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Abstract.
Background: As the aging population grows, there is an increasing need to develop accessible interventions against risk
factors for cognitive impairment and dementia, such as cerebral small vessel disease (CSVD). The progression of white
matter hyperintensities (WMHs), a key hallmark of CSVD, can be slowed by resistance training (RT). We hypothesize RT
preserves white matter integrity and that this preservation is associated with improved cognitive and physical function.
Objective: To determine if RT preserves regional white matter integrity and if any changes are associated with cognitive and
physical outcomes.
Methods: Using magnetic resonance imaging data from a 12-month randomized controlled trial, we compared the effects
of a twice-weekly 60-minute RT intervention versus active control on T1-weighted over T2-weighted ratio (T1w/T2w; a
non-invasive proxy measure of white matter integrity) in a subset of study participants (N = 21 females, mean age = 69.7
years). We also examined the association between changes in T1w/T2w with two key outcomes of the parent study: (1)
selective attention and conflict resolution, and (2) peak muscle power.
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Results: Compared with an active control group, RT increased T1w/T2w in the external capsule (p = 0.024) and posterior
thalamic radiations (p = 0.013) to a greater degree. Increased T1w/T2w in the external capsule was associated with an increase
in peak muscle power (p = 0.043) in the RT group.
Conclusion: By maintaining white matter integrity, RT may be a promising intervention to counteract the pathological
changes that accompany CSVD, while improving functional outcomes such as muscle power.

Keywords: Aged, Alzheimer’s disease, cerebral small vessel diseases, dementia, magnetic resonance imaging, randomized
controlled trial, resistance training, white matter

INTRODUCTION

White matter hyperintensities (WMHs) are a hall-
mark of cerebral small vessel disease (CSVD) and
are highly prevalent in older adults (exceeding 90%
of adults over the age of 60 in some population-based
studies) [1]. Greater WMH volume is associated with
increased dementia risk [2] and negatively impacts
both cognitive (e.g., impaired executive functions)
and physical (e.g., impaired balance, slower gait,
reduced muscle strength) function [3–6]. Thus, inter-
ventions that slow the progression of WMHs are
needed to reduce dementia risk and promote cognitive
and physical outcomes in older adults. In particu-
lar, multiple longitudinal and randomized controlled
trial (RCT) studies have linked physical inactivity to
WMH progression; identifying exercise as a promis-
ing intervention [7–10].

Exercise can be broadly divided into aerobic train-
ing (AT) and resistance training (RT). A recent review
found both affect brain structure and neurochemi-
cal markers of neuroplasticity to a similar degree,
which was associated with improved motor (but not
cognitive) outcomes in healthy older adults [11].
AT includes moderate-intensity activities sustained
for longer periods of time, promoting cardiovascu-
lar fitness (e.g., running, swimming). Evidence for
the beneficial effects of AT on maintaining white
matter integrity and reducing WMH progression is
robust [12–16]. However, one study found no white
matter changes with a 12-week AT intervention,
suggesting the exercise must be maintained for a
certain duration to be effective [17]. Additionally,
we previously demonstrated that AT’s effects on
WMH progression may be sex-specific and only
beneficial for males [18]. Thus, while AT shows
promise, the parameters and recipient characteris-
tics may need to be specified to produce beneficial
effects.

RT, a form of exercise that promotes muscular
strength and endurance by contracting muscles
against external force, can positively impact cog-

nitive, physical, and brain outcomes in older adults
[19–21]. Specifically, we previously demonstrated
that older females who underwent 52 weeks of
twice-weekly RT exhibited functional plasticity,
improved executive functions, and increased peak
muscle power compared with an active control
group [22]. Notably, we found twice-weekly RT
significantly reduced WMH progression [23]. This
finding was corroborated by the Study of Mental and
Resistance Training (SMART) trial, which showed
RT reduced WMH progression while also improving
global cognition in older adults with mild cognitive
impairment [24]. However, the mechanisms by
which RT protects against WMH progression and
other white matter damage characteristic of CSVD
is currently unknown.

