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The cerebellum is a typical structure with fractal properties, so fractal analysis is one
of the main morphometric techniques that allow a comprehensive assessment of its
morphofunctional state; the development of methods for differential measurement of
the fractal dimension of various components of cerebellar tissue is necessary for
complex morphological examination of the cerebellum using fractal analysis. The aim
of the study was to develop an algorithm for differential fractal analysis and to determine
the values of the fractal dimension of the cortex and white matter of human cerebellum
using the study of magnetic resonance imaging scans. Digital T2 weighted magnetic
resonance imaging scans of 30 conditionally healthy persons were used in the study.
Fractal analysis of the distinct components of the cerebellar tissue was performed
using the pixel dilation method. The fractal dimension values for all threshold brightness
values (from 0 to 255) were determined. The confidence interval of the fractal dimension
values based on the average values of the fractal dimension of the entire range of
brightness values was calculated. Algorithms for image preprocessing were developed
for an individual study of the different components of the cerebellum: cerebellar tissue
as a whole, white matter, molecular and granular layers of the cortex. A differential
fractal analysis technique has been developed to assess individual components of the
cerebellar tissue. The values of the fractal dimension of white matter, granular and
molecular layers of the cerebellar cortex were determined. The values of the fractal
dimension of cerebellar tissue as a whole and the fractal dimension of the cerebellar
cortex as a whole were the biggest. These values exceed the value of the fractal
dimension of white matter. The average value of the fractal dimension (FD) for the
threshold value of 80 (white matter) was 1.318±0.050, for the value of 90 (white matter
and the granular layer of the cortex) was 1.568±0.028, for the value of 100 (cerebellar
tissue as a whole) was 1.694±0.010. The average FD of the granular layer of the cortex
(brightness range 81-90) was 1.377±0.020, the FD of the molecular layer of the cortex
(brightness range 91-100) was 1.353±0.020, the average FD of the cerebellar cortex
as a whole (brightness range 81-100) was 1.564±0.018. The obtained data can be used
as diagnosis criteria to assess the morphofunctional state of the cerebellum using
magnetic resonance imaging.
Keywords: fractal analysis, fractal dimension, pixel dilation, cerebellum, magnetic
resonance imaging.

Introduction
Various neuroimaging methods are currently widely
used to diagnose various pathological changes and
diseases of the cerebellum. Magnetic resonance imaging
(MRI) is the most commonly used neuroimaging method.
The analysis of MRI scans takes into account both
quantitative morphometric characteristics (linear size, area,
volume) and qualitative characteristics (features of the
shape and structure of various structures, the presence
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and features of pathological foci - necrosis, hemorrhages,
tumors etc.) [10, 14].
The cerebellar tissue is not homogeneous and includes
several components with different densities (white matter,
granular and molecular layers of the cortex), which have
different brightness of corresponding pixels on magnetic
resonance images. Measurement of the volume and area
(voxel-based morphometry) of various components of the
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cerebellar tissue (cortex and white matter) is widely used
as a morphometric study in MRI [3, 4, 9, 11-13].
These morphometric studies revealed changes
(decrease or increase) in the volume of gray and white
matter of the cerebellar lobules in dyslexia [13], autism [3,
11, 13], in children and adolescents with attention deficit
hyperactivity disorder [9, 13], alcohol dependence [4],
schizophrenia [15] and bipolar disorders [5].
Different algorithms of computer segmentation of digital
images of the cerebellum are used for individual study of
different structures of the cerebellum (determination of the
boundary of the cortex and white matter, identification of
different lobules) Those algorithms allow to determine the
morphometric characteristics of different components and
structures of the cerebellum [16, 18].
However, determining only the absolute and relative
volumes of white and gray matter and their ratio does not
take into account the spatial configuration of the cerebellum
and relationships of different components of the cerebellar
tissue.
The cerebellum is a typical structure with fractal
properties, so fractal analysis is one of the main
morphometric techniques that allow a comprehensive
assessment of its morphofunctional state [1, 2, 6, 17].
The cerebellum has the heterogeneous (multifractal)
structure. Thus, the development of methods for differential
measurement of the fractal dimension of different
components of cerebellar tissue is necessary for a complex
morphological study of the cerebellum on magnetic
resonance images using fractal analysis.
The aim of the study was to develop an algorithm for
differential fractal analysis and to determine the values of
the fractal dimension of the cortex and white matter of human
cerebellum using the study of magnetic resonance imaging
scans.

