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ABSTRACT

Objectives: The aim of the present study was to
compare the features of the structural complexity of the
cerebral hemispheres in men and women using fractal
analysis of outlined and skeletonized images, as well
as quantitative analysis of digital skeletons of the
cerebral hemispheres. Material and Methods: Magnetic
resonance imaging brain scans of 100 individuals aged
18-86 years (44 males and 56 females) were
investigated. Five sections of each brain were selected
for morphometric study (4 coronal and 1 axial
sections). The sections were preprocessed, and
outlined and skeletonized images were obtained.
Fractal analysis was conducted using the two-
dimensional box counting method, and fractal
dimensions of outlined and skeletonized images were
determined. Additionally, quantitative analysis of
skeletonized images was performed, determining the
following parameters: branches, junctions, end-point
voxels, junction voxels, slab voxels, triple points,
quadruple points, average branch length, and
maximum branch length. Results: We observed that
both variants of fractal dimension in males and females
did not show significant differences, although most
quantitative parameters in males were larger than
those in females. Conclusions: The spatial and
structural complexity of the cerebral hemispheres, as
characterized by fractal dimensions, is almost
indistinguishable between males and females.
However, in some individual brain sections, the male
brain may exhibit a slightly higher number of end-point
voxels, corresponding to the gyri of the cerebral
hemispheres. The obtained data can be used in clinical
practice for diagnostic purposes (e.g., for detecting

malformations) and for theoretical studies in
neuroanatomy.
Key words: cerebrum, fractal dimension, gender,

neuroimaging

RESUMEN
Objetivos: El objetivo del presente estudio fue
comparar las caracteristicas de la complejidad

estructural de los hemisferios cerebrales en hombres y
mujeres mediante el andlisis fractal de imagenes
delineadas y esqueletizadas, asi como el analisis
cuantitativo de esqueletos digitales de los hemisferios
cerebrales. Material y Métodos: Se investigaron
resonancias magnéticas cerebrales de 100 individuos
de 18 a 86 afos (44 hombres y 56 mujeres). Se
seleccionaron cinco secciones de cada cerebro para el
estudio morfométrico (4 secciones coronales y 1 axial).
Las secciones fueron preprocesadas y se obtuvieron
imagenes delineadas y esqueletizadas. Se realizé un
andlisis fractal utilizando el método de conteo de cajas
bidimensional, y se determinaron las dimensiones
fractales de las imagenes delineadas y esqueletiza-
das. Ademas, se llevd a cabo un analisis cuantitativo
de las imagenes esqueletizadas, determinando los
siguientes parametros: ramas, intersecciones, voxels
de punto final, voxels de interseccion, voxels de losas,
puntos triples, puntos cuadruples, longitud promedio
de la rama y longitud maxima de la rama. Resultados:
Observamos que ambas variantes de dimension
fractal en hombres y mujeres no mostraron diferencias
significativas, aunque la mayoria de los parametros
cuantitativos en hombres fueron mayores que en
mujeres. Conclusiones: La complejidad espacial y
estructural de los hemisferios ~ cerebrales,
caracterizada por dimensiones fractales, es casi
indistinguible entre hombres y mujeres. Sin embargo,
en algunas secciones individuales, el cerebro
masculino puede mostrar un numero ligeramente
mayor de voxels de punto final, correspondientes a los
giros de los hemisferios cerebrales. Los datos
obtenidos se pueden utilizar en la practica clinica con
fines diagnosticos (por ejemplo, para detectar
malformaciones) y para estudios tedricos en
neuroanatomia.

