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Abstract

Several studies have shown structural brain changes resulting from physical exercise. White and gray matter volumes have
been reported to increase as a result of physical training in healthy individuals, and a reduction in brain structure atrophy
has also been associated with physical activity. However, the assessment of magnetic resonance imaging (MRI) texture
changes related to physical exercise has not been investigated. This study aimed to evaluate texture-based structural brain
changes in initially sedentary young (< 30 years) participants who completed a moderate-intensity running training program.
Structural MR images were obtained before and after the program. Texture features were extracted using the Gray-Level
Co-occurrence Matrix (GLCM) and compared between time points to verify changes due to aerobic physical activity. The
correlation parameter significantly increased for the left globus pallidus after the intervention. Non-significant trends toward
increased correlation were also observed for the right globus pallidus, left hippocampus, right cerebellum, and left precentral
gyrus, whereas a decreasing trend was observed for the right inferior frontal gyrus. These findings suggest that texture
analysis may be a useful approach for detecting subtle changes in brain MRI associated with cardiovascular exercise in

young adults and support further investigation of exercise-related neuroplastic adaptations.
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1. Introduction

Neurological magnetic resonance imaging (MRI)
provides valuable information for studies of brain
structure and function. Particularly, MRI has been
used to investigate brain changes resulting from
physical exercise programs, both in health and
disease (1-4). Functional MRI (fMRI) studies have
consistently shown exercise-related alterations in
brain activity patterns, task efficiency, and
connectivity between regions, particularly in the
frontal and parietal cortex and sensorimotor areas,
often accompanied by measured improvements in
executive function, spatial learning, and cognitive
performance (5-8).

Structural MRI studies have also evaluated
exercise-related brain changes. Previous
investigations in this area have shown increased gray
and white matter volumes, reduced brain atrophy and
lesions, and preserved cortical structures, along with
exercise-associated changes in regions such as the
hippocampus, frontal cortex, cerebellum, and other
cortical areas in cardiovascular training groups (5,8-
16). Overall, these studies suggest that physical
activity contributes to structural changes in the brain.

Both functional and structural MRI studies have
provided evidence that physical activity promotes
measurable changes in the brain. Together, these
findings support the concept of exercise-induced
neuroplasticity and demonstrate the potential of MRI
to investigate brain changes related to exercise.
Nevertheless, the structural studies' findings focused
primarily on morphometric analyses, which may not
fully characterize exercise-induced brain adaptations.

Morphometric analyses have indicated that large-
scale measurements of brain structure can reveal
how exercise impacts the brain. However, these
measurements typically reflect later changes. Early
changes in the brain, such as the growth of new blood
vessels, the branching of nerve cells, and the
formation of new connections, likely happen before

any noticeable increase in brain volume.
Unfortunately, there is limited research using MRI
texture analysis to identify these early changes
induced by physical exercise. This study aimed to
address that gap by examining texture-based
changes in the brains of young adults who were
initially inactive and then engaged in a moderate-
intensity running program. We hypothesized that
texture analysis could effectively detect early signs of
brain changes related to exercise.

Texture analysis of an image involves extracting
parameters that describe gray-level intensities and
their spatial relationships, and it is commonly applied
in studies of brain lesions and tumors, particularly in
early stages (17-19). In this work, distributions of gray
levels in the images were assessed using the Gray-
Level Co-occurrence Matrix (GLCM) method, since
variations in these values indicate changes in the
voxel patterns, which could reflect structural alteration
of the underlying brain tissues.

