DOI: 10.31393/morphology-journal-2022-28(3)-10

Reports of Morphology, Vol. 28, Ne3, Pages 62-73

ISSN 1818-1295 eISSN 2616-6194

Official Journal of the Scientific Society of Anatomists,
Histologists, Embryologists and Topographic Anatomists

journal homepage: https://morphology-journal.com

185N 18181295
eISSN 2616-6190

BICHMK MOPQOJIOTIL
REPORTS OF
MORPHOLOGY

REPORTS OF MORPHOLOGY

of Ukraine

Shape of cerebral hemispheres: structural and spatial complexity.
Quantitative analysis of skeletonized MR images

Maryenko N. ., Stepanenko O. Yu.

Kharkiv National Medical University, Kharkiv, Ukraine

ARTICLE INFO
Received: 17 June 2022
Accepted: 20 July 2022

UDC: 611.813:57.086:517:530.191

CORRESPONDING AUTHOR
e-mail: maryenko.n@gmail.com
Maryenko N. I.

CONFLICT OF INTEREST
The authors have no conflicts of interest
to declare.

FUNDING
Not applicable.

For quantitative characterization of the complexity of the spatial configuration of
anatomical structures, including cerebral hemispheres, fractal analysis is the most
often used method, in addition to which, other methods of image analysis are quite
promising, including quantitative analysis of skeletonized images. The purpose of the
study was to determine the features of the structural and spatial complexity of the
cerebral hemispheres shape using quantitative analysis of skeletonized magnetic
resonance images of the cerebral hemispheres. Magnetic resonance brain images of
100 conditionally healthy individuals (who did not have structural changes in the brain)
of both sexes (56 women, 44 men) aged 18-86 years (average age 41.72+1.58 years)
were studied, 5 tomographic sections (4 coronal sections and 1 axial section) were
selected from the set of tomographic images of each brain. During preprocessing,
image segmentation was performed to obtain a binary silhouette image, after which
silhouette skeletonizing was carried out. Quantitative analysis of skeletonized images
included determination of the following parameters: branches, junctions, end-point
voxels, junction voxels, slab voxels, triple points, quadruple points, average branch
length, maximum branch length. We divided quantitative parameters of skeletonized
images into two groups. The first group included branches, junctions, end-point voxels,
junction voxels, slab voxels, triple points, quadruple points. These parameters were
related to each other and to the values of the fractal dimension by positive correlations.
The second group of parameters included average branch length, maximum branch
length. These parameters were positively correlated, but they had negative correlations
with most of the parameters of the first group and with fractal dimension values.
Quantitative parameters and fractal dimension turned out to be better parameters for
characterizing the spatial and structural complexity of the cerebral hemispheres shape
than traditional morphometric parameters (area, perimeter and their derivatives). It was
found that the values of most of the investigated quantitative parameters decreased with
age; coronal sections were the most representative for characterizing age-related
changes. Quantitative assessment of the brain shape, including spatial and structural
complexity, can become an informative tool for the diagnosis of some nervous diseases
and the differentiation of pathological and normal age-related changes.

Keywords: brain, cerebral hemispheres, morphometry, skeletonizing, fractal
dimension.

Introduction

One of the urgent tasks of modern neuroscience and
neuromorphology is the development and improvement of
methods of objective assessment of various morphological
parameters of nervous system structures. Most of the
morphometry methods used in modern neuromorphology
and medicine in general provide determination of basic
geometric parameters - linear dimensions, area, volume
and various indices that are derivatives of these parameters

[1, 20]. The informativeness of these indicators is quite
high when studying structures whose shape is close to
the shape of simple geometric figures - a sphere, a prism,
a cylinder, etc. However, for the assessment of some natural
structures that have an irregular shape, such parameters
are not enough, so the search for morphometric algorithms
continues.

The shape of the cerebral hemispheres is irregular,
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which is due to many factors, including the number, size
and complexity of the configuration of convolutions and
sulci. These parameters determine such an important
characteristic of the shape of the cerebral hemispheres as
spatial and structural complexity - the greater the number
of convolutions and sulci and the more complex their
configuration, the more complex the spatial configuration
of the brain as a whole.