A non-invasive and indirect measure of white
matter integrity can be derived from dividing a
T1-weighted (T1w) magnetic resonance imaging
(MRI) scan by a T2-weighted (T2w) MRI scan (i.e.,
T1w/T2w) [25]. The structural composition of a
tissue affects its longitudinal relaxation time (T1)
and transverse relaxation time (T2). White matter’s
short T1 leads to it appearing bright on T1-weighted
images, whereas grey matter’s long T2 leads to it
appearing bright on T2-weighted images [26]. Origi-
nally, because myelin increases the T1w signal while
decreasing the T2w signal, dividing the former by the
latter was proposed to enhance the signal primarily
attributed to myelin [27]. However, recent literature
suggests stronger correlations between the ratio and
other neurological features such as neurite density
[28]. Thus, the T1w/T2w ratio is increasingly being
used as a measure of overall white matter integrity.
Notably, a recent study found participants of a 6-
month AT intervention showed increased regional
T1w/T2w compared with a decrease in the active
control. This increase in white matter integrity was
correlated with an improvement in episodic mem-
ory performance (but not with an improvement in
cardiorespiratory fitness, or changes in executive
function or perceptual speed) [16]. Similar studies
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have yet to be done for RT, a gap this study attempted
to fill.

We conducted an exploratory analysis of a 52-week
randomized controlled trial of RT in community-
dwelling females aged 65–75 years old to examine
the effect of twice-weekly RT on T1w/T2w ratio.
We hypothesized that 12 months of twice-weekly RT
would increase or maintain T1w/T2w, suggesting RT
benefits white matter integrity. We also hypothesized
that an increase in T1w/T2w would be associated with
improvements in: 1) executive functions, as measured
by the Stroop Color-Word Test; and 2) peak muscle
power, as measured by a leg press.

METHODS

Study design

We conducted a 52-week RCT of RT (clinical-
trials.gov Identifier: NCT00426881) with behavioral
measurements at baseline, 26 weeks, and trial com-
pletion [22]. Assessors were trained by the research
team and were blinded to group allocation of the par-
ticipants. Magnetic resonance imaging (MRI) data

was acquired at baseline and trial completion in a
subset of eligible participants.

Participants

Details of the inclusion/exclusion criteria can be
found in the parent study [22]. Briefly, we included
community-dwelling females who: 1) were aged 65
to 75 years old and living in Metropolitan Vancouver;
2) were living independently in their own home; 3)
scored ≥24/30 on the Mini-Mental State Examina-
tion (MMSE); and 4) had a visual acuity of ≥20/40,
with or without corrective lenses. Individuals were
excluded if they: 1) had a medical condition for which
exercise is contraindicated; 2) regularly participated
in RT in the previous 6 months; 3) had a neurode-
generative disease and/or stroke; 4) had depression;
5) were not fluent in English, 6) were taking
cholinesterase inhibitors; and/or 7) were on estrogen
replacement or testosterone therapy. Only females
were included as evidence suggests there are sex dif-
ferences in the cognitive response to exercise [29].

Figure 1, the CONSORT (Consolidated Standards
of Reporting Trial) flowchart, shows the number

Fig. 1. Consolidated Standards of Reporting Trial Flowchart of Participants. MRI, magnetic resonance imaging; 1x RT, once-weekly
resistance training; 2x RT, twice-weekly resistance training; BAT, balance and tone training.
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and distribution of participants included in this
exploratory analysis. For this exploratory analysis,
we included only participants from the twice-weekly
RT group and the active control group who com-
pleted MRI at baseline and trial completion. This
is because our prior work showed once-weekly RT
had no benefit for WMH progression compared with
active control [23].

Ethical approval was obtained from the University
of British Columbia Clinical Research Ethics Board
(H06-03217) and the Vancouver Coastal Health
Research Institute (V06-03216). All participants pro-
vided informed written consent.

Measurements

Descriptive measures included: age (in years),
education level (high school graduate, trades or
professional certificate, university certificate, or uni-
versity degree), cognitive status (Montreal Cognitive
Assessment [MoCA] – a measure of global cognition
used to screen for mild cognitive impairment) [30],
weight (in kilograms), and height (in centimeters).

Executive functions
The primary outcome of the parent study was the

executive cognitive process of selective attention and
conflict resolution as measured by the Stroop Color-
Word Test, a measure with high test-retest reliability
[22, 31, 32]. The test involved three conditions: the
neutral, congruent, and incongruent condition. In
the neutral condition (Stroop 1), participants read
aloud different color names written in black ink (e.g.,
“blue”). In the congruent condition (Stroop 2), par-
ticipants named the ink color of different colored
x’s. Finally, in the incongruent condition (Stroop
3), participants named the ink color of incongruent
color words (e.g., the word “blue” printed in red
ink). Stroop interference, the measure of interest,
was calculated by the time difference between the
incongruent and congruent conditions (Stroop 3-2).
A smaller time difference in Stroop 3-2 is indicative
of better selective attention and conflict resolution.
This executive function has previously been asso-
ciated with mobility and shown to be responsive to
exercise training [33–35].