Palabras clave: cerebro, dimension fractal, género,
neuroimagen
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INTRODUCTION

The brain structures, including the cerebral
hemispheres, exhibit a complex shape,
determined by their spatial and structural
complexity. Spatial complexity characterizes the
intricacy, irregularity of shape, its convolutions, or
branching, and structural complexity describes
the features of the composition of a specific
structure: how many component elements
constitute it, and how intricate their configuration
and combinations are. The spatial and structural
complexity of the cerebral hemispheres is
primarily manifested in the number of gyri and
sulci, the complexity of their configuration —
characteristics influencing the overall shape
complexity of the cerebral hemispheres (Hofman,
1991; Kiselev et al., 2003). Quantitative
assessment of these parameters is valuable for
diagnosing brain malformations, characterizing
brain development in ontogenesis, and detecting
and quantitatively characterizing age-related
changes in the brain (Kalmanti and Maris, 2007;
De Luca et al., 2016; Farahibozorg et al., 2015;
Podgoérski et al., 2021).

The differences in the structural organization of
the male and female brains are of great interest,
being crucial for interpreting brain research data
for diagnostic purposes and for theoretical
neuroanatomical studies (Savic and Arver, 2011;
Farahibozorg et al., 2015; Kirdly et al., 2016;
Brennan et al., 2021; Podgorski et al., 2021). It is
known that the male brain exhibits larger
dimensions and volume compared to the female
brain (Kirdly et al.,, 2016). However, open
guestions persist: Does the spatial and structural
complexity of the brain differ between men and
women? Do differences in brain size lead to
changes in its spatial configuration? Answers to
these questions can be obtained through a
comparative analysis of morphometric data.
However, the spatial configuration of the cerebral
hemispheres cannot be comprehensively
characterized as the shape of a simple geometric
figure, complicating the morphometric assess-
ment of brain structures using classical
morphometry methods (measurement of linear
dimensions, area, volume) based on Euclidean
geometry.

In recent decades, fractal analysis, a method
derived from fractal geometry (Mandelbrot,
1982), is increasingly employed in medicine and
morphology. The parameter determined through
fractal analysis is the fractal dimension, a
measure of the spatial filling capacity of the
investigated structure. With the increase in the
spatial and structural complexity of certain
formations, the degree of space filling also
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increases, leading to an increase in the values of
the fractal dimension. Therefore, the fractal
dimension of brain structures allows for a
guantitative assessment of their spatial and
structural complexity (Lee et al., 2004; Ha et al.,
2005; Im et al., 2006; Zhang et al., 2006, 2007,
2008; Kalmanti and Maris, 2007; King et al.,
2009; Gofi et al.,, 2013; Di leva et al.,, 2015;
Farahibozorg et al., 2015; Madan and Kensinger,
2016; Podgorski et al., 2021).

The fractal dimension can be determined both for
the entire structure and its individual compo-
nents. Various preprocessing techniques can be
applied for fractal analysis, such as contour
tracing, or outlining (resulting in outlined images)
and skeletonizing (resulting in skeletonized
images, representing the digital skeleton of a
particular structure) (Jelinek and Fernandez,
1998; Milosevic and Ristanovi¢, 2006). In
previous studies, various researchers have
investigated the cortical ribbon (Hofman, 1991;
Kiselev et al., 2003; King et al., 2009; Gofii et al.,
2013; Madan and Kensinger, 2016; Podgorski et
al., 2021), the outer (pial) surface of the cortex or
its contours (Lee et al., 2004; Ha et al., 2005; Im
et al.,, 2006; Kalmanti and Maris, 2007; Gofii et
al., 2013; Madan and Kensinger, 2016), the white
matter as a whole (Gofii et al, 2013;
Farahibozorg et al., 2015), and digital skeletons
of white matter (Zhang et al., 2006, 2007, 2008;
Farahibozorg et al., 2015).

In addition to the fractal analysis, a quantitative
analysis of skeletonized images can be
performed. This method of image analysis is
primarily used in studies of neurons and their
dendritic trees (Li et al., 2019; Jiang et al., 2020).
In our previous works, we conducted a fractal
analysis of the contour (Maryenko and
Stepanenko, 2023) and digital skeletons of the
cerebral hemispheres (Maryenko and
Stepanenko, 2022a) and, for the first time,
attempted to perform quantitative analysis of
skeletonized images of the cerebral hemispheres
(Maryenko and Stepanenko, 2022b). In this
study, our aim was to compare the features of the
structural complexity of the cerebral hemispheres
in men and women using fractal analysis of
outlined and skeletonized images, as well as
quantitative analysis of digital skeletons of the
cerebral hemispheres.