2. Subjects, Materials and Methods
2.1. Subjects

Twenty-two men with ages between 20 and 31
(mean age 24.5 + 3.4) years participated in this study.
Data were collected in a previous study by Klepits and
colleagues (20) and made freely available at the
OpenNeuro platform (https://openneuro.org/). Data
collection was performed in accordance with relevant
guidelines and regulations. Recruited participants
were sedentary, i.e., they performed less than 150
min of regular physical exercise or sports activities per
week (20). The study design included a baseline
period (two weeks with no activity), followed by a first
running cycle (3.7 weeks) and a second running cycle
(3.3 weeks) (Figure 1). MRI exams were acquired at
four time points: T1, just before baseline; T2, between
baseline and the first running cycle; T3, between the
first and second running cycle; and T4, after the
second running cycle, i.e., at the end of the program.
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In this study, only data from the T1 and T4
assessments were analyzed, representing the pre-
and post-intervention conditions. This approach
evaluated the cumulative effect of the complete
training protocol rather than the temporal evolution of
intermediate changes.

Baseline
‘ 2 weeks

24 running cycle
3.3 weeks ‘

1%t running cycle
l 3.7 weeks

T1 T2 T3 T4

Figure 1. Study design. T1, T2, T3, and T4 indicate assessment
moments, including the MRI exams. Only data from T1 and T4
were used in the present study.

2.2. MRI acquisition and processing

Data for this study consisted of three-dimensional
(3D) T1 weighted images acquired in a 3T MRI scan
(MAGNETOM Vida, Siemens), with the following
parameters: TE (time to echo) = 3.9 ms, flip angle =
7°, TR (time to repetition) = 2.5 s, Tl (time to inversion)
= 1.2 s, slice thickness = 1 mm, pixel size = 1x1 mm?;
FOV = 256x256 mm?2.

The images were normalized to MNI space using
Statistical Parametric Mapping 12 (SPM12)
(https://www . fil.ion.ucl.ac.uk/spm/software/spm12/).
During preprocessing, tissue segmentation into gray
matter, white matter, and CSF was performed,
removing non-brain tissues from further processing.
Subsequently, the processed images, originally
allowing up to 65536 gray levels, were discretized into
64 gray levels to reduce GLCM sparsity. This
discretization was performed without intensity
normalization based on minimum or maximum voxel
values of each image. Although reducing the number
of gray levels may cause information loss, sparse
GLCMs contain fewer co-occurrences for each voxel-
intensity pair, leading to greater uncertainty in the
estimated texture features and increased
susceptibility to texture noise; therefore, balancing
these two factors is important. Then, images were
registered to the Anatomical Automated Labeling
(AAL) atlas (https://www.gin.cnrs.fr/en/tools/aal/) and
parcellated into Regions of Interest (ROIs) (21).
These ROIs consisted of atlas-derived masks
corresponding to specific brain anatomical structures
from which the GLCMs were calculated. This atlas
divides the brain into 116 ROls. To ensure sufficient
ROl size and reduce uncertainty in texture estimation,
only regions containing more than 900 voxels were
considered. For homologous (left-right) regions, if one
side contained fewer than 900 voxels, the pair was
used only if the contralateral region contained at least
1000 voxels. Applying these criteria reduced the total
number of eligible ROIs to 86. From these, we
selected nine homologous (left-right) ROI pairs (18
regions) known from the literature to be highly
responsive to exercise-induced neuroplasticity. These
included 10 regions associated with memory and
spatial navigation (e.g., hippocampus), and 8 regions

involved in motor control and motor learning (e.g.,
basal ganglia) (22,23). Due to mask registration
anomalies, one homologous ROI from each of two
different region pairs was excluded (Right Cerebellum
Crus 1 and Left Cerebellum 10), resulting in a final set
of 16 ROIls used for analysis. Erro! Fonte de
referéncia ndao encontrada. shows the homologous
(left and right) region pairs used as ROls.

Table 1. AAL ROIs used in the analysis.

AAL region Anatomical region

L Hippocampus
R Hippocampus

Left Hippocampus
Right Hippocampus

L Precentral
R Precentral

Left Precentral gyrus
Right Precentral gyrus

L Frontal Sup
R Frontal Sup

Left Superior frontal gyrus
Right Superior frontal gyrus

L Frontal Mid
R Frontal Mid

Left Middle frontal gyrus
Right Middle frontal gyrus

L Frontal Inf Oper
R Frontal Inf Oper

Left Inferior frontal gyrus
Right Inferior frontal gyrus
(Frontal cortex)

L Pallidum Left Globus pallidus

R Pallidum Right Globus pallidus
(Basal ganglia)

L Caudate Left Caudate nucleus

R Caudate Right Caudate nucleus

(Basal ganglia)

L Cerebellum Crus 1 Left Cerebellar crus 1

R Cerebellum 10 Right Cerebellar
flocculonodular lobe
(Cerebellum)

Source: The author (2026).