For the quantitative characterization of spatial and
structural complexity, such a quantity as the fractal
dimension is used, which is determined by means of fractal
analysis [14]. Using this method, research was carried out
on the cortex of the cerebral hemispheres [4, 10, 24] and
its outer surface [8, 11], as well as the white matter of the
cerebral hemispheres [3, 5, 19, 21, 22, 26-28] and cerebellar
white matter [13, 15].

A fairly common image preprocessing method used
for fractal analysis is skeletonization [9]. This processing
method involves eroding the silhouette image with the
formation of its digital skeleton [7, 9, 17, 18]. During the
construction of a digital skeleton, an automatic algorithm
detects all the vertices of the figure being skeletonized (in
the case of cerebral hemispheres, such points are the
vertices of the gyri) and connects them using the smallest
possible number of short straight segments, forming a
network inside the silhouette.

In the works of various researchers, skeletonization
was used as a method of image preprocessing for fractal
analysis of the white matter of the cerebral hemispheres
[3, 5, 21, 22, 26-28]. Skeletonization was also used to
analyze magnetic resonance imaging of the cerebral
hemispheres using the "Peak Width of Skeletonized Mean
Diffusivity" method [2, 6, 13, 23].

In addition to fractal analysis itself, in some cases
guantitative analysis of digital skeletons of various biological
structures is performed, which can be used both as an
independent morphometric method and in combination
with fractal analysis [7, 9, 17, 18]. Quantitative analysis of
skeletonized images was used in the study of tree-like
structures (most often - the dendritic tree of neurons) [7,
17, 18]. Previously, we performed a quantitative analysis of
skeletonized images of human cerebellar white matter [15].
However, according to the scientific literature available to
us, quantitative analysis of skeletonized images of the
cerebral hemispheres has not been performed before. In
our previous work [16], we performed a fractal analysis of
skeletonized magnetic resonance (MR) images of the
cerebral hemispheres. This work is a continuation of the
previous one and includes quantitative analysis of
skeletonized images.

The purpose of the study is to determine the features of
the structural and spatial complexity of the shape of the
cerebral hemispheres using quantitative analysis of
skeletonized magnetic resonance images of the cerebral
hemispheres.

Materials and methods

The study was conducted in compliance with the basic
bioethical provisions of the Council of Europe Convention
on Human Rights and Biomedicine (from 04.04.1997), the
Helsinki Declaration of the World Medical Association on
Ethical Principles of Scientific Medical Research with
Human Participation (1964-2008), as well as the Order of
the Ministry of Health of Ukraine Ne 690 from 23.09.2009.
The conclusion of the Committee on Ethics and Bioethics
of the Kharkiv National Medical University confirms that the
research was conducted in compliance with human rights,
in accordance with the legislation in force in Ukraine, meets
international ethical requirements and does not violate
ethical norms in science and standards for conducting
biomedical research (minutes of the meeting of the
Committee on of ethics and bioethics of the Kharkiv
National Medical University Ne 10 dated November 7, 2018).

Magnetic resonance (MR) tomograms of the brain of
100 conditionally healthy individuals (who did not have
structural changes in the brain) of both sexes (56 women,
44 men) aged 18-86 years (average age 41.72+1.58 years)
were used as the research material.

Selection and pre-processing of images was carried
out according to the algorithm described in our previous
work [16]. From the set of tomographic images of each
brain, 5 tomographic slices were selected (4 in the coronal
projection, 1 in the axial projection). The sections had the
following localization: the 1st coronal section was located
at the level of the most anterior points of the temporal lobes,
the 2nd - at the level of the corpus mamillare, the 3rd - at
the level of the lamina quadrigemina, the 4th - at the level of
the splenium corpori callosi, the axial tomographic section
was located at the level of the thalamus.

The parameters of the investigated images were as
follows: the size for examining coronal sections - 512x400
pixels, for axial sections - 512x800 pixels; resolution is 128
pixels per inch. The absolute scale of a digital image is 3
pixels (voxels) = 1 mm. During preprocessing, image
segmentation was performed to obtain a binary silhouette
image (Fig. 1B), after which the silhouette was skeletonized
using the "skeletonize" tool of the Image J program (see
Fig. 1C). Fractal analysis of skeletonized images was then
carried out using the box counting method, for which the
"fractal box count" tool of the Image J program was used.
The same stages of image processing and analysis were
used in our previous work [16].