MATERIAL AND METHODS

In this study, we examined magnetic resonance
imaging (MRI) brain scans of 100 individuals
aged 18-86 years (average age 41.72+1.58
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years). The study sample included 44 males
(average age 41.43+1.68 years, minimum — 18
years, maximum — 86 years) and 56 females
(average age 41.95+1.51 years, minimum — 18
years, maximum — 72 years). The individuals
included in the study sample underwent MRI

brain scanning for diagnostic purposes, and no
morphological changes in the structures of the
brain and surrounding areas were detected.
These individuals were considered to be
conditionally healthy, and the structure of the
brain was deemed to be within normal conditions.

Figure 1- Preprocessing and quantitative analysis of MRI brain images: A — MRI brain scan (3rd coronal
section); B — background removal;, C — segmentation resulting in the silhouette brain image; D — contour
outlining resulting in the outlined brain image; E — image skeletonizing resulting in the skeletonized image; F
— gquantitative analysis of the digital skeleton

Brain scans were obtained using the MRI
scanner Siemens Magnetom Symphony with a
magnetic induction value of 1.5 Tesla. T2 and

FLAIR sequences were employed. The MRI
parameters were as follows: T2 sequence: TE
(echo time) — 130 ms, TR (repetition time) — 4440
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ms; FLAIR sequence: TE (echo time) — 114 ms,
TR (repetition time) — 9000 ms, Tl (inversion
time) — 2500 ms. The section thickness for both
sequences was 5 mm. The digital MRI image
resolution was 72 pixels per inch, and the
absolute image scale was 3 pixels = 1 mm.

From the set of MRI images of each brain, 5
brain sections were selected, including 4 sections
in the coronal projection and 1 in the axial
projection. The first coronal section was
positioned at the level of the most anterior points
of the temporal lobes, the 2nd at the level of the
mammillary bodies, the 3rd at the level of the
guadrigeminal plate, the 4th at the level of the
splenium of the corpus callosum, and the axial
brain section was positioned at the level of the
thalamus. These sections were selected based
on the following criteria: localization in different
regions of the cerebral hemispheres, easy
identification using anatomical landmarks, and
correspondence to areas where pathological
changes are most frequently detected in
neurodegenerative diseases (e.g., Alzheimer's
disease) (King et al., 2009).

After selecting the images, they underwent
preprocessing (Fig. 1). Images with a resolution
of 128 pixels per inch and the following
dimensions were created using Adobe
Photoshop CS5: for the study of coronal sections
— 512x400 pixels, for axial sections — 512x800
pixels. A fragment of the digital MRI image
corresponding to the area under investigation
was inserted into a previously created image. In
this process, the fragment was positioned to
ensure that the section of the cerebral
hemispheres was fully accommodated within the
created image and did not extend beyond its
borders (Fig. 1, A).

In  the subsequent preprocessing phase,
background structures were eliminated from the
image, as illustrated in Figure 1, B. Following this
step, an initial or "rough" segmentation process
was implemented through thresholding. This
involved applying a predetermined threshold
brightness value for pixels: pixels with brightness
values below the specified threshold were
assigned a black color, while those surpassing
the threshold were rendered in white. In the case
of images acquired using the T2 sequence, a
median brightness threshold value of 128 was
utilized; for images obtained through the FLAIR
sequence, a threshold value of 65 was utilized.
Subsequently, a manual correction process was
applied for achieving a "precise" segmentation,
aiming to enhance the anatomical accuracy of
the acquired images. This correction involved the
use of tools within the Adobe Photoshop CS5
software. Consequently, the segmentation of MRI
images resulted in the generation of binary

silhouette representations of the cerebral
hemispheres, as depicted in Figure 1, C.