Peak muscle power
Single-repetition maximum lift (1-RM) is the gold

standard measure of muscle strength and has shown
high test-retest reliability across studies [36]. A 15-
min standard warm-up on a stationary bike was

followed by an initial quadriceps 1-RM assessment
using the Keiser air-pressured digital resistance leg
press machine (Keiser Sports Health Equipment,
Fresno, CA, USA) [22]. The maximum load (in
newtons) participants were able to complete was
recorded. This measure served as a basis for measur-
ing peak muscle power as participants then completed
3 repetitions (each separated by a 30-s rest) at 6 dif-
ferent relative loads of their 1-RM (40%, 50%, 60%,
70%, 80%, and 90%) on an air-pressured digital resis-
tance leg press machine. These relative loads were
chosen to reduce the risk of injury. The concentric
portion of the leg press repetition was performed as
rapidly as possible, followed by a slow lowering of
the load for a period of 3 s. The maximum quadri-
ceps muscle power (in watts) was recorded with larger
values indicating stronger muscle performance.

Magnetic resonance imaging (MRI)

Structural MRI data acquisition
T1w and T2w structural MRI scans were obtained

using a Philips Achieva 3T scanner located at the
UBC MRI Research Centre [22]. Scanning param-
eters for the T1w scans included a repetition time
(TR) of 7.7 ms, an echo time (TE) of 3.6 ms, dimen-
sions of 256 × 256 × 100 voxels, and a voxel size of
1.00 × 1.00 × 1.00 mm. For the T2 w scans, the TR
was 5,431 ms and the TE was 90 ms [23]. T2 w scans
had dimensions of 256 × 256 × 60 voxels and a voxel
size of 0.937 × 0.937 × 3.000 mm.

T1w/T2w ratio analysis
The methods used to compute T1w/T2w ratios in

this study were based on further refinements to the
calibration pipeline as proposed by Nerland et al.
[37]. Tools and toolboxes from the FMRIB Software
Library (FSL) and Python were used. Steps of the
workflow are laid out below.

For each timepoint, each participant’s T2w scan
was co-registered to their respective T1w scan via
affine transformation using FMRIB’s Linear Image
Registration Tool (FLIRT) in FSL Version 6.0.5.1
[38, 39]. Subsequently, Optimized Brain Extraction
for Pathological Brains (optiBET) was used to per-
form brain extraction on the T1w scan [40].

The images underwent a bias field correction to
correct for low frequency intensity non-uniformity
using the N4ITK algorithm in Python Version 3.10.1
[41]. Bias-corrected images then underwent intensity
normalization to improve inter-subject comparabil-
ity using fuzzy c-means (FCM)-based tissue-based
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mean normalization [42]. The final T1w/T2w ratio
image was computed by dividing the bias-corrected
and intensity-normalized T1w image by the bias-
corrected and intensity-normalized T2w image.

Selection of regions of interest (ROIs)
Regional T1w/T2w ratios were extracted from a-

priori selected regions of interest (ROIs) from each
subject’s T1w/T2w images. This was done by first co-
registering the T1w/T2w image to the standard John
Hopkins University (JHU) space via affine transfor-
mation. Subsequently, ROIs were segmented based
on the atlas labels from the JHU-MNI-ss (Eve) Atlas
[43]. ROIs were selected from a list of brain areas
previously identified to be relevant to our behav-
ioral outcomes of interests. The final set of ROIs
included the external capsule, internal capsule, cor-
pus callosum, posterior thalamic radiations, superior
corona radiata, superior longitudinal fasciculus, and
cingulum. The corpus callosum, superior corona
radiata and cingulum have all been shown to have
roles in executive functions and memory [44–46].
In addition to links to cognition, the external cap-
sule, internal capsule, posterior thalamic radiations,
and superior longitudinal fasciculus have also been
shown to have roles in motor control and function
[45, 47].

White matter hyperintensity (WMH)
segmentation

An experienced radiologist identified the WMHs
on the MRI of each participant and marked them with
digital seeds for subsequent automated processing.
Briefly, the seeding procedure involved: 1) mark-
ing all distinct WMHs regardless of size; 2) using
additional points if more than one point would help
define the extent of the lesion; 3) placing at least one
point near the center of each lesion [48]. The WMHs
were then automatically segmented by computing
the extent of each lesion. This method is accurate
and robust compared with radiologist segmentations
[48].