The next stage of research, to which this work is devoted,
was the quantitative analysis of skeletonized images, for
which the "analyze skeleton" tool of the Image J program
was used (Fig. 2). The following parameters were
determined in each of the digital skeletons: 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, the junctions
parameter characterizes the number of branch connections.

Vol. 28, Ne3, Page 62-73

63



Shape of cerebral hemispheres: structural and spatial complexity. Quantitative analysis of skeletonized MR images

A B

C

Fig. 1. Pre-processing of the magnetic resonance image of the brain: A - non-segmented coronal section after removal of backgroundr
structures, B - binary silhouette image after segmentation, C - skeletonized image.

The end-point voxels parameter corresponds to the number
of end points of the branches of the digital skeleton, junction
voxels - the number of voxels forming the junction of
branches, slab voxels - the number of voxels forming the
branches. The triple points parameter characterizes the
number of connections connecting three branches,
quadruple points - four branches. The average branch
length parameter is the arithmetic average value of the
absolute length of all branches, and the maximum branch
length parameter is the maximum among the values of the
absolute length of all branches of the digital skeleton.
Traditional morphometric parameters belonging to
Euclidean geometry were also determined: These
parameters were determined on two types of images. The
1st type of images are tomographic sections as a whole
(see Fig. 1, A), the perimeter of which corresponds to the
contour of the visible surface of the cerebral hemispheres,
and the area corresponds to the brain tissue as a whole,
including the content of the sulci. The following indicators
were determined on these images: P, (perimeter), S (area),
P/S, (ratio of perimeter to area), SF, (form factor). The 2nd
type of images are segmented silhouette images (see Fig.
1, B), the perimeter of which corresponds to the contour of
the pial surface of the cerebral hemispheres (including the

Fig. 2. Quantitative analysis of the skeleton image of the cerebral
hemispheres: end-point voxels are highlighted in blue, junction
voxels are in pink, slab voxels are in red.

contour of the depth of the furrows), and the area
corresponds to the brain tissue as a whole (not including
the contents of the sulci). The following indicators were
determined on these images: P_ (perimeter), S_ (area),
P /S, (perimeter to area ratio), SF_ (form factor). The formula
SF=(41m x A)/P? was used to determine the form factor for
both types of images. The ratio of the perimeter and area of
the segmented silhouette image to the corresponding
parameters of the section as a whole (P /P, and S/S)
were also calculated.

Statistical processing of the data was carried out using
the Microsoft Excel 2016 program. The data was processed
using the tools of variational statistics. The following
statistical parameters were calculated for each variation
series: arithmetic mean (M), its error (mM), minimum (Min)
and maximum (Max) values. The significance of statistical
differences between the values of the fractal dimension of
tomographic sections of different localization was
assessed using the Kruskal-Wallis KW test with Bonferroni
correction and Dunn's post-hoc test for multiple
comparisons. To determine the relationship between the
obtained values, the Pearson correlation coefficient (r) was
calculated, the significance of which was assessed using
the Student's test.

Results

The statistical parameters and the distribution of the
values of the quantitative parameters of the skeletonized
images of the cerebral hemispheres are shown in Table 1
and Figure 3. When comparing the values of the quantitative
parameters of the skeletonized images of five different
tomographic sections, it was determined that the values of
all parameters, except quadruple points, were statistically
significantly different in sections of different localization
(p<0.001), the number of quadruple points in different
tomographic sections did not differ statistically significantly
(p=0.191). When comparing the values in pairs, it was
found that the values of the parameters branches, junctions,
junction voxels, slab voxels and triple points of the 1st
coronal section and axial section were statistically
significantly different from each other and differed from the
corresponding values of the rest of the tomographic
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Table 1. Statistical parameters of the distribution of the values of
the quantitative parameters of cerebral hemispheres skeletonized
images.