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 (04.04.1997), the
Helsinki Declaration of the World Medical Association on
the ethical principles of scientific medical research with
human participation (1964-2008), and the order of Ministry
of Health of Ukraine №690 dated 23.09.2009. The
conclusion of the Commission on Ethics and Bioethics of
Kharkiv National Medical University confirms that the study
was conducted in compliance with human rights, in
accordance with current legislation in Ukraine, meets
international ethical requirements and does not violate
ethical standards in science and standards of biomedical
research (minutes of the meeting of the commission on
ethics and bioethics of KhNMU №10 from 07.11.2018).
Magnetic resonance (MR) imaging scans of the brain
were used in the study. MR images were obtained using a
Siemens Magnetom Symphony tomograph with a magnetic
induction value of 1.5 T. Different components of cerebellar
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Fig. 1. Pre-processing (A) and segmentation (B-D) of MR images
of the cerebellar vermis. Segmented pixels are colored black. B threshold 100, C - threshold 90, D - threshold 80.

tissue are more heterogeneous and contrasting on the T2weighted images then on the T1-weighted images, therefore
T2-weighted images were used for the study.
The study used tomograms of 30 conditionally healthy
persons (without structural changes in the brain) aged 1830 years (15 men and 15 women).
A digital image with a resolution of 128 pixels per inch
and a size of 128x128 pixels was created in Adobe
Photoshop CS5 for image processing and subsequent
measurements. One of the parasagittal sections of the brain
containing the tomographic section of the cerebellum was
selected and the fragment was copied using the MR
tomogram viewer "Syngo Fast View". This fragment was
placed in the created digital image so that the section of the
cerebellum filled the area of the square. Then the surrounding
areas were removed from the image: those areas of the
image that do not contain a section of the cerebellum were
selected and filled with white color (Fig. 1, A).
This was followed by image segmentation using the
Adobe Photoshop CS5 "threshold" tool. Segmentation was
performed depending on the brightness of the pixels
corresponding to different components of the cerebellar
tissue. All pixels darker than the brightness threshold were
colored black, lighter than the brightness threshold were
colored white. Images were segmented by all theoretically
possible brightness thresholds - from 0 to 255 (see Fig. 1,
A, B, C). For example, all pixels with brightness values from
0 to 80 inclusive were segmented for a brightness value of
80.
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Fractal dimension (FD) was measured on segmented
images. Fractal dimensions of various components of
cerebellar tissue that have a density equal to or greater than
a certain threshold value were determined. The method of
pixel dilatation in the author's modification described earlier
was used for fractal analysis [7].
Statistical data processing was performed using Excel
2010. The arithmetic mean (M) and its standard error (mM)
were calculated, and the confidence interval of values as
M±2σ was determined. Pearson's correlation coefficient was
calculated to determine the relationship between the values.
The significance of statistical differences was assessed
using the Mann-W hitney test. The significance of the
correlation was assessed using Student's T test.

Results
The arithmetic means of the fractal dimension values for
the entire range of brightness values (from 0 to 255) were
calculated as a result of study of MRI scans of 30 persons
(Fig. 2).
The confidence interval of FD values as M±2σ was
determined based on the arithmetic mean (M) and standard
deviation (σ) values for the entire range of brightness
thresholds used for segmentation (see Fig. 2).
The values of FD depend on the brightness, and this
dependence is close to the logarithmic function, as can be
seen from Fig. 2. FD increases mainly in the range of
brightness values from 70 to 100.
The cerebellar tissue is not homogeneous, which
causes the heterogeneity of the brightness of the pixels of
digital MR images. Different components of the cerebellar
tissue have different densities and, consequently, different
values of the brightness of the pixels of the digital image. If
we compare the result of segmentation of the same original
image (see Fig. 1, A), segmented by different levels of
brightness (see Fig. 1, B-D), we can see that the different
components of the cerebellar tissue are segmented on the
resulting images. The lower the threshold level of brightness
for segmentation is, the bigger density of the visualized
structure is.
The brightness thresholds for segmentation of the

Fig. 2. Cerebellum fractal dimension values depending on the pixel
brightness threshold used for segmentation: arithmetic mean (M)
and confidence interval (M±2σ).
№38, Page 69-74

Fig. 3. Segmented components of the cerebellar tissue: white
matter (segmentation threshold 80) is colored white, the granular
layer of the cortex (difference of segmentation thresholds 91-80)
is colored gray, the molecular layer of the cortex (difference of
segmentation thresholds 91-100) is colored black.