Intervention

Participants were assigned to one of three groups
using a randomization sequence generated by
http://www.randomization.com. This sequence was
concealed until interventions were assigned and held
independently and remotely by the Research Coor-
dinator. Participants were enrolled and randomized

by the Research Coordinator to one of: once-weekly
resistance training (1x RT), twice-weekly resis-
tance training (2x RT), or twice-weekly balance and
tone training (BAT). This occurred after baseline
assessments were completed. Both assessors and par-
ticipants were blinded. For this exploratory analysis,
we included only those in the 2x RT and BAT groups
who completed MRI as 1x RT did not have an effect
on WMH progression [23].

Sessions were scheduled on non-consecutive days.
All sessions were 60 min, with each session com-
posed of a 10-min warm-up, 40-min training (RT
or BAT), and a 10-min cool-down. All classes were
led by certified fitness instructors who received
additional training and education from the study
investigators.

Resistance training (RT)
The RT program consisted of free weights and

Keiser® Pressurized Air system exercises including
mini-squats, mini-lunges, biceps curls, calf raises, leg
press, hamstring curls, triceps extension, seated row,
and latissimus dorsi pull down. The program was
high-intensity and progressive with participants start-
ing at 50–60% of their 1-RM before progressing to 2
sets of 6 to 8 repetitions at 75–80% 1-RM by week 4.
The 7-RM method was used to subsequently increase
the training stimulus, when 2 sets of 6 to 8 repeti-
tions were completed with proper form and without
discomfort. The inter-set rest period was 1 min. The
range of motion varied by the participant based on
their individual comfort level.

Balance and Tone Training (BAT)
The BAT program involved stretching, range-

of-motion exercises, basic core-strength exercises,
balance exercises, and relaxation techniques. This
training has not been shown to elicit improvements
in cognition [33]. Thus, it was intended to control
for potential confounding factors such as social inter-
action, secondary changes in lifestyle, and physical
training provided by traveling to training centers
[22].

Statistical analyses

All statistical analyses were conducted in IBM
SPSS Statistics Version 28.0. Visual inspection of
the data identified that the WMH volumes were
not normally distributed; thus, we log-transformed
them prior to our analyses. Analysis of covariance

http://www.randomization.com
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(ANCOVA) was used to compare the two behav-
ioral outcomes, Stroop 3-2 and peak muscle power,
between groups at trial completion. For Stroop 3-
2, baseline age and education were included as
covariates. For peak muscle power, baseline age was
included as a covariate.

Between-group differences in regional T1w/T2w
ratios at trial completion were compared by mul-
tivariate analysis of covariance (MANCOVA). In
the model, baseline age, education, WMH volume
(log-transformed), and T1w/T2w were included as
covariates. Outliers (≥2 standard deviations from the
mean) in the change in T1w/T2w for each region were
identified. However, removal of these outliers (i.e.,
1 for corpus callosum, 2 for external capsule, 2 for
posterior thalamic radiations, 1 for superior corona
radiata, 1 for superior longitudinal fasciculus, 1 for
internal capsule, 1 for cingulum) did not alter the sig-
nificance of the results and thus these data points were
kept in our analyses.

Post-hoc partial correlations were performed for
any ROIs identified as having a significant group
difference in T1w/T2w at trial completion. These
analyses investigated whether a change in T1w/T2w
was associated with a change in: 1) Stroop Color-
Word Test; and 2) peak muscle power. For Stroop
Color-Word Test, we controlled for baseline age,
education, and WMH volume (log-transformed). For
peak muscle power, we controlled for baseline age
and WMH volume (log-transformed). Change scores
were calculated by subtracting baseline from trial
completion values.

RESULTS

Participants

After removing 5 participants due to excessive
head motion, data from 21 participants were included
in the MANCOVA analyses (Fig. 1). The baseline
mean age of this sample was 69.7 (3.0) years old, with
a MoCA score of 25.7 (2.6), and WMH volume of
2187.6 (3767.2) mm3 (Table 1). No significant base-
line differences were found between the two groups
(using one-way ANOVA analyses). At trial comple-
tion, there was a significant between-group difference
in peak muscle power (p = 0.036), but not in Stroop
Color-Word Test (p = 0.884) (Table 2).