For further image processing and analysis
stages, the Image J software (Schneider et al.,
2012) was utilized. From the binary silhouette
images, outlined and skeletonized images were
obtained. Silhouette images were outlined using
the "outline" tool (Fig. 1, D), with a contour line
thickness of 1 pixel. Skeletonizing of silhouette
images was carried out using the "skeletonize"
tool (Fig. 1, E). This tool transforms the silhouette
image into its digital skeleton by eroding the
silhouette into lines with a thickness of 1 pixel.
After the preprocessing, a fractal analysis of
outlined and skeletonized images was conducted
using the box counting method, employing the
"fractal box count" tool of the Image J software.
The fractal dimension values were determined for
outlined images (fractal dimension of the contour,
FDo) and skeletonized images (fractal dimension
of the digital skeleton, FDs). FDo and FDs values
were determined for each of the five brain
sections, and their arithmetic mean values were
calculated.

The next stage of the study, aimed at
complementing the fractal analysis, involved a
quantitative analysis of digital skeletons. For this
stage, the "analyze skeleton" tool of the Image J
software was utilized (Fig. 1, E). In each of the
digital skeletons, the following parameters were
determined: branches, junctions, end-point
voxels, junction voxels, slab voxels, triple points,
quadruple points, average branch length,
maximum branch length. The "branches"
parameter characterizes the number of branches
of digital skeleton, while "junctions" represents
the number of branch connections. The "end-
point voxels" parameter corresponds to the
number of end points of the digital skeleton
branches, "junction voxels" is the number of
voxels (pixels) forming branch junctions, and
"slab voxels" is the number of voxels forming
branches. The "triple points" parameter indicates

the number of junctions connecting three
branches, and "quadruple points" represent
junctions connecting four branches. The

"average branch length" is the arithmetic mean of
the absolute length of all branches, and the
"maximum branch length" is the maximum value
among the absolute lengths of all branches of the
digital skeleton.

Statistical data processing was carried out using
Microsoft Excel 2016. For each dataset, the
mean (M) and standard deviation (o) were
calculated. The significance of statistical differen-
ces between fractal dimension values and
parameters of digital skeletons in males and
females was determined using the Student's T-
test. To assess the relationships between the
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obtained values, the Pearson correlation level for all results was accepted as P < 0.05.
coefficient (r) was calculated. The significance

