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Physical exercise keeps t
he brain connected by
increasing white matter integrity in healthy
controls
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Abstract
Physical exercise leads to structural changes in the brain. However, it is unclear whether the initiation or continuous practice of
physical exercise causes this effect and whether brain connectivity benefits from exercise. We examined the effect of 6 months of
exercise on the brain in participants who exercise regularly (n=25) and in matched healthy controls (n=20). Diffusion tensor imaging
brain scans were obtained from both groups. Our findings demonstrate that regular physical exercise significantly increases the
integrity of white matter fiber tracts, especially those related to frontal function. This implies that exercise improves brain connectivity
in healthy individuals, which has important implications for understanding the effect of fitness programs on the brains of healthy
subjects.

Abbreviations: AD = axial diffusivity, CC = corpus callosum, DTI = diffusion tensor imaging, FA = fractional anisotropy, FSL =
FMRIB Software Library, GM = grey matter, PE = physical activity, RD = radial diffusivity, WM = white matter.
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1. Introduction

Aging is associated with changes in grey matter (GM) and white
matter (WM) microstructures, resulting in cognitive decline and
an increased risk of neurodegenerative brain conditions.[1] As the
average age of adult populations is increasing throughout the
world, more attention is being paid to lifestyle factors that
preserve the cognitive vitality of older. One of these lifestyle
factors is physical activity (PE).[2–4] PE may help maintain, or
even enhance, cognitive and brain function across the lifespan.
Although the general physiology of PE has been an active area of
research for upwards of 4 decades, until recently, few studies have
examined its neurocognitive effects.[5–7]

Considerable evidence shows that PE may enhance structural
and functional modifications in the brain, influence cognitive
functions, and provide psychological and biological benefits.[7–9]

Cumulative research from animal studies has demonstrated that,
at the cellular level, intensive motor training increases neuro-
genesis, synaptogenesis, gliogenesis, and angiogenesis in the
hippocampus, neocortex, and cerebellum.[10–15] At the molecular
level, PE can modulate neurotransmission systems such as
serotonin, noradrenalin, and acetylcholine,[16,17] induce the
release of the brain-derived neurotrophic factor brain-derived
neurotrophic factor[18,19]; and the insulin-like growth factor-
1,[20] and improve spatial memory performance.[21,22]

In humans, a growing body of evidence suggests that PE can
positively influence brain plasticity.[5,22,23] PE has been reported
to influence GM structure.[16,17] Increased volume of the
cortex,[24–26] and hippocampus,[27,28] has been observed directly
after PE in healthy individuals. However, other studies have
failed to show that PE has a significant effect on, for example,
cortical architecture.[19,20] PE facilitates the release of peripheral
brain-derived neurotrophic factor,[29] which is essential to neural
plasticity. PE enhances executive function and prevents age-
related cognitive decline.[30,31] A recent systematic review of
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neuroimaging studies investigating the impact of PE on young
people’s brain structure and cognitive function[32] found that PE
might induce changes in WM integrity and activate brain regions
that are critical to cognitive processes.
However, the degree to which PE can modulate or enhance

WM connectivity in healthy subjects who exercise regularly is not
yet completely clear.
Therefore, the purpose of this study was to investigate the

effect of PE on brain connectivity in healthy individuals. We
aimed to assess brain changes in 2 groups. One group engaged in
daily aerobic and anaerobic exercise for 6 months; the second
group did not do any PE. We measured brain connectivity using
diffusion tensor imaging (DTI) at 3 Tesla at baseline (time point
1) and then after the 6-month intervention (time point 2).
2. Materials and methods

A total of 45 subjects, divided into the exercise group (n=25) and
the non-exercise group (n=20), were included in the study.
Participants were between 19 and 27years of age (Table 1); the
groups were matched for age. All participants were males. All
subjects provided written informed consent prior to participation
in the study. All included individuals were physically healthy,
meaning that they showed no evidence of significant cardiovas-
cular, neuromuscular, endocrine, or another somatic disorders.
None of the participants had a primary diagnosis of alcohol or
substance abuse or dependence. All participants in the control
group were physically inactive, defined as engaging in less than
1hour of moderate PE weekly.
2.1. Exercise group