Tomographic section
Parameter Coronal | Coronal| Coronal | Coronal Axial
1 2 3 4
M | 9530 | 125.08| 12057 | 116.47 | 150.18
Branches () " 158 | 273 253 221 | 441
Min | 61 69 70 77 86
Max | 146 | 202 224 208 | 317
M | 4862 | 6394 | 6201 | 5980 | 77.13
Junciions () m | 091 | 154 147 126 | 241
Min | 30 34 34 37 43
Max | 76 108 124 109 | 168
M | 4185 | 5473 | 5235 | 5048 | 6561
End-point m | 054 | o085 0.71 071 | 1.49
voxels (N) Min | 29 36 36 38 42
Max | 58 80 72 79 114
M | 156.4 | 199.3 | 1935 | 186.0 | 2345
Junction m 3.3 55 5.1 43 8.3
voxels (N) Min | 94 100 102 16 | 127
Max | 260 364 396 344 | 578
M | 1755 | 2655 | 2680 | 2651 | 4209
Slab voxels m 20 32 28 26 60
N) Min | 1337 | 1998 | 2116 | 2185 | 3090
Max | 2214 | 3359 | 3418 | 3235 | 6398
M | 4551 | 60.29 | 5898 | 5656 | 7341
Triple points | M | 0.80 | 1.36 1.34 116 | 217
N) Min | 30 34 32 35 42
Max | 65 95 115 99 153
M | 2300 | 3.060 | 2440 | 2.460 | 3.137
Quadruple m | 0473 | 0251 | 0179 | 0173 | 0311
points (N) Min 0 0 0 0 0
Max | 8 15 9 10 18
M | 8342 | 9372 | 9.754 | 1003 | 1250
Average m | 0095 | 0094 | 0104 | 010 | 017
branch length
(mm) Min | 671 | 7.42 6.74 701 | 823
Max | 13.14 | 1205 | 1250 | 1261 | 16.14
M | 2726 | 33.90 | 37.44 | 4033 | 50.88
Maximum m | o051 | 055 061 | 062 [ o091
branch length
(mm) Min | 17.76 | 2401 | 2082 | 26.75 | 32.26
Max | 39.80 | 50.69 | 57.25 | 51.96 | 8251

sections (p<0.001); the values of the 2nd, 3rd and 4th
coronal sections did not differ statistically significantly from
each other (p>0.05). The values of the end-point voxels
and average branch length parameters of the 1st coronal
section and axial section were statistically significantly
different from each other and differed from the

corresponding values of the rest of the tomographic
sections (p<0.001); the values of the 2nd and 3rd coronal
sections, as well as the 3rd and 4th coronal sections did
not differ statistically significantly from each other (p>0.05),
however, the values of the 2nd and 4th coronal sections
differed statistically significantly from each other (p<0.05).
No statistically significant difference was found between
the values of the "maximum branch length" parameter of
the 3rd and 4th coronal sections (p=0.017, the level of
statistical significance a=0.050 with Bonferroni correction
was a=0.005); the values of the remaining tomographic
pairs were statistically significantly different from each other
(p<0.01).

At the first stage of the correlation analysis, we
determined the nature and strength of correlation
relationships between the values of similar parameters of
the digital skeleton determined on different tomographic
sections (Fig. 4). We established that the values of most of
the quantitative parameters of the four coronal sections
were connected by a statistically significant positive
correlation (except for the values of maximum branch
length), while the strongest correlation was found between
the values of the adjacent coronal sections - 1st and 2nd,
2nd and 3rd, 3rd and 4th. The values of most parameters
of the axial section did not have a statistically significant
correlation with the similar parameters of the coronal
sections. The strongest correlation between adjacent
coronal sections was found when conducting a correlation
analysis of the following parameters: branches, junctions,
end-point voxels, junction voxels, slab voxels, triple points.
At the same time, the correlation between adjacent sections
was not detected or was weak when conducting a
correlation analysis of the values of the following
parameters: quadruple points, average branch length,
maximum branch length.