Effect of RT on regional T1w/T2w ratio

At trial completion, there were significant
between-group differences in the external capsule
T1w/T2w ratio (F = 6.173; p = 0.024) and the poste-
rior thalamic radiations T1w/T2w ratio (F = 7.869;
p = 0.013) (Figs. 2 and 3). Specifically, the exter-
nal capsule T1w/T2w was increased in the 2x RT
group (mean change in T1w/T2w = 0.02, standard
deviation (SD) = 0.08) while it decreased in the
BAT group (mean change = –0.06, SD = 0.11). In
the posterior thalamic radiations, there was a sig-
nificantly greater increase in T1w/T2w in the 2x
RT group (mean change = 0.08, SD = 0.07) compared

Table 1
Participant characteristics mean (SD) or n (%) (N = 21)

BAT (n = 10) 2x RT (n = 11) All (N = 21)
Baseline Trial Completion Baseline Trial Completion Baseline Trial Completion

Age (y) 69.8 (3.0) 69.6 (3.2) 69.7 (3.0)
Height (cm) 162.9 (5.7) 162.2 (5.6) 159.4 (6.9) 159.7 (7.3) 161.0 (6.5) 160.9 (6.5)
Weight (kg) 71.5 (10.1) 70.3 (8.2) 67.1 (13.3) 67.5 (14.3) 69.2 (11.8) 68.8 (11.6)
Systolic Blood Pressure (mmHg) 143.6 (18.2) 131.1 (18.1)a 130.5 (25.0) 133.9 (18.2)a 136.8 (22.5) 132.5 (17.7)b

Diastolic Blood Pressure (mmHg) 94.4 (26.2) 79.0 (11.1)a 79.5 (10.5) 73.1 (10.9)a 86.6 (20.6) 76.1 (11.1)b

Education High School Graduate 1 (10.0) 3 (27.3) 4 (19.0)
Trades or Professional Certificate 2 (20.0) 1 (9.1) 3 (14.3)
University Certificate 1 (10.0) 1 (9.1) 2 (9.5)
University Degree 4 (40.0) 6 (54.5) 10 (47.6)

MoCA (/30) 25.2 (2.5) 25.5 (3.8) 26.1 (2.8) 24.8 (3.4) 25.7 (2.6) 25.1 (3.5)
WMH Volume (mm3) 2434.3 1096.9 1963.4 2077.8 2187.6 1636.4

(4864.9) (1406.6)a (2639.4) (2884.9) (3767.2) (2337.6)c

BAT, balance and tone training; 2x RT, twice-weekly resistance training; MoCA, Montreal Cognitive Assessment; WMH, white matter
hyperintensity. an = 9 due to missing values at trial completion. bn = 18 due to missing values at trial completion. cn = 20 due to missing
values at trial completion.
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Table 2
Mean (SD) of behavioral outcome measures in the analyzed sample at baseline and trial completion (N = 15)

BAT (n = 6) 2x RT (n = 9)
Baseline Trial Completion Baseline Trial Completion

Stroop 3-2 (s) Part 1 37.4 (9.6) 39.1 (11.2) 36.9 (8.4) 38.1 (7.5)
Part 2 51.5 (8.3) 55.1 (9.5) 52.7 (12.0) 51.7 (10.4)
Part 3 98.2 (11.8) 97.6 (14.3) 100.5 (20.8) 97.6 (17.9)

Part 3-2 46.7 (12.0) 42.5 (12.4) 47.8 (17.4) 45.9 (15.3)

Peak Muscle Power (W) 684.0 (223.1) 561.7 (155.9) 615.0 (192.2) 700.7 (186.3)∗

BAT, balance and tone training; 2x RT, twice-weekly resistance training. ∗Significantly different from the BAT group at trial completion
(p < 0.05); controlled for baseline age and peak muscle power.

Fig. 2. Between-group difference in change in T1w/T2w in the
external capsule. Circles correspond to each participant. BAT, bal-
ance and tone training; 2x RT, twice-weekly resistance training;
T1w/T2w, T1-weighted over T2-weighted ratio.

to the BAT group (mean change = 0.02, SD = 0.08)
(Table 3). No other significant between-group differ-
ences were observed.

Partial correlations between change in T1w/T2w
ratio and behavioral performance

Peak muscle power was only measured in a sub-
set of participants who did not have any pre-existing
knee, hip, or back conditions [22]. Thus, there was
an analyzed sample of 15 participants (BAT: n = 6; 2x
RT: n = 9) for the partial correlation analyses. In the
2x RT group, change in external capsule T1w/T2w
was positively and significantly associated with an
increase in peak muscle power (r = 0.771; p = 0.042).
This association was not present for the BAT group
(r = –0.014; p = 0.986) (Fig. 4). No other significant
associations were found (Table 4).

Fig. 3. Between-group difference in change in T1w/T2w in the
posterior thalamic radiations. Circles correspond to each par-
ticipant. BAT, balance and tone training; 2x RT, twice-weekly
resistance training; T1w/T2w, T1-weighted over T2-weighted
ratio.