Brain section
Parameter | Sex group | Value _ Average
1% coronal [2™ coronal |3 coronal |4™ coronal |  axial value (all
sections)
Vol M 1.287 1.253 1247 1.245 1232 1253
Fractal o 0.028 0.027 0.023 0.017 0.027 0.015
dimension Fomale M 1285 1250 1240 1240 1234 1.250
(outlined images) o 0.023 0.032 0.024 0.021 0.030 0.016
P 0.352 0.319 0.072 0.122 0.380 0.182
-l Viale M 1.206 1.163 1.154 1.156 1.141 1.164
gl e 0.029 0.027 0.026 0.026 0.024 0.017
(skeletonized Fomale M 1.208 1.161 1158 1.160 1136 1.165
images) e 0.026 0.035 0.031 0.026 0.023 0.019
P 0.319 0.378 0.221 0.233 0.164 0.407
Vel M 96.8 1315 1231 116.2 159.4 1258
o 16.2 26.7 25.1 20.0 49.9 18.7
Branches, N Fomale M 94.1 1200 1186 116.7 1432 1185
o 155 26.8 25.4 23.8 38.2 16.4
P 0.198 0.018 0.187 0.462 0.038 0.023
Viale M 49.4 67.6 63.2 59.5 82.1 64.6
p 9.4 156 146 116 271 108
Junctions, N Female M 48.0 611 611 60.0 73.4 60.7
p 9.0 14.8 14.9 133 20.9 9.2
P 0.223 0.017 0.241 0.429 0.040 0.031
Vol M 42.6 56.6 53.9 50.9 68.4 54.5
. o 52 76 6.6 59 171 55
523;’3""’& Fomale M 412 53.3 511 50.2 635 518
o 56 9.0 7.2 8.0 127 53
B 0.100 0.027 0.025 0.317 0.056 0.009
Vol M 158.4 212.6 196.2 184.8 248.2 200.7
. o 33.6 55.5 50.7 38.0 926 35.9
J“”C“O’,ll"oxe's' Fomale M 1548 18838 1913 187.0 2241 1895
s 3238 52.1 52.0 46.2 74.9 314
P 0.296 0.015 0.320 0.396 0.082 0.055
Vel M 17976 27476 27451 2728.1 44215 2895.6
o 194.1 310.9 276.2 2595 679.5 2473
Slab voxels, N [ M 17215 2583.0 2628.1 25905 4047.1 27176
o 201.3 318.8 266.8 2375 4813 211.9
B 0.030 0.006 0.017 0.003 0.001 <0.001
Vel M 46.3 63.8 60.1 56.5 77.8 611
o 8.1 138 132 10.9 24.7 98
Triple points, N Female M 44.9 57.5 58.1 56.6 70.1 57.4
p 8.0 128 135 122 18.7 8.2
P 0.187 0.010 0.223 0.475 0.042 0.025
Vol M 2.3 3.0 25 23 38 2.8
o 17 23 18 16 36 11
%‘c’)?l?trs”?\'f Fomale M 23 31 24 26 2.7 26
: o 17 27 18 18 26 11
P 0417 0.480 0.302 0.272 0.045 0.127
Vale M 8.48 9.24 9.77 10.28 12.42 10.04
o 1.03 0.99 101 0.99 1.65 0.65
A‘I’:;Z%ﬁ]bmm e M 8.24 9.47 9.74 9.83 12.56 9.98
o 0.88 0.89 1.07 1.06 1.69 0.64
P 0.106 0.109 0.454 0.016 0.338 0.317
Vol M 27.12 34.32 36.91 40.23 50.15 37.87
_ o 4.48 6.35 6.25 6.73 8.94 3.20
br?ﬂi’;‘ﬂ‘;gth Female M 26.89 3358 37.86 40.42 51.44 38.10
o 5.48 478 6.06 5.81 9.24 3.06
P 0211 0.254 0.221 0.440 0.247 0.362
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Table 1- Descriptive statistics of the fractal dimension values and quantitative parameters of digital skeletons of the cerebral
hemispheres in male and female brain. Note: P values were obtained by Student T test assessing difference between

parameters in male and female groups
RESULTS

The values of fractal dimension and parameters
of the digital skeletons of the cerebral
hemispheres in males and females are presented
in Table 1. The values of FDo and FDs in males
and females were similar and did not differ
significantly (P>0.05 for all investigated images).
However, the FDo values for most brain sections
were slightly higher in males, while the FDs
values were slightly higher in females.

In comparing the parameters of the digital
skeletons of the cerebral hemispheres, it was
found that most parameters were higher in males
than in females. However, the difference was
significant not for all parameters and not for all
sections. Specifically, the number of branches
and their junctions was higher in males than in
females and the difference was significant for the
2" coronal and axial sections and the average
value of the five sections. The number of end-
point voxels in the digital skeletons was also
higher in males for most sect|ons, with a
significant difference for the 2", 3 coronal
sections, and the average value of the five
sections. The number of junction voxels was
shghtly higher in males for most sections (except
the 4™ coronal sect|on) with a significant
difference only for the 2" coronal section. The
most significant differences were observed in the
number of slab voxels: this parameter was
significantly higher in males in all investigated
brain sections. The number of triple points was
higher in males in most locations (except the 4"

coronal section), with a significant difference for
the 2" coronal and axial sections and the
average value of the five sections. However,
differences in the number of quadruple points
varied: in some sectlons this parameter was
higher in males (3 coronal and axial sections),
whlle in others, it was higher in females (2" and
4™ coronal sections), with a significant difference
only for the axial section. These characteristics
indicate the heterogeneity of this parameter both
overall and in different brain sections. The
average branch length was greater in males for
most sections (except the 2" coronal and axial
sectlons) with a significant difference only for the
4™ coronal section. The maximum branch length
did not differ significantly between males and
females.