Image processing to register the MRI scans to the
atlas mask space (voxel size 2x2x2 mm3; 91x109x91
voxels) was performed using SPM12. This step
involved matrix interpolation and applying the
normalization field to adjust image resolution to match
the mask resolution (intensity and spatial). It is called
"coregistering the image to the mask". Coregistered
images were further visually inspected to ensure the
absence of coregistration misalignments or artifacts.

Subsequently, GLCMs and their parameters were
calculated using a MATLAB native function, and the
resulting data were analyzed using Python and its
libraries NumPy, SciPy, and Pandas (24-26).

2.3. Texture Analysis

In general terms, for a 3D input image, the GLCM is
defined as a matrix M (i, j) computed from the original
image L(x,y, z) (or from the ROI), where (x,y,z) and
(i, j) represent the positions of the elementary units of
the image and the entries of GLCM, respectively, as
follows:

n m m L ifL(x,y,z) =i

M(l,_]): Z z z and L(X+dX, y—‘rdy’ Z+dZ) :j (1 )

x=1 y=1 z=1 .
Y 0, otherwise
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That is, M(i,j) counts the number of times that,
given a reference voxel with intensity L(x,y,z) =i,
there was a voxel at a certain relative position such
that L(x+dx,y+dyz+dz)=j. The relative
positions of the secondary voxels with respect to the
reference voxel may vary according to the analysis
requirements and are referred to as the reference
voxel's neighborhood. In this study, an isotropic
neighborhood defined as a cubic shell centered on the
primary voxel was considered. The distances from the
center to the sides of this cube varied from 1 to 3
voxels. Only voxel pairs entirely contained within each
ROI were used for the GLCM computation.

From the GLCM, Haralick et al. (27) described a set
of texture parameters that can be extracted, of which
the following were computed in the present study:
contrast, entropy, sum entropy, and correlation (see
the Appendix).

In summary, for each input image, GLCMs were
computed for the three voxel distances for every ROI,
from which the texture parameters were extracted,
yielding a total of 12 texture parameters per ROI, or
192 texture parameters per image.

2.4. Statistical Analysis

First, the Shapiro normality test was used to verify
the normality of the parameters' distributions. Given
that they were not normal, the Wilcoxon Signed-Rank
Test, a paired non-parametric test, was used to
assess possible texture changes resulting from the
training program. The significance level adopted was
5%. Additionally, a Bonferroni correction for multiple
comparisons was performed, considering four
parameters, three GLCM distances, and 16 ROls,
yielding 192 tests.

3. Results

Among all evaluated parameters, only correlation
showed significant results; therefore, only this
parameter is presented here.

Figures 2 to 7 show the results corresponding to the
ROls for which the correlation parameter was either
significantly different (corrected p < 0.05) or showed a
tendency to be different (uncorrected p < 0.05)
between instances (T1 and T4). In these plots, the
uncorrected p-value is indicated as "p (uncorr.)", while
the Bonferroni-corrected p-value is shown as "p".

Only the correlation parameter in the left globus
pallidus at a two-voxel distance demonstrated a
statistically significant change (p = 0.02, corrected)
between T1 and T4 (Figure 2). The mean correlation
value increased from 0.09 + 0.04 at T1 to 0.12 + 0.06
at T4.

Secondary exploratory analyses of the uncorrected
data revealed nominal variations (uncorrected p <
0.05) in other regions. An increasing trend in
correlation values was also observed in the left
hippocampus (Figure 3), right globus pallidus (Figure
4), left precentral gyrus (Figure 5), and cerebellum
(Figure 7) across all three voxel distances. In contrast,
the right inferior frontal gyrus (Figure 6) showed a
decreasing trend in correlation values.