At the second stage of the correlation analysis, we
investigated the correlation relationships between the
values of various quantitative parameters of skeletonized
images; we calculated the values of the correlation
coefficients both for all the examined sections and
separately for each tomographic section (Fig. 5). It turned
out that there are significant positive correlations between
the values of most parameters, these are the following
parameters: branches, junctions, end-point voxels, junction
voxels, slab voxels, triple points, quadruple points (at the
same time, correlations between the parameters branches
and junctions were close to functional). However, the values
of average branch length and maximum branch length,
which are positively correlated in all sections, are in most
cases negatively correlated with the rest of the parameters
(at the same time, average branch length has stronger
correlation connections, and correlations between
maximum branch length and values of other parameters
are in many cases weak and not statistically significant).

At the third stage of the correlation analysis, we
investigated the relationships between the values of the
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Fig. 3. Distributions of values of quantitative parameters of cerebral hemispheres skeletonized images.

quantitative parameters of the skeletonized images and
the traditional morphometric characteristics of the cerebral
hemispheres (Fig. 6). It was established that the values of
perimeters (P, P), area (S,, S_) of non-segmented and
segmented images, as well as their ratio (P/P,, S/S ) are
related to most quantitative parameters (with the exception
of average branch length and maximum branch length) by

positive correlations, while parameters P /S  and SF_ are
related to the same parameters by negative correlations.
Attention is also drawn to exceptions from the general
regularity: S /S, parameter of axial sections, unlike coronal
sections, is related to the values of the quantitative
parameters of the digital skeleton by negative, not positive,
correlations; and when examining the sample, which
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Fig. 4. Correlations of the values of quantitative parameters of skeletonized images of different localization tomographic sections; values

of Pearson's correlation coefficients (r) are given.

includes all sections, negative correlations between the
P./S, parameter and most of the studied quantitative
parameters are revealed. The rest of the morphometric
parameters are related to the values of the quantitative
parameters by correlations of different strength and
direction, which differ in different tomographic sections (see

Fig. 6).

At the fourth stage of the correlation analysis, we
investigated the correlations between the values of the
fractal dimension, the quantitative parameters of the
skeletonized images, and the traditional morphometric
characteristics (Table 2). The parameters branches,
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Fig. 5. Correlations of the values of quantitative parameters of skeletonized images of the cerebral hemispheres; values of Pearson's
correlation coefficients (r) are given.
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Fig. 6. Correlations of the values of quantitative parameters of skeletonized images and traditional morphometric parameters of the
cerebral hemispheres; values of Pearson's correlation coefficients (r) are given.
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Table 2. Correlation relationships of fractal dimension values with the values of quantitative parameters of skeletonized images and
traditional morphometric parameters of the cerebral hemispheres.

Tomographic section
Parameter of skeletonized image
Coronal 1 Coronal 2 Coronal 3 Coronal 4 Axial All sections

Branches 0.668*** 0.871*** 0.867*** 0.834*** 0.821*** 0.229***
Junctions 0.677*** 0.869*** 0.871*** 0.851*** 0.822*** 0.261***
End-point voxels 0.276** 0.631*** 0.604*** 0.521*** 0.736*** -0.015
Junction voxels 0.678*** 0.851*** 0.858*** 0.812*** 0.813*** 0.327***
Slab voxels 0.339*** 0.811*+* 0.743*** 0.668*** 0.743*** -0.27 1%+
Triple points 0.628*** 0.843*** 0.857*** 0.830*** 0.806*** 0.217*%**
Quadruple points 0.414%* 0.656*** 0.560*** 0.456*** 0.630*** 0.364***
Average branch length -0.403*+* -0.759%+* -0.770%* -0.699*+* -0.757%* -0.724%*
Maximum branch length -0.063 -0.203* -0.162 -0.205* 0.013 -0.469%+*
P, -0.305** -0.102 -0.166 -0.244* -0.036 -0.605*+*
S, -0.348** -0.025 -0.209* -0.211* 0.060 -0.505%+*
P4/S, 0.315*** -0.078 0.177 0.137 -0.126 0.311*+*
SF, -0.171 0.172 -0.029 0.116 0.081 0.191***
P -0.085 0.355*** 0.041 0.062 0.395*** -0.433**
S, -0.201* 0.064 -0.136 -0.110 -0.182 -0.511%+*
PJS, 0.125 0.261** 0.138 0.149 0.526*** 0.582%**
SF, -0.002 -0.341%* -0.070 -0.095 -0.468** -0.185%+*
PJ/P, 0.059 0.462*** 0.137 0.221* 0.476*** 0.234***
S/S, 0.256* 0.203* 0.133 0.236* -0.146 -0.111**