individual components of the cerebellar tissue were
determined by visual comparison and also based on the
results of cluster analysis of the fractal dimension of the
cerebellum, which was carried out in our previous studies [8].
Thus, the white matter corresponds to the range of
brightness values from 0 to 80 (see Fig. 1, D), the granular
layer of the cortex - 81-90 (see Fig. 1, C), the molecular layer
of the cortex - 91-100 (see Fig. 1, B). The brightness threshold
80, used to segment the digital image, separates only the
white matter of the cerebellum from the background, 90 white matter with a granular layer of cortex, 100 - white matter,
granular and molecular layers of the cortex (cerebellar tissue
as a whole) (Fig. 3).
The average value of the fractal dimension for the
threshold value of 80 (white matter) was 1.318±0.050, for
the value of 90 (white matter and the granular layer of the
cortex) was 1.568±0.028, for the value of 100 (cerebellar
tissue as a whole) was 1.694±0.010. The average FD of the
granular layer of the cortex (brightness range 81-90) was
1.377±0.020, the FD of the molecular layer of the cortex
(brightness range 91-100) was 1.353±0.020, the average
FD of the cerebellar cortex as a whole (brightness range 81100) was 1.564±0.018. The distribution of these values is
shown in Fig. 4.
Correlation relationships between the FD values of
different components of the cerebellar tissue were
determined using calculation of the Pearson's correlation
coefficient (r) (Fig. 5). The strength and direction of the
correlation relationships were different.
FD of the cerebellar white matter has a significant
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with the FD of the granular layer,
but has negative linear
relationship with the FD of the
molecular layer. The FD of the
cerebellar cortex as a whole has
a significant strong positive linear
relationship with FD of the
molecular layer (r=0.91, p=0.000)
as well as with FD of the granular
layer (r=0.90, p=0.000). The FD
of the molecular layer has a
greater effect on the FD of the
cortex as a whole than the FD of
the granular layer, because the
molecular layer forms the outer
contour of the cerebellum. There
is a significant strong positive
linear relationship between
fractal dimensions of the
molecular and granular layers of
Fig. 4. The distribution of values of the fractal dimensions of the different components of cerebellar tissue. the cerebellar cortex (r=0.64,
p=0.000).
FD of cerebellar tissue as a
whole has a significant strong
positive linear relationship with FD
of white matter (r=0.82, p=0.000)
as well as with FD of the granular
layer (r=0.72, p=0.000). These
components of the cerebellar
tissue have a high variability of
structure and make up a
significant part of the volume of the
cerebellum. FD of cerebellar
tissue as a whole also has a
significant moderate positive
linear relationship with FD of the
cortex as a whole (r=0.46,
p=0.008) and has no significant
relationship with the FD of the
molecular layer of the cortex
(r=0.12, p=0.833).
The values of the fractal
Fig. 5. The correlation relationships of the fractal dimensions of the main components of cerebellar tissue.
dimensions
of
different
components of the cerebellar tissue in men and women
moderate positive linear relationship with FD of the granular
were also determined (Fig. 6). It was found that the values
layer of the cortex (r=0.41, p=0.017), significant moderate
of the fractal dimensions of the white matter of the
negative linear relationship with FD of the molecular layer
cerebellum, cerebellar cortex as a whole, granular and
(r=-0.39, p=0.023); but it has no significant relationship with
molecular layers of the cortex and cerebellar tissue as a
FD of the cerebellar cortex as a whole (r=-0.01, p=0.998).
whole in men and women do not have significant difference
This feature is associated with the peculiarities of the
(p<0.001).
structure of the cerebellum at the microanatomical level.
The structure of the granular layer of the cerebellar cortex is
Discussion
more variable. This layer covers the white matter on the
The studies on fractal analysis of the cerebellum in the
outside, duplicating its outer contour. The structure of the
scientific literature in general are not numerous [1, 2, 6,
molecular layer of the cerebellar cortex is less variable: this
17]. The values of the fractal dimensions of the white matter
layer has less thickness variability than the granular layer.
and cortex of the cerebellum were determined differentially
Thus, the FD of white matter has a positive linear relationship
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dimension of the white matter
were 2.26±0.05 [2] and
2.2746±0.0446 [17] and the
average values 3D fractal
dimension of the gray matter
were 2.49±0.04 [2] and 2.5267
±
0.0228
[17].
Fractal
dimensions of different layers of
the cerebellar cortex also were
not determined individually. In
the studies [2, 17] the FD values
of the gray matter also exceed
the corresponding values of the
white
matter,
which
corresponds to results of the
present study. The values of 3D
fractal dimension exceed the
Fig.6. The values of the fractal dimensions of the main components of cerebellar tissue in men and values obtained in the present
women.
study, because the threedimensional FD can vary from 2 to 3 and theoretically always
in some studies. Two-dimensional (2D) and threeexceeds the two-dimensional FD, which has a value from
dimensional (3D) fractal dimensions were determined in
1 to 2.
different studies. Thus, the 2D fractal dimension values of
The obtained data can be used as diagnosis criteria to
two-dimensional images of the cerebellum were
assess
the morphofunctional state of the cerebellum using
determined using the box counting method. The MRI scans
magnetic resonance imaging.
of 16 conditionally healthy persons were investigated. The
average FD value of the white matter was 1.49±0.06 and
Conclusions
the average FD value of the gray matter was 1.56±0.05. FD
1. A technique of differential fractal analysis for
values of the different layers of the cerebellar cortex were
assessment of individual components of cerebellar tissue
not determined individually [1]. These data are generally
has been developed.
consistent with data obtained in the present study: the FD
2. Algorithms of image pre-processing for the individual
value of gray matter exceeds the FD value of white matter.
study of the cerebellar tissue as a whole, white matter and
The difference between the average values of fractal
individual layers of the cerebellar cortex were determined.
dimension obtained in the study [1] and in the present study
3. The values of fractal dimension of white matter,
may be due to the difference in the number of studied
granular and molecular layers of the cerebellar cortex were
objects, differences in algorithms of the image predetermined. The fractal dimension of the cerebellar tissue
processing and segmentation and difference in methods
as a whole and the fractal dimension of the cortex as a
of fractal analysis (box counting and pixel dilation,
whole have the biggest values, which exceed the value of
respectively). In other works, the values of 3D fractal
the fractal dimension of cerebellar white matter.
dimension of the white and gray matter of the cerebellum
were determined [2, 17]. The average values of 3D fractal
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