DISCUSSION

This study is the first to explore the effect of
52 weeks of twice-weekly RT on T1w/T2w ratios
in older females. Compared with the active control
group, we found that twice-weekly RT increased the
T1w/T2w ratio in the external capsule and posterior
thalamic radiations. Increased peak muscle power
due to 2x RT was also significantly associated with the
slight increase of T1w/T2w in the external capsule.

Our results concur and extend prior findings that
show higher self-reported physical activity is pos-
itively associated with white matter integrity (as
measured by diffusion tensor imaging) in the external
capsule [49]. The external capsule is a passageway for
a multitude of fibers from cortical regions (e.g., ven-
tral and medial prefrontal cortex, ventral premotor
cortex, inferotemporal region) to the striatum [45].
Thus, it facilitates the basal ganglia in various motor,
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Table 3
Mean (SD) of regional T1w/T2w (N = 21)

BAT (n = 10) 2x RT (n = 11)
Baseline Trial Completion Baseline Trial Completion

External Capsule 2.42 (0.20) 2.36 (0.26) 2.26 (0.23) 2.28 (0.26)∗
Internal Capsule 2.74 (0.22) 2.72 (0.20) 2.58 (0.22) 2.58 (0.22)
Corpus Callosum 2.43 (0.11) 2.50 (0.18) 2.46 (0.19) 2.53 (0.18)
Posterior Thalamic Radiations 2.35 (0.19) 2.36 (0.19) 2.32 (0.20) 2.40 (0.24)∗
Superior Corona Radiata 2.48 (0.17) 2.49 (0.20) 2.40 (0.22) 2.45 (0.23)
Superior Longitudinal Fasciculus 2.44 (0.16) 2.43 (0.19) 2.39 (0.24) 2.43 (0.25)
Cingulum 2.29 (0.13) 2.28 (0.17) 2.28 (0.20) 2.30 (0.21)

T1w/T2w: T1-weighted over T2-weighted ratio; BAT: balance and tone training; 2x RT: twice-weekly resistance training. ∗Significantly
different from the BAT group at trial completion (p < 0.05); controlled for baseline age, education, WMH volume (log-transformed), and
T1w/T2w.

Fig. 4. Correlation between changes in T1w/T2w in the external
capsule and changes in peak muscle power. BAT, balance and tone
training; 2x RT, twice-weekly resistance training; T1w/T2w, T1-
weighted over T2-weighted ratio.

Table 4
Partial correlations between change in regional T1w/T2w and
change in cognition and muscle strength in the 2x RT group (n = 9)

External Posterior Thalamic
Capsule Radiations

Stroop 3-2 r 0.654 0.681
p 0.159 0.136

Peak Muscle Power r 0.771 0.591
p 0.042∗ 0.162

T1w/T2w: T1-weighted over T2-weighted ratio; 2x RT: twice-
weekly resistance training. Controlled for baseline age and WMH
volume (log-transformed). ∗p < 0.05.

cognitive, and affective functions. The posterior tha-
lamic radiations are another important passageway
that connect the cortex, basal ganglia, and thalamus
[47, 50]. Both structures show reduced white matter
integrity (as measured by myelin water fraction and
measures derived from diffusion-weighted imaging)
with age [51, 52]. Moreover, in one study characteriz-

ing WMH development in major white matter tracts,
the posterior thalamic radiations was identified as one
of the tracts most susceptible to WMH progression
[53]. Given both the external capsule and posterior
thalamic radiations are sensitive to aging effects, they
are potential targets for interventions.