Aerobic exercise was performed using an upright bicycle
ergometer (starting with warm-up for 2 minutes, followed by
cycling with tolerable workload for 4minutes, then 2minutes for
cooling down), a recumbent bicycle ergometer (2minutes of
cycling forwarmingup at a comfortable pacewith low resistance,
followed by 4minutes of cycling at high tolerable resistance, and
finally, 2minutes pace back to a comfortable level at low
resistance for cooling down), a rowing machine (2minutes warm
up at a low intensity with the aim for 15–20 strokes per minute,
followed by 4minutes of rowing at high intensity with the aim for
reaching 15–20 strokes perminute, then 2minutes cool downat a
low intensity), a cross trainer (2min warm up at a low intensity
with the aim for 40–50 stride per minute, followed by 4minutes
at high to reach 60–80 stride per minute, then cool down at a low
resistance for 2minutes) and a treadmill (2minutes warm up by
walking, then 4minutes easy run at tolerable speed and finally
cool down by regular walking for 2minutes). Anaerobic exercise
consisted of weight training (6 exercises per week, 3 sets, 10–15
repetitions; exercises engaged the biceps, triceps, abdominal
muscles, quadriceps, pectoral muscles, and deltoid muscles).
Table 1

Subject characteristics.
Age (years) 23.3±4.22
Gender 45M
Mini-Mental State Examination 30

M = male.
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2.2. Non-exercise group

All participants in the control group were physically inactive,
defined as participating in less than 1 hour of moderate-intensity
or vigorous-intensity aerobic physical exercise or an equivalent
combination of both types throughout the week.[33]
2.3. Brain imaging

Brain scans were obtained using a 3 Tesla Siemens Medical
Scanner at the KSUMedical Center, Riyadh, Saudi Arabia. High-
resolution T1-weighted imaging was acquired using a multishot
turbo field echo pulse sequence.
2.4. Postprocessing
2.4.1. Diffusion tensor image analysis. We performed voxel-
wise analyses of fractional anisotropy (FA) maps across subjects
using tract-based spatial statistics for the data from participants
in the exercise group and the control group. First, the data were
pre-processed for motion artifacts and distortions due to eddy
currents. Non-brain tissue was removed using the brain
extraction tool in the FMRIB Software Library (FSL) package.
DTI data were calculated for each voxel after the diffusion tensor
model was fitted to each voxel using FMRIB’s diffusion toolbox
from the FSL package. Next, we generated a subject-wise mid-
space template, which was aligned to the FSL standard FA
template non-linearly and then averaged to generate a study-
specific mean FA map. This mean image was thresholded to an
FA value of 0.2 and skeletonized to generate aWM tract skeleton
representing the center of the tracts common to all subjects. Next,
the values of axial diffusivity (AD) and radial diffusivity (RD)
were mapped onto the skeleton using the projection vectors from
each individual’s FA-to-skeleton transformation.[33]

2.4.2. Statistical analyses. The 2 groups (exercise vs control)
were compared using 2 sample t test in each voxel with threshold-
free cluster enhancement, which is a statistical method for finding
clusters without having to define clusters in a binary way, thereby
cluster-like structures are enhanced but the image remains
fundamentally voxelwise. By controlling the family-wise error
rate, P values less than .05 were accepted to be significant, which
means it has 95% confidence of no false positives in case of FA
images, while P values less than .01 were accepted to be
significant in case of AD and RD image (see FSL homepage;
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise/UserGuide).
3. Results

The exercise group showed significantly increased FA in the left
frontal WM, including the genu portion of the corpus callosum
(CC) and the anterior cingulum area (Fig. 1). The exercise group
showed significantly less AD in most of the bilateral fronto-
temporal WM with the fornix, medial thalamus, and sensorimo-
tor fibers (Fig. 2a, green). RD was decreased only in the frontal
WM in the exercise group (Fig. 2b, blue).

