical volume and thickness of
the superior parietal and post central gyri, cortical
thickness of the bankssts, and precuneus gyri was
significantly associated with increased gait speed. To
our knowledge, no prior studies have examined the
effects of CCT, with or without physical exercise,
on cortical volume and thickness and whether these
changes are associated with changes in gait speed.

CCT with physical exercise increased cortical
thickness of the left and right superior parietal gyri
compared with active control. The left superior pari-
etal gyrus contributes to the executive processes of
working memory, set shifting, and response inhibi-

tion [44]. This finding supports our prior publication
of the parent study [23] that showed CCT with physi-
cal exercise, compared with active control, improved
set shifting, as measured with the Trail Making Test
[45] and National Institute of Health (NIH) Toolbox
Dimensional Card Sorting Test [46], and response
inhibition, as measured by Stroop Colour-Word Test
[47] and NIH Toolbox Flanker Inhibitory Control and
Attention Test [46].

CCT with physical exercise was also superior
to CCT alone. Compared with CCT alone, CCT
with physical exercise increased cuneus volume and
post central gyri volume and thickness. These find-
ings concur and extend the results of Lampit and
colleagues [48]; they showed 12 weeks of CCT sig-
nificantly increased grey matter density in the right
post central gyrus compared with control. Our cur-
rent finding suggests adding physical exercise (i.e.,
brisk walking) to CCT may magnify the benefits of
CCT. Although the benefits of aerobic exercise on
cortical volume and thickness are documented [8,
11, 13, 49, 50], 15 min of brisk walking 6x/week
(i.e., 3 in-person, 3 at-home) may not be of suf-
ficient dose to elicit cortical changes on its own.
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Fig. 3. Between-group differences (α < 0.05) in: A) left superior parietal thickness; B) right superior parietal thickness; C) left superior
temporal thickness; D) left cuneus thickness; and E) right post central thickness, controlling for age, sex, and MoCA.
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Fig. 4. Significant correlation (α < 0.05) between: A) change in left superior parietal volume; and B) change in right post central volume
with change in gait speed, controlling for age, sex, and MoCA.

In this study, the brisk walk may have acted as a
primer to CCT [51]. Exercise priming uses the neu-
ral stimulating effects of physical exercise to assist
with learning, memory, and skill retention of a task
[51]. It is suggested that physical exercise increases
oxygenation and blood flow to the brain, enhances
neuroplasticity through upregulation of neurotrophic

factors, or illicit a neuroendocrine response which
increases arousal and attention [51]. The guided
plasticity framework suggests that while physical
exercise facilitates plastic changes in the brain (i.e.,
increased cell proliferation and synaptic plastic-
ity) [52] through increased neurotropic factors [53],
cognitive activity guides those plastic changes by pro-
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Fig. 5. Significant correlation (α < 0.05) between: A) change in left superior parietal thickness; B) change left bankssts thickness; C) change
in left precuneus thickness; and D) change in right post central thickness with change in gait speed, controlling for age, sex, and MoCA.
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moting survival of new cells and regulating synaptic
change [52].

A significant increase in left rostral middle frontal
gyrus volume and superior temporal gyrus thickness
at 8 weeks in the active control group compared with
CCT alone group was unexpected. We provided two
possible explanations. First, due to the nature and
time requirement of the CCT alone invention, partic-
ipants may have increased their sedentary time (i.e.,
sitting time) which may have negatively impacted
their brain health [54]. Second, the active control
received balance training which may increase cortical
thickness [55]. Rogge and colleagues [55] observed
increased left superior temporal gyrus thickness fol-
lowing 12 weeks of balance training in healthy adults
aged 19–67 years [55]. Thus, it is plausible that bal-
ance training can increase rostral middle frontal gyrus
volume [8, 49, 56].