A previous systematic review has shown that
links between physical and cognitive function may
have a physiological correlate in positive associa-
tions between muscle size and both whole brain and
white matter volume [54]. Evidence in support of
muscle-brain crosstalk suggests exercise stimulates
peripheral factors that cross the blood-brain barrier
(BBB) and increases neuronal gene expression for
protective factors [55]. These include brain-derived
neurotrophic factor (BDNF), insulin like growth
factor-1 (IGF-1), and vascular endothelial growth
factor (VEGF); these factors may be involved in slow-
ing or reversing pathological white matter changes
associated with WMHs and consequently improve
cognitive outcomes through this and other mecha-
nisms of neuroplasticity [56, 57]. In particular, once
IGF-1 crosses the BBB, it is involved in neuro-
plastic changes including synaptic processes such as
long-term potentiation, angiogenesis, axonal growth,
dendritic maturation, and synaptogenesis [19]. These
roles may explain the protective role IGF-1 has been
found to have in previous rodent studies. Trans-
genic mice with increased IGF-1 expression have
more abundant and thicker myelin [58]. Additionally,
rodents with hypoxic-ischemic brain injury showed
an uptake of centrally administered IGF-1 by sub-
cortical white matter tracts including the external
capsule [59]. Lin and colleagues [60] also found IGF-
1 can reduce the amount of white matter degeneration
in the external capsule following hypoxic exposure
in rodents. Collectively, this suggests the external
capsule may be one region that is more receptive
to the effects of IGF-1 on white matter integrity.
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Considering prior RCTs show RT increases IGF-1
levels and that this increase is associated with RT-
induced improvements in cognitive and functional
outcomes [61–63], IGF-1 promotion by RT may pref-
erentially protect white matter within the external
capsule. However, as our study did not collect IGF-1,
future randomized controlled trials of RT with both
neuroimaging and IGF-1 as outcomes are needed to
confirm this hypothesis. Concurrently, a population-
dependent investigation of other potential underlying
molecular mechanisms, related cerebral changes, and
influencing behavioral mechanisms (such as sleep)
is needed to fully characterize the impact of RT on
white matter integrity. For example, the upregulation
of VEGF and endothelial nitric oxide synthase could
decrease oxidative stress; promoting cerebrovascular
function, reducing WMH progression, and improving
downstream cognitive outcomes [20].

While the exact functions of the external cap-
sule have yet to be elucidated, lesions in this region
cause muscle spasticity [64–67]. Our finding that
RT-induced improvements in external capsule white
matter integrity was associated with increased peak
muscle power further supports the notion that the
external capsule has an important role in motor con-
trol. Peak muscle power, defined as the maximum
force generated by a muscle over a specific period of
time, is more predictive of functional status and func-
tional dependency than aerobic capacity and muscle
strength, defined as the maximum force generated by
a muscle in a single contraction [68].

Contrary to our hypothesis, there was no signifi-
cant association between changes in T1w/T2w ratios
and change in executive functions, as measured by the
Stroop Color-Word Test. The literature on the exter-
nal capsule’s role in cognitive function is limited.
White matter hyperintensities in the external capsule
were previously associated with attention dysfunc-
tion [69], suggesting a potential role of this region
in focused and sustained attention. Since the Stroop
Color-Word Test measures selective attention, the
external capsule may be more relevant for cognitive
domains that were not assessed in this specific study.

There is a limited understanding of the function of
the posterior thalamic radiations. Previous evidence
has identified associations between the posterior
thalamic radiations and visual short-term memory,
processing speed, and higher motor functions such
as understanding intention behind movements [53,
70, 71]. This suggests the posterior thalamic radia-
tions may be more relevant for cognitive and physical
functions that were not assessed in this study, thus

explaining the lack of an association between change
in the T1w/T2w ratio of the posterior thalamic radia-
tions and changes in Stroop Color-Word Test or peak
muscle power.

This study is not without its limitations. Our pri-
mary measure, the T1w/T2w ratio, is an indirect
measure of white matter integrity. As a ratio of arbi-
trary values of intensities, it is prone to influence
by extraneous factors such as tissue characteris-
tics and artifacts. Our pipeline attempted to account
for this by improving inter-subject comparability
through methods such as bias-correction and inten-
sity normalization. While originally proposed to be
a measure of myelin, the T1w/T2w ratio has a low
correlation with other measures of myelin (including
myelin water fraction—the gold standard measure)
[72, 73]. However, it has been correlated with other
aspects of white matter including neurite density [28],
axonal diameter [74], and iron content [75]. Other
merits of the ratio include its accessibility due to its
use of commonly acquired T1w and T2w scans, as
well as its sensitivity and reliability in regions of more
complex microarchitecture due to a lack of influence
to fiber orientation [73]. Thus, the use of T1w/T2w
is suitable and valuable for an exploratory study like
this one.