Notes: the table shows the values of Pearson's correlation coefficients (r); * - p<0.05; ** - p<0.01; *** - p<0.001.
Table 3. Correlation relationships between age and the values of quantitative parameters of skeletonized images of the cerebral

hemispheres.
Tomographic section
Parameter of skeletonized image
Coronal 1 Coronal 2 Coronal 3 Coronal 4 Axial All sections

Branches -0.502*+* -0.386*** -0.248* -0.387*+* 0.151 -0.160%*+*
Junctions -0.507*+* -0.384*** -0.269** -0.414%* 0.153 -0.175%+*
End-point voxels -0.301* -0.291* -0.058 -0.162 0.145 -0.057
Junction voxels -0.435%+* -0.385%+* -0.246* -0.411%x* 0.140 -0.178*+*
Slab voxels -0.508**+* -0.452%* -0.312** -0.370%* 0.010 -0.093*
Triple points -0.522%+* -0.374%* -0.274** -0.415%+* 0.166 -0.168*+*
Quadruple points -0.167 -0.255* -0.046 -0.059 0.007 -0.097*
Average branch length 0.120 0.231* 0.128 0.307** -0.290** 0.040
Maximum branch length -0.114 -0.185 -0.151 0.098 -0.025 -0.038

Notes: the table shows the values of Pearson's correlation coefficients (r); * - p<0.05; ** - p<0.01; *** - p<0.001.

junctions, end-point voxels, junction voxels, slab voxels,
triple points, quadruple points were associated with the
values of the fractal dimension by positive correlations; the
parameters average branch length, maximum branch
length were related to the values of the fractal dimension of
most slices by negative correlations. Traditional
morphometric parameters, in comparison with the
guantitative parameters of skeletonized images, had a
lower correlation strength with the values of the fractal

dimension, the strength and directionality of which differed
depending on the tomographic section (see Table 2).

At the fifth stage of the correlation analysis, we
determined the presence and nature of correlation
relationships between age and the values of quantitative
parameters of skeletonized images of the cerebral
hemispheres (Table 3). It turned out that most of the
quantitative characteristics (except for quadruple points and
maximum branch length and partially average branch
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length) of all coronal sections had statistically significant
negative correlations with age (however, the corresponding
parameters of the axial section did not have significant
relationships with age).

Discussion

Structural and spatial complexity is an important
parameter that allows you to qualitatively add to the arsenal
of morphological characteristics for the study of structures
of irregular shape, including cerebral hemispheres. In most
meanings, structural complexity and spatial complexity are
very close and practically synonymous concepts and
characterize the complexity of the spatial configuration. In
addition to this value, structural complexity describes the
complexity of not only the form, but also the actual internal
structure of certain anatomical formations and can
characterize the number and variety of elements that make
up the studied structure (for example, the branches of the
digital skeleton). An increase in structural complexity leads
to an increase in the complexity of the spatial configuration
(form), and therefore to an increase in spatial complexity.

Despite the relative novelty of fractal analysis as a
morphometric method, the fractal dimension has become
the "gold standard" for evaluating the structural and spatial
complexity of the configuration of various natural structures,
including the cerebral hemispheres [3-5, 8, 10, 11, 16, 19,
21, 22, 24, 26-28].

The spatial and structural complexity and, accordingly,
the value of the fractal dimension of the cerebral
hemispheres can be influenced by various factors. In this
paper, we analyzed the correlations of fractal dimension
values of skeletonized images of the cerebral hemispheres
with two groups of parameters: with traditional
morphometric parameters (perimeter, area, and their
derivatives), and with quantitative parameters of
skeletonized images. Most traditional morphometric
parameters had no statistically significant correlations or
weak correlations with fractal dimension values. Most of
the quantitative parameters of skeletonized images had
statistically significant strong or moderate correlations with
fractal dimension values. Therefore, it can be considered
that the quantitative parameters of skeletonized images
are representative for evaluating the spatial and structural
complexity of the cerebral hemispheres, in contrast to
traditional morphometric parameters.