4. Discussion

The findings of this study suggest that regular PE affects brain
connectivity in healthy individuals. Longitudinal tract-based
spatial statistics analyses revealed increased FA in the left frontal
WM, including the genu portion of the CC and the anterior
cingulum area. AD decreased in most of the bilateral fronto-
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Figure 1. Exercise group showed significantly increased FA in left frontal white matter including genu portion of corpus callosum, anterior cingulum area. FA =
fractional anisotropy.

Bashir et al. Medicine (2021) 100:35 www.md-journal.com
temporal WM with the fornix, medial thalamus, and sensorimo-
tor fibers. RD also decreased in the frontal WM. These findings
imply that an hour of daily exercise over a period of 6 months can
enhance WM integrity, particularly in the fiber tracts.
Higher FA in the CC and bilateral frontotemporal WM

indicates more efficient sensorimotor and cognitive communica-
tion between the 2 cerebral hemispheres.[34,35] Higher FA has
also been shown to correlate with better functional connectivity
Figure 2. In case of axial diffusivity, exercise group showed significantly smaller v
thalamus and sensorimotor fibers (Fig. 2a, green color). Contrast to axial diffusivit
color).
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between distant brain GM regions using resting-state functional
magnetic response imaging,[36,37] and is further associated with
improved cognitive function.[38,39]

Significant positive impacts on both the CC and frontotem-
poral fasciculi are consistent with previous studies that showed
PE-induced increases in FA values in the corticospinal tract,
superior longitudinal fascicle, inferior longitudinal fascicle,
inferior fronto-occipital fascicle, and anterior thalamic radiation
alue in most of the bilateral frontotemporal white matter with fornix and medial
y, the radial diffusivity was decreased only in frontal white matter (Fig. 2b, blue
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and in the body and splenium of the CC,[40] along with decreased
RD.[31] Similarly, in another study, an 8-month PE intervention
increased FA in the bilateral uncinated fasciculus and decreased
RD in the left uncinated fasciculus compared to the control
group.[8] A recent study by Rodriguez-Ayllon et al[24] showed a
similar pattern of association; PE correlated positively with
global FA and negatively with global mean diffusivity.[32]

However, contrary to our results, another recent study found
that aerobic exercise had no effect on WM microstructure in the
aging brain and was not associated with DTI measures of either
fraction anisotropy or mean diffusivity.[33] However, this might
be attributed to the small sample size and large age range (from
57–86years) and less robust DTI scanning protocol in that study.
A possible explanation for the PE-induced WM microstruc-

tural alterations found in our study might be that PE increases the
flow of oxygen-rich blood in the neural circuits of the brain,
thereby enhancing multiple exercise-mediated physiological
mechanisms underpinning neuroprotective and neuroplastic
processes in brain structures.[34–36]

Our results indicate that a 6-month intervention of combined
aerobic and anaerobic exercise in healthy adults was associated
with improvements in FA and diffusivity measures of WM
microstructure. These findings suggest that physical training of
an overlearned skill can continue to improve the structural
connectivity of the brain in healthy individuals. Our findings also
contribute to the growing literature on the benefits of PE for brain
health[11,39] and for the prevention of diseases such as
schizophrenia[8] and early-onset Alzheimer disease.[3]

One major strength of this study is that it provides evidence
that PE modulates structural brain connectivity in healthy adults.
It builds on previous studies by employing a combination of
exercise interventions that includes aerobic and anaerobic
exercise; this is useful as each type of exercise has different
physiological mechanisms that contribute to neural plasticity.
However, the present study has several limitations that confine

the generalizability of the current results. First, a convenience
sampling was employed in this study instead of random sampling.
Second, the study did not include a control for different types of
PE. Finally, different training durations were not compared.
Future research should include longitudinal studies with large
sample sizes that investigate PE-induced changes in brain
structures using multiple neuroimaging measures. In conclusion,
continuous, regular exercise improves WM connectivity in the
brain. The current findings have important implications for
understanding the effect of fitness programs on the brains of
healthy individuals and of patients with a range of conditions.
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