During the correlation analysis (Graphic 1), it was
observed that the correlation relationships
between the studied parameters in males and
females were highly similar. It was determined
that FDo and FDs, along with the majority of

investigated quantitative parameters of digital
skeletons (branches, junctions, end-point voxels,
junction voxels, slab voxels, triple points,
quadruple points), exhibited strong and moderate
positive correlations with each other (P < 0.05).
In contrast, the average and maximum branch
length showed negative correlations with the
remaining parameters and positive correlations
with each other. Based on this, all studied
parameters can be categorized into two groups:
the first group includes FDo and FDs and
quantitative parameters of digital skeletons,
excluding average and maximum branch length,
which belong to the second group.

As the values of the first group increase, the
values of the other parameters within this group
also increase. When the silhouette of the cerebral
hemispheres becomes more complex on a
specific brain section, it results in an increase in
both fractal dimension values — FDo and FDs.
Since an increase in the number of gyri
corresponds to an increase in the spatial
complexity of the configuration of the cerebral
hemispheres' surface, it leads to an increase in
the values of the fractal dimension of the outlined
images (FDo). The increase in the number of gyri
also leads to an increase in the number of end-
point voxels in the digital skeleton. The increase
in the complexity of the spatial configuration also
leads to an increase in the complexity of the
digital skeleton, resulting in both an increase in
the number of branches and their junctions and
an increase in the values of the fractal dimension
of the skeletonized images (FDs). Notably, the
number of end-point voxels has stronger
correlation  relationships  with  the fractal
dimension of the contour (FDo), reflecting the
complexity of the configuration of the outer
surface of the cerebral hemispheres primarily
determined by the number of gyri, than with the
fractal dimension of the digital skeletons (FDs),
which is more associated with the ‘“internal
complexity" of the digital skeleton, determined by
the number of inner branches and their junctions.
The second group of studied parameters includes
the average and maximum branch length, which
decrease with an increase in the parameters of
the first group and vice versa. Therefore, it can
be concluded that the digital skeleton of the
cerebral hemispheres with lower spatial and
structural complexity consists of a small number
of long branches, while the digital skeleton with
greater complexity is characterized by a large
number of short branches (i.e., the branches are
"broken") and forms a more complex internal
structure.
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Additionally, we have found that the correlation decrease in the values of FDs and the associated
relationships with age in males and females were  with it parameters of skeletonized images, such
close, and in most sections, they were almost as branches, junctions, junction voxels, slab
indistinguishable. It was also established that the  voxels, and triple points, was also identified.
values of FDo almost did not change with age, as