We divided the quantitative parameters of skeletonized
images into two groups. The first included branches,
junctions, end-point voxels, junction voxels, slab voxels,
triple points, quadruple points. These parameters were
related to each other and to the values of the fractal
dimension by positive correlations. The second group of
parameters includes average branch length, maximum
branch length. These parameters are connected with each
other by positive correlations, but with most of the
parameters of the first group and with the values of the
fractal dimension, they had negative correlations.

Therefore, the increase in the spatial and structural
complexity of the shape of the cerebral hemispheres, which
is reflected in the increase in the values of the fractal
dimension, is accompanied by an increase in the number
and decrease in the length of the branches of the digital
skeleton, an increase in the number of connections and
end points of the branches, and the number of voxels
forming the skeleton. Therefore, the digital skeletons of
the hemispheres, which have more convolutions and a
more complex shape, are characterized by higher values
of the fractal dimension and consist of a relatively large
number of relatively short branches. Conversely, the digital
skeletons of the hemispheres, which have a less complex
configuration, have smaller values of fractal dimension and
consist of a small number of relatively long branches.
Similar regularities were also revealed as a result of
guantitative analysis of skeletonized images of cerebellar
white matter [15].

The relatively large age range of the studied sample
allowed us to analyze correlations between age and
guantitative parameters of skeletonized images. We found
that the values of most of the studied parameters decrease
with age. This is consistent with a decrease in the values
of the fractal dimension and other morphometric
parameters of the brain as a result of atrophic changes
during normal aging [5, 16, 20, 27] and caused by
neurodegenerative diseases [10]. Reducing the volume,
smoothing the surface and expanding the grooves of the
brain in the complex can lead to a simplification of the
spatial configuration of the brain, which in turn will lead to a
simplification of the configuration of digital skeletons.
However, the described changes were not detected when
analyzing the parameters of axial slices and when
examining the sample that includes all slices. Therefore, it
can be considered that coronal sections are more
representative for characterizing age-related changes. A
similar regularity was found in our previous work in the
study of age-related dynamics of fractal dimension [16].

The number of endpoints of the digital skeleton allows
us to indirectly characterize the number of convolutions
forming the studied silhouette of the hemispheres. The
number of gyri after the completion of their formation is an
invariable anatomical characteristic, so the number of
endpoints almost does not change during life. The existing
weak negative correlations with age can be explained by
the fact that sometimes gyri with a complex shape can
form not one, but several points of the digital skeleton.
Simplifying the shape of the convolutions and the overall
silhouette may in some cases lead to a slight reduction in
the number of endpoints.

Conclusion

Quantitative analysis of skeletonized images of allows
to supplement the arsenal of morphometric methods of
both morphology and clinical neuroscience. Quantitative
parameters and fractal dimension of skeletonized images
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are the most relevant morphological parameters for
characterizing the spatial and structural complexity of the
shape of the cerebral hemispheres. Quantitative
assessment of the shape of the brain, including spatial
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®OPMA BEJIMKUX MIBKY/lb FOMIOBHOrO MO3KY: CTPYKTYPHA TA MPOCTOPOBA CKIALHICTb. KIIbKICHUA AHARNI3
CKENETOHOBAHUX MP-30BPAXEHb

Map‘eHko H. I., CmenaHeHko O. 1O.

