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Fractal analysis is a method of mathematical analysis, which provides quantitative
assessment of the spatial configuration complexity of the anatomical structures and
may be used as a morphometric method. The purpose of the study was to determine the
values of the fractal dimension of the outer linear contour of human cerebellum by
studying the magnetic resonance images of the brain using the authors' modification of
the caliper method and compare to the values determined using the box counting
method. Brain magnetic resonance images of 30 relatively healthy persons aged 18-30
years (15 men and 15 women) were used in the study. T2-weighted digital magnetic
resonance images were studied. The midsagittal MR sections of the cerebellar vermis
were investigated. The caliper method in the author's modification was used for fractal
analysis. The average value of the fractal dimension of the linear contour of the
cerebellum, determined using the caliper method, was 1.513+0.008 (1.432,1.600).
The average value of the fractal dimension of the linear contour of the cerebellum,
determined using the box counting method, was 1.530+0.010 (1.427, 1.647). The average
value of the fractal dimension of the cerebellar tissue as a whole, determined using the
box counting method, was 1.760+0.006 (1.674,1.837). The values of the fractal
dimension of the outer linear contour of the cerebellum, determined using the caliper
method and the box counting method were not statistically significantly different.
Therefore, both methods can be used for fractal analysis of the linear contour of the
cerebellum. Fractal analysis of the outer linear contour of the cerebellum allows to
quantify the complexity of the spatial configuration of the outer surface of the cerebellum,
which is difficult to estimate using traditional morphometric methods. The data obtained
from this study and the methodology of the caliper method of fractal analysis in the
author's modification can be used for morphometric investigations of the human
cerebellum in morphological studies, as well as in assessment of cerebellar MR
images for diagnostic purposes.

Keywords: fractal analysis, caliper method, box counting method, cerebellum, magnetic
resonance imaging.

Introduction

The human cerebellum has a rather complex spatial
configuration, which is the most complex of all the
structures of the central nervous system. At the base of the
cerebellum is a white substance, which on sagittal and
parasagittal sections has a tree-like branched shape. The
cerebellar cortex covers the white matter from the outside,
repeating the shape of the outer surface of the white matter
and forming convolutions - cerebellar folia. Peculiarities of
foliation (division of the cerebellar cortex into folia) and
fissure of the cortex (delimitation of folia and lobes of the
cerebellum by slits) reflect and determine the complexity of
the spatial organization of the cerebellum as a whole [22].

In this case, disorders of foliation and fissure of the cortex,
arising from disorders of cerebral morphogenesis, is one
of the main morphological features of various
malformations of the cerebellum [5]. These disorders
underlie the classifications of cerebellar malformations and
are used as their diagnostic criteria [5, 18, 21].

In addition, changes in the spatial configuration of the
surface of the cerebellar cortex, probably, can be observed
in other diseases and pathological conditions. For example,
smoothing of the surface of the cortex of the cerebral
hemispheres was observed in atrophic changes of the
brain [10, 11, 12], similar changes can be observed in the
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presence of atrophic changes of the cerebellum [6].
However, the characterization of foliation and fissuration of
the cerebellar cortex is subjective and descriptive, without
defining objective quantitative parameters. Therefore, the
search for and development of techniques that could
objectively characterize the complexity of the spatial
configuration of the surface of the cerebellar cortex is an
important area of research in modern neuroscience and
morphology.

In recent years, fractal analysis has been increasingly
used as a morphometric method. This type of mathematical
analysis is used to estimate the complexity of the spatial
configuration of different objects. The fractal dimension,
which is determined in this case, characterizes the degree
of filling of space with a certain object and increases with
the complexity of the spatial configuration of this object.
Values of fractal dimension, defined on two-dimensional
images, vary from 1 to 2 [3, 4, 16]. For fractal analysis in
morphology, neuroscience (including neuroimaging) use
different methods of fractal analysis [3, 4, 7, 8, 9, 19], among
which the most commonly used methods are box counting
[1, 2, 10, 11, 15, 23, 24] and pixel dilatation [14, 17]. The
caliper method is also sometimes used [13, 20]. For fractal
analysis of various components of the cerebellar tissue
most often use the method of box counting [1, 2, 23], less
often - pixel dilatation in various modifications [14, 17].
Studies involving fractal analysis of the cerebellum using
the caliper method have not been found in the available
scientific literature. The method of caliper in the classical
version in medicine is rarely used because of its routine.
We have developed our own modification of the caliper
method, which allows calculations to be performed
automatically and more accurately than the classic version.
For comparison, we chose the box counting method, which
is most often used as a morphometric method in medicine
and morphology.