Regardless of the changes between T1 and T4,
correlation values consistently decreased as voxel
distance increased across all evaluated ROls.

Left Globus Pallidus - Correlation - T1 and T4 Comparison
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Figure 2. Correlation parameter comparison between T1 and T4
assessments for the three voxel distances for the left globus
pallidus. In red, "p (uncorr.)" indicates the uncorrected p-value and
"p" the Bonferroni-corrected p-value.
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Figure 3. Correlation parameter comparison between T1 and T4
assessments for the three voxel distances for the left
hippocampus. In red, "p (uncorr.)" indicates the uncorrected p-
value and "p" the Bonferroni-corrected p-value.
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Figure 4. Correlation parameter comparison between T1 and T4
assessments for the three voxel distances for the right globus
pallidus. In red, "p (uncorr.)" indicates the uncorrected p-value and
"p" the Bonferroni-corrected p-value.
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Figure 5. Correlation parameter comparison between T1 and T4

assessments for the three voxel distances for the left precentral

gyrus. In red, "p (uncorr.)" indicates the uncorrected p-value and
"p" the Bonferroni-corrected p-value.
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Figure 6. Correlation parameter comparison between T1 and T4
assessments for the three voxel distances for the right inferior
frontal gyrus. In red, "p (uncorr.)" indicates the uncorrected p-

value and "p" the Bonferroni-corrected p-value.
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Figure 7. Correlation parameter comparison between T1 and T4

assessments for the three voxel distances for the right cerebellar

flocculonodular lobe. In red, "p (uncorr.)" indicates the uncorrected
p-value and "p" indicates the Bonferroni-corrected p-value.

4. Discussion

The primary finding of this study was a significant
texture difference in the left globus pallidus between
T1 and T4 assessments for the GLCM distance 2 (Fig.
2). While not reaching statistical significance after
multiple comparison corrections, trends indicating
possible texture changes were also observed across
all three GLCM voxel distances, for the left and right

globus pallidus (Figs. 2 and 4) and left hippocampus
(all voxel distances) (Fig. 3); left frontal lobe for
distance 1 (Fig. 5); right frontal lobe (Fig. 6) for
distance 3, and cerebellum (Fig. 7) for distance 2.
While these uncorrected findings do not survive
multiple comparison penalties and must be
interpreted with caution, they point to target regions
for future hypothesis-driven investigations.

Notably, the correlation parameter decreased with
increasing voxel distance for the GLCM. This
behavior comes from the fact that greater separation
distances between voxel pairs reduce their probability
of being part of the same anatomical structure.
Despite this trend, correlation values showed an
increase between T1 and T4 for most ROIs (except
for the Right inferior frontal gyrus) across all
distances. The interpretation of this texture feature is
not straightforward, since it can be influenced by
multiple image characteristics. In this study, however,
the absence of significant changes in entropy and
contrast, for example, suggests that the observed
increase in correlation was not accompanied by
broader alterations in the texture features evaluated.

This pattern indicates that voxel intensities became
more spatially related over the training period, while
overall gray-level distributions remained largely
unchanged. Such findings suggest that texture
analysis may capture subtle image alterations that are
not reflected by other texture features evaluated in the
present study.

This finding is particularly interesting in the increase
in correlation observed in the left globus pallidus, as it
is consistent with previous reports describing
exercise-related increases in basal ganglia (a macro
region associated with the globus pallidus) volume
following cardiorespiratory training (19). As the globus
pallidus plays an important role in motor control and
executive functions (such as working memory and
controlling body and eye movement), the texture
changes shown may represent a counterpart to
adaptations previously identified through
morphometric approaches (28).