well as the values of end-point voxels, average,

and maximum branch length. A moderate

Males
£D{o} 075 08 078 076 076 072 078 062 068 -004 -0,17
FD(s) 0,75 0,83 0,86 0,45 0,84 0,63 0,84 0,65 -0,73 -0,20 -0,31
Branches 0,81 0,83 0,99 0,78 0,98 0,86 0,99 0,71 -0,78 -0,09 -0,29
Junctions 0,78 0,86 0,99 0,71 0,99 0,84 1,00 0,72 -0,77 -0,11 -0,31
End-point voxels 0,76 0,45 0,78 0,71 0,69 0,78 0,73 0,42 -0,64 -0,00 -0,12
Tiraticrvoials 076 084 098 099 069 08 098 076 -075 -0,10 -0,30
Sabvonels 072 063 08 08 078 083 08 048 -046 -017 -0,40
Triple points 078 08 09 100 073 098 086 066 076 -012 -0,32
. 0,62 0,65 0,71 0,72 0,42 0,76 0,48 0,66 -0,55 -0,05 -0,06
Quadruple points
Average branch length -0,68 -0,73 -0,78 -0,77 -0,64 -0,75 -0,46 -0,76 -0,55 0,34 -0,01
Ty 004 020 009 -011 000 010 017 -012 -005 034 -0,18
Age -0,17 -0,31 -0,29 -0,31 -0,12 -0,30 -0,40 -0,32 -0,06 0,01 -0,18
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FD(o) 0,75 0,77 0,75 0,76 0,74 0,64 0,74 0,62 -0,78 -0,21 -0,16
FD(s) 0,75 0,83 0,85 0,56 0,85 0,69 0,82 0,66 -0,78 -0,06 -0,47
Branches 0,77 0,83 1,00 0,86 0,98 0,88 0;99 0,74 -0,86 -0,11 -0,32
Junctions 0,75 0,85 1,00 0,82 0,99 0,88 0,99 0,71 -0,85 -0,08 -0,34
End-point voxels 0,76 0,56 0,86 0,82 0,79 0,78 0,83 0,64 -0,75 -0,22 -0,12
T rsrals 074 085 098 099 079 08 097 074 -08 011 -0,35
Sabivoxsls 064 069 08 08 078 084 08 059 -055 -012 -036
Triple points 074 08 09 099 08 097 088 065 08 008 -032
. 0,62 0,66 0,74 0,71 0,64 0,74 0,59 0,65 -0,66 -0,19 -0,33
Quadruple points
Average branch length -0,78 -0,78 -0,86 -0,85 -0,75 -0,86 -0,55 -0,85 -0,66 0,26 0,15
Maximum branch length -0,21 -0,06 -0,11 -0,08 -0,22 -0,11 -0,12 -0,08 -0,19 0,26 -0,13
Age -0,16 -0,47 -0,32 -0,34 -0,12 -0,35 -0,36 -0,32 -0,33 0,15 -0,13
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Graphic 1- Correlation relationships between fractal dimension values, quantitative parameters of digital skeletons of the
cerebral hemispheres and age in male and female brain; graphic shows the values of Pearson's correlation coefficients (r)

DISCUSSION

In this study, our goal was to characterize and
compare the spatial and structural complexity of
the cerebral hemispheres in the male and female
brain using the fractal dimensions of outlined and
skeletonized images, along with quantitative
parameters of digital skeletons. It was observed
that both variants of fractal dimension in males
and females did not show significant differences,
although most quantitative parameters in males
were larger than those in females.

The fractal dimension is a parameter of fractal
geometry, and its values are independent of the
scale and size of the structure. This parameter
characterizes how a specific structure fills the
available space. For example, the fractal
dimension of the contour of cerebral hemispheres
allows for a quantitative characterization of the
complexity of the spatial configuration of the brain
surface: the more gyri the hemispheres have, the
more complex the configuration of their contour,
and the more space the contour occupies. The
number of end-point voxels, a parameter of
skeletonized images corresponding to the
number of endpoints formed by gyri, was closely
associated with this indicator. Since the number
of gyri remains constant throughout adulthood, a
slight decrease in these parameters in some
brain sections can be explained by a
simplification of the gyrus shape observed in
aging brains. The majority of brain sections
showed no significant difference in these
parameters between males and females.
However, in the 2nd and 3rd coronal sections,
the number of end-point voxels (and thus the
number of gyri) in males was statistically
significantly higher than in females, reflecting a
moderate increase in FDo in men in the
respective sections (although the difference from
women was not significant). Therefore, it can be
concluded that the male brain may be
characterized by a slightly higher number of gyri
in certain brain sections, but the overall spatial
complexity of the surface, assessed using fractal
dimension, is almost indistinguishable between
males and females.