Increased cortical volume and thickness of the
superior parietal and post central gyri and cortical
thickness of the bankssts, and precuneus was signif-
icantly correlated with improved gait. Importantly,
positive correlations of increased cortical volume and
thickness and gait speed overlapped with CCT, com-
bined with physical exercise, induced increase in left
superior parietal and right post central gyri volume
and thickness. Both regions play an important role in
gait speed [57] and motor planning ability [58]. Atro-
phy of the superior parietal gyrus is associated with
a decline in gait speed [57].

Atrophy of the superior parietal gyrus is associated
with a decline in gait speed [57]. The primary role
of the post central gyrus is processing somatosen-
sory information including proprioception, touch,
and pain [59]. While the post central gyrus is not
directly responsible for gait speed or mobility, it plays
a role in the overall sensorimotor integration required
for motor function through feedback from the motor
cortex [60].

Although we did find correlations between several
regions of cortical volume and thickness, there were
no significant between group differences in gait speed
at trial completion. Thus, changes in these regions
may not fully explain gait outcomes. Many factors
contribute to gait speed, such as age, body mass index,
muscle strength [61, 62], balance [63], cardiovascular
health [64], pain [65], and range of motion of joints
[62].

There are several limitations with this study. First,
this is a secondary analysis among a subset of 53 par-
ticipants with high quality T1 MRI. Thus, this study
may have been underpowered and prone to Type II

error. Second, the lack of benefits to cortical volume
and thickness following of CCT alone may be due to
the short intervention period (i.e., 8 weeks). However,
at the study design stage, we referred to prior CCT
trials, including the trial by Engvig and colleagues
[66]. They demonstrated significant changes in cor-
tical volume after 8 weeks of CCT compared with a
no-training control group [66]. Third, we did not col-
lect data on the 24-h activity cycle (i.e., time spent in
physical activity, sleep, and sedentary behaviour over
24 h) and thus, cannot determine whether differences
in physical activity, sleep, or sedentary behaviour
may have contributed to the results. Fourth, mea-
surement of behaviours outside the intervention were
limited. We used PASE as an indicator of physical
activity engagement however total PASE score is a
self-reported measure and may be prone to reporting
bias and accuracy [67]. Further, we did not collect
other factors (e.g., nutrition) that may impact health
outcomes. Fifth, although 4-meter gait speed is shown
to be a sensitive, valid, and reliable measure of mobil-
ity [1], evidence show that lab-based gait speed may
not reflect gait speed during daily living (daily gait
speed) [68, 69]. Specifically, daily gait speed may be
significantly lower than lab-based gait speed. Never-
theless, lab-based gait speed has ecological validity
as a clinical marker of functional status in older adults
[70]. Future studies should include additional param-
eters of gait, such as gait variability. Sixth, although
the Borg Rating of Perceived Exertion Scale has a
strong relationship with heartrate and exercise inten-
sity [37], it is a subjective scale and thus is prone to
reporting bias. Therefore, using a secondary objec-
tive metric (i.e., heart rate) to track exertion would
be beneficial to ensure that participants are meeting
their prescribed training intensity. Finally, due to the
3-arm study design, it is unclear if the observed bene-
fits of CCT with physical exercise on cortical volume
and thickness are due to CCT combined with physical
exercise, or primarily due to physical exercise.

Finally, due to the 3-arm study design, it is unclear
if the observed benefits of CCT with physical exer-
cise on cortical volume and thickness are due to CCT
combined with physical exercise, or primarily due
to physical exercise. A 2x2 factorial trial is needed
to determine the individual as well as the interac-
tive effect of CCT and physical exercise on brain
outcomes.

In conclusion, 8 weeks of CCT preceded by
a bout of physical exercise can induce structural
changes in the brain. Moreover, even a small dose of
low-intensity physical exercises, such as stretching
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exercises, range of motion exercises, core strength
exercises, and balance exercises, may positively
impact the brain. Secondly, changes in cortical vol-
ume and thickness following CCT, combined with
physical exercise, overlap with changes to cortical
volume and thickness associated with gait speed.
Thus, CCT preceded by 15 min of brisk walking may
be a viable way to promote brain health among older
adults who are unable to achieve current physical
exercise recommendations [71] due to limited mobil-
ity or fitness.
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