Although the cerebellum, hippocampus, and motor
cortex (precentral gyrus and inferior frontal lobe) did
not show statistically significant results after
correction for multiple comparisons, exploratory
trends observed in these structures are noteworthy as
the regions align with existing literature findings on
exercise-induced neuroplasticity. As previous studies
have reported physical activity-related increases in
gray matter volume in the cerebellum and
hippocampus, as well as enhanced neuroplasticity in
the motor cortex (12,29-32). Rather than providing
evidence of structural alterations in these regions, the
present findings should be viewed as preliminary
observations that warrant further investigation.

Finally, although this study found exercise-induced
texture changes on MRl images of the brain, exercise-
induced neuroplasticity processes (such as
synaptogenesis and angiogenesis) cannot be directly
identified as the mechanisms underlying these texture
changes. Therefore, any biological interpretation
remains speculative and should be confirmed by
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future studies combining texture analysis with
complementary biological measures and
physiological markers of training adaptation.

Much of the literature relating basal ganglia
adaptations to aerobic exercise has focused on
populations undergoing substantial brain remodeling,
such as children, preadolescents, and older adults,
whereas the present study evaluated young adults
(33-35). In addition, the relatively small sample size of
the present study (22 participants) should be
considered when interpreting these findings, and
larger cohorts are necessary to confirm the observed
trends and evaluate their reproducibility.

5. Conclusion

Texture analysis of MRI images using GLCM can
reveal image features imperceptible to the human
eye, yet it remains relatively unexplored in exercise
neuroimaging. In this study, we successfully applied
this technique to evaluate brain MRI changes in
initially sedentary young adults following a moderate-
intensity running program.

Our primary finding is a statistically significant
increase in the correlation parameter for the left
globus pallidus, suggesting changes in the spatial
relation among neighboring voxels that may reflect
subtle adaptations associated with the physical
activity.

Exploratory analyses also highlighted nominal
alterations in the hippocampus, right globus pallidus,
and cerebellum. While these latter results remain
preliminary and require confirmation in larger,
controlled cohorts, our findings support the potential
of GLCM-based texture analysis to detect subtle
exercise-related brain alterations.

Most existing research verifying anatomical
changes in physically active individuals focuses on
older adults and early elderly (mean age > 60 years).
Our findings suggest that texture analysis may also
provide useful information for studying subtle changes
in younger adults.

However, the relationship between texture
parameters and their underlying biological and
anatomical correlates remains complex and not yet
fully understood. Therefore, the textural variations
and trends observed in this context should be further
investigated using larger cohorts and other texture
analysis methods, particularly directional ones, such
as Run Length matrices.

Overall, the study objective was achieved, and our
conclusions support the potential of texture
parameters as a complementary approach for
investigating structural adaptations associated with
physical activity.

6. Future Perspectives

Building on these findings, future studies should
explore directional texture analysis methods, such as
the Gray-Level Run-Length Matrix (GLRM).
Investigating texture directionality could provide
deeper insights into the specific architectural
reorganization of the basal ganglia and its relation to
exercise-induced neuroplasticity.
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A. Appendix — Texture parameters' formulae
Normalization by pair probability

e
PG s i @

X weighted sum

N N
RPRIE) @)

i=1 =1

—

Y weighted sum

N N
n= ZJZP(i,j) (4)

=1 =l

X standard deviation

N N
0= > > PGij)in,) (5)

=1 j=1

Y standard deviation

N N
3= > PGij)in,) (6)

=1 =1

Correlation: Measures how well two voxels are
correlated, based on their deviation from the mean
distribution

N

N
P(,
Cor— z Z (i,)(- By )(- Ky ) @

0,0
=l j=1 =y

Entropy: Measures the
randomness

pixel pair intensity
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N N
Entr—- z Z P(ij)log(P(i.i)) 8)

Contrast: measures the overall gradient of the image
for voxel pairs

N N
Cont= Z Z P(ij)(i-)? )

=l j=1
Sum vector: s = i+j

P(ij) (10)

-

P(s)= z

N
i=1

J

Entropy of the sum: measures the entropy of the gray-
level sum of each voxel pair

2N
EntrSum= - z P(s)log(P(s)) (11)
s=2
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