The fractal dimension of the digital skeleton in
males and females also did not differ
significantly. However, this value of fractal
dimension was associated with parameters of the
digital skeleton, which were larger in males than
in females and decreased with age: these
included branches, junctions, junction voxels,
slab voxels, and triple points. In our previous
study (Maryenko and Stepanenko, 2022b), it was

found that the mentioned quantitative parameters
of digital skeletons had positive correlation
relationships with the area of brain sections.
Thus, a decrease in the silhouette area during
skeletonizing will lead to the formation of a
skeleton with fewer internal branches and their
connections, resulting in a decrease in fractal
dimension values. Therefore, gender differences
in the values of the studied quantitative
parameters can be explained by the difference in
the sizes of the male and female brains. The age-
related decrease in the values of quantitative
parameters of digital skeletons reflects not the
structural complexity of the brain but rather the
overall reduction in the size of the brain.

Previous works by other researchers were
primarily focused on values of fractal dimension,
but a quantitative analysis of skeletonized images
by other authors has not been conducted. Among
the studies related to fractal analysis, several
compared the values of fractal dimension in
males and females, including the fractal
dimension of the cerebral cortex (Podgorski et
al., 2021), the outer surface of the cortex (Lee et
al., 2004), white matter as a whole (Farahibozorg
et al.,, 2015), and the digital skeletons of white
matter (Zhang et al., 2007; Farahibozorg et al.,
2015).

In the work of Lee et al. (2004), a fractal analysis
of skeletonized images of the brain surface was
conducted (N=62, 34 males and 28 females).
The authors found that the values of fractal
dimension in males and females did not
significantly differ, while the volumes of gray and
white matter in males were significantly higher.
This study is similar to ours, but the authors
conducted a fractal analysis of the skeletonized
surface, whereas in our study, the outlined
contour was studied.

In the study by Zhang et al. (2007), a fractal
analysis of the digital skeletons of cerebral white
matter was conducted (N=36, 17 males and 19
females). It was found that the fractal dimension
in males was higher than in females, suggesting
a greater complexity of the brain structure in
males. In our study, the fractal dimension of
digital skeletons was also determined, but not of
white matter, but of the cerebral hemispheres as
a whole. In our study, the fractal dimension of
digital skeletons in males and females did not
differ.

In the study by Farahibozorg et al. (2015), the
aging characteristics of the brain in men and
women were investigated (N=209, 95 males and
114 females). The study examined the values of
fractal dimension of white matter: its volume,
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surface, and digital skeletons. It was found that
the fractal dimension of the surface in males and
females did not differ, but the fractal dimension of
the volume and digital skeletons of white matter
in males was higher than in females. The authors
identified that the values of fractal dimension in
males and females decreased with age, and after
normalizing the data for brain volume, the age-
related dynamics in men and women were
similar.

In the study by Podgorski et al. (2021), the focus
was on determining the age dynamics of
morphometric indicators in men and women,
including fractal dimension (N=697, 264 males
and 443 females). The results showed that
cortical fractal dimensions changed during aging
only in a small percentage of locations in males
(2.0%), while in females, this percentage was
significantly higher (2.7%). The authors stated
that male and female brains begin aging at a
similar age of 45, but compared to men, in
women, the cortex is affected earlier and in a
more complex pattern.

Therefore, the fractal dimensions of outlined and
skeletonized images and quantitative parameters
of digital skeletons of the cerebral hemispheres
allow for a quantitative characterization of the
spatial and structural complexity of the brain. The
fractal dimension of contours and the number of
end-point voxels are less sensitive to age-related
changes and primarily characterize innate
characteristics, while other parameters of
skeletonized images depend more on the size of
the brain, resulting in significant differences in
these characteristics between males and females
and a decrease in these parameters with age. In
our opinion, for diagnostic purposes (e.g., for
detecting malformations), it is advisable to use a
comprehensive combination of these parameters.
Despite the fact that the male brain is
characterized by larger sizes, the spatial and
structural complexity of the cerebral hemi-
spheres, characterized by fractal dimensions
(which are independent of size), is almost
indistinguishable between males and females.
However, in some individual brain sections, male
brain may exhibit a slightly higher number of end-
point voxels, corresponding to the gyri of the
cerebral hemispheres.
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