[ns KinbKicHoO20 xapakmepusysaHHsI CK1a0HOCMI MPOCMOPOBOI KOHbieypauii aHamoMiYHUX CMpyKmyp, y MoMy YUC/i 8eTUKUX MKy b
20/108H020 MO3KY, Halbyacmiwe sukopucmosyembcsi hpakmasibHUll aHari3, KpiM siko2o documb MepcrnekKmueHUMU € U iHwi Memoodu
aHarizy 30bpaxeHb, y MoMy YUcCri KinbKICHUU aHari3 CKeremoHo8aHuUx 3obpaxeHb. Mema docnidxeHHs1 - gau3Hadyumu ocobrusocmi
cmpykmypHOI ma npocmopoeoi cknadHocmi ¢hopMuU 8EJIUKUX MiBKYTb 20/1086HO20 MO3KY 3a OOMOMO20I0 KillbKICHO20 aHanisy
CKeNemoHO8aHUX MaegHImHO-PEe30HaHCHUX 306paxeHb 8e/IUKUX MiBKY/b 20/108HO20 MO3KY. Y sikocmi mamepiary 0ocrioxeHHs1 b6yno
8UKOpPUCMAaHO MazHImHO-pe3oHaHCHI momozpamu 205108H020 Mo3Ky 100 ymoeHo 300oposux ocib (siki He Manu CmpyKMmypHUX 3MiH
201108H020 MO3KYy) 060x cmamel (xiHok 56, yonoeikie 44) sikom 18-86 pokie (cepedHit sik 41,72+1,58 pokig). I3 Habopy momoepagiyHuXx
306paxeHb KOXHO20 MO3Ky 6yno eidibpaHo 5 momoepacghidHuXx 3pi3ie (4 - y KopoHanbHil npoekyil, 1 - y akcianbHid). I1id Yac nonepedHbor
06pobKu nposodurnacs ceameHmauisi 306paxeHb i3 ompuMaHHaM 6iHapHO20 CuryemHo20 306paxeHHs1, Micrsi 4020 Mpo8odusocs
ckenemoHyeaHHs1 cunyemy. KinbkicHUl aHaris ckernemoHog8aHUX 306paxeHb 8KIIHYas 8u3HaYeHHs makux rnapamempis: branches,
junctions, end-point voxels, junction voxels, slab voxels, triple points, quadruple points, average branch length, maximum branch
length. Mu po3dinunu kinbkicHi mapamempu ckesiemoHoeaHux 30bpaxeHb Ha 0e8i epynu. [o nepwoi ysitiwnu branches, junctions, end-
point voxels, junction voxels, slab voxels, triple points, quadruple points. Li napamempu 6ymnu nos'sasaHi Mk coboo ma 3i 3Ha4eHHSIMU
hpakmarsnbHOi po3MipHOCMI MO3UMuUHUMU KopensauilHumu 38'askamu. [Jo dpyeoi epynu napamempig ysitiwnu average branch length,
maximum branch length. Ui napamempu 6ynu noe'ssaHi M cob0t0 no3umusHUMU KopensuiliHumu 38'sa3kamu, ane 3 binbwicmio
napamempig nepwoi epynu ma 3i 3Ha4eHHSAMU ¢hpakmarnbHOI PO3MIPHOCMI 8OHU Masiu He2amueHi KopensauitiHi 38'a3ku. KinbkicHi
napamempu ma ¢pakmarnbHa pPo3MIipHiCMb 8USIBUNIUCA Kpawumu napamempamu Ons xapakmepusyeaHHsi Mpocmoposoi ma
CMpyKmypHOi cknadHocmi ¢hopMu 8e/TUKUX MiBKYIIb 20/108HO20 MO3KY, HiX mpaduuitiHi MopghomempuyHi napamempu (rnowa, nepumemp
ma ix rnoxioHi). BusierneHo, wo 3HadyeHHs1 binbwocmi O0CHIOXKeHUX KiNbKICHUX napamempie 3MeHWYMmbCs 3 8IKOM, KOPOHarbHI 3pisu
susigunucs Halbinbw perpe3eHmamugHUMU Orsi xapakmepu3yeaHHsi 8ikosux 3MiH. KinbKicHe OuiHt08aHHSI hOPMU 20/108HO20 MO3KY,
Yy momy yucni npocmopoeoi ma cmpyKmypHOi ckiiaOHOCMI, MOXe cmamu iHghopMamueHUM iHCmpyMeHmom Orsi diagHOCMUKU OesiKuX
HepeosuUX 3axeopro8aHb ma OuepeHUito8aHHsI Mamosio2iyHUX ma HOPMarbHUX 8IKOBUX 3MiH.

KnrouyoBi cnoBa: 20/108HuUll MO30K, 8e/IUKi Mi6KYyIli 20/108HO20 MO3KY, MOPGOMEMPIsi, CKe/IeMOHy8aHHs, hpakmarbHa pPO3MIpHICMb.
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