The aim of the study was to determine the values of the
fractal dimension of the external linear contour of the
cerebellum by examining magnetic resonance imaging of
the brain using the author's modification of the caliper
method and compare with the values determined using
the box counting method.

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), as well as the order The
Ministry of Health of Ukraine Ne690 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 for conducting biomedical research
(Minutes of the meeting of the commission on ethics and
bioethics of KNMU Nel0 from 07.11.2018).

In study used brain tomograms of 30 relatively healthy
individuals (without detected structural changes in the
brain) aged 18-30 years, including 15 men and 15 women.

Tomograms were obtained using a magnetic
resonance imaging Siemens Magnetom Symphony with a
magnetic induction value of 1.5 T. T2-weighted magnetic
resonance (MR) images were used for the study. The
parameters of magnetic resonance imaging were as
follows: TE (echo time) 122 ms, TR (repetition time) 4520
ms, slice thickness - 5 mm. The median sagittal
tomographic sections of the cerebellar worm were
examined. For fractal analysis, the caliper method in the
author's modification and the box counting method in the
classical version were used.

Before fractal analysis, pre-processing of magnetic
resonance (MR) images of the cerebellum was performed.
To do this, a 128x128 pixel fragment was copied from the
digital MR image, which completely contained a
tomographic section of the cerebellum (Fig. 1A). Further
processing and analysis of images was performed in Adobe
Photoshop CS5.

To highlight the outer linear contour of the cerebellum,
image segmentation was first performed. The areas of the
digital image surrounding the cerebellum (background
structures) were painted white (Fig. 1B). After that, the image
was converted to binary format (Fig. 1C). The pixels of the
binary raster image were of two colours: black (pixel
brightness value 0; black pixels corresponded to the
cerebellar tissue as a whole) or white (pixel brightness
value 255; white pixels were background). The halftone
image was converted to binary using the Adobe Photoshop
CS5 "threshold" tool, which coloured all pixels darker than
the specified threshold to black and lighter to white. The
brightness thresholds ranged from 100 to 115 and were
selected empirically so that the boundaries of the
segmented area in the image corresponded to the outer
contour of the cerebellar cortex.

After segmentation, fractal analysis was performed
using the caliper method in the author's modification. This
method included 5 stages. In the first stage of fractal
analysis, the segmented area was selected using the
"selection” tool of Adobe Photoshop CS5 (Fig. 1D) and the
length of the contour (perimeter of the selected area) in
pixels was measured using the "analysis" tool.

In the second stage of fractal analysis, a contour with a
radius of 2 pixels was smoothed using the tool "selection
- modification - smoothing" of Adobe Photoshop CS5
(Fig. 1E). In this case, all bends of the linear contour that
had a radius less than the specified value of the smoothing
radius were removed from the contour, replaced by a
smooth line ("smoothed"). After smoothing, the contour
length was measured again.

In the third to fifth stages of the fractal analysis, the
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Fig. 1. Preliminary processing (A-C) and stages of MR images fractal analysis of the human cerebellum using the method of caliper (D-
H). A - the original image; B - removal of background structures; C - segmented binary image (cerebellar tissue as awhole); D-H - external
linear contour of the cerebellum at different stages of fractal analysis: D - 1st stage, contour smoothing is not used; E - 2nd stage,
smoothing radius 2 pixels; F - 3rd stage, smoothing radius 4 pixels; G - 4th stage, smoothing radius 8 pixels; H - 5th stage, smoothing

radius 16 pixels.

contour was smoothed again. In the third stage, the
smoothing radius was 4 pixels, in the fourth - 8 pixels, in
the fifth - 16 pixels (Fig. 1F-H). After each contour
modification, the contour length was measured by
smoothing it.

Then determined the value of the fractal dimension by
the formula:

— é?:l(l