Due to our small sample size and exploratory
nature of the study, one methodological limitation
is that we were unable to perform repeated mea-
sures or robust correlations. Future studies with larger
samples are needed to confirm current results. In
addition, the study may not have enough power to
reveal potential significant differences in white mat-
ter integrity in other regions. Indeed, previous studies
have shown associations between physical activity
and white matter in the other five ROIs considered
in this study [49, 76, 77]. However, it is important
to consider that these associations may also be more
applicable to changes induced by aerobic training,
another form of exercise that is more extensively
studied and proposed to act through different underly-
ing neurobiological mechanisms [78]. Secondly, we
used a supervised intervention in comparison to self-
reported physical activity which could have led to
different results. Another possible underlying reason
for diverging results is varying covariate control. We
did not control for blood pressure in our analyses as
we found no significant between-group differences.
However, it should be noted that blood pressure is
a well-established contributing factor to WMH pro-
gression. Previous studies have shown associations
between increases in either systolic blood pressure
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or diastolic blood pressure and increases in WMH
volume; as well as proportional decreases in WMH
volume following blood pressure control [79, 80].
Thus, even if the between-group difference in blood
pressure was not significant, lower baseline systolic
and diastolic blood pressure may contribute to dif-
ferences in white matter integrity. Another limitation
resulting from our sample is limited generalizability.
Our sample only consisted of females without cog-
nitive impairment who lived independently, thus our
results cannot be generalized beyond this population.
Despite these limitations, this is the first study (to
our knowledge) investigating changes in T1w/T2w
induced by RT. As such, it provides insights for future
studies.

In conclusion, this study demonstrates the bene-
fits of RT against CSVD and age-related functional
decline by exploring its effects on white mattery
integrity. Based on our findings, RT may promote
white matter integrity in a key region associated with
improvements in motor function. Future studies with
larger samples should attempt to further elucidate the
effects of RT on specific white matter substrates and
the associated improvements in cognitive and motor
outcomes. Building this body of knowledge will fur-
ther validate the use of RT as an accessible lifestyle
intervention for counteracting maladaptive changes
that occur with aging. Our findings support the use of
RT to promote muscle-brain crosstalk that contributes
to beneficial neurological and functional outcomes.
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C (2017) Impaired visual short-term memory capacity is
distinctively associated with structural connectivity of the
posterior thalamic radiation and the splenium of the corpus
callosum in preterm-born adults. Neuroimage 150, 68-76.

[71] Fogassi L, Luppino G (2005) Motor functions of the parietal
lobe. Curr Opin Neurobiol 15, 626-631.

[72] Uddin MN, Figley TD, Marrie RA, Figley CR, CCOMS
Study Group (2018) Can T1w/T2w ratio be used as a
myelin-specific measure in subcortical structures? Compar-
isons between FSE-based T1w/T2w ratios, GRASE-based
T1w/T2w ratios and multi-echo GRASE-based myelin
water fractions. NMR Biomed 31, e3868.

[73] Uddin MN, Figley TD, Solar KG, Shatil AS, Figley
CR (2019) Comparisons between multi-component myelin
water fraction, T1w/T2w ratio, and diffusion tensor imag-

https://neuroconductor.org/help/EveTemplate


J. Oh et al. / Exercise Maintains White Matter and Function 639

ing measures in healthy human brain structures. Sci Rep 9,
2500.

[74] Arshad M, Stanley JA, Raz N (2017) Test–retest reliability
and concurrent validity of in vivo myelin content indices:
Myelin water fraction and calibrated T1w/T2w image ratio.
Hum Brain Mapp 38, 1780-1790.

[75] Shams Z, Norris DG, Marques JP (2019) A comparison of
in vivo MRI based cortical myelin mapping using T1w/T2w
and R1 mapping at 3T. PLoS One 14, e0218089.

[76] Sexton CE, Betts JF, Demnitz N, Dawes H, Ebmeier KP,
Johansen-Berg H (2016) A systematic review of MRI stud-
ies examining the relationship between physical fitness and
activity and the white matter of the ageing brain. Neuroim-
age 131, 81-90.

[77] Won J, Callow DD, Pena GS, Gogniat MA, Kommula
Y, Arnold-Nedimala NA, Jordan LS, Smith JC (2021)

Evidence for exercise-related plasticity in functional and
structural neural network connectivity. Neurosci Biobehav
Rev 131, 923-940.

[78] Dao E, Hsiung G-YR, Liu-Ambrose T (2018) The role of
exercise in mitigating subcortical ischemic vascular cogni-
tive impairment. J Neurochem 144, 582-594.

[79] Wilkinson I, Webb AJS (2022) Consistency of associations
of systolic and diastolic blood pressure with white matter
hyperintensities: A meta-analysis. Int J Stroke 17, 291-298.

[80] Lai Y, Jiang C, Du X, Sang C, Guo X, Bai R, Tang R,
Dong J, Ma C (2020) Effect of intensive blood pressure
control on the prevention of white matter hyperintensity:
Systematic review and meta-analysis of randomized trials.
J Clin Hypertens 22, 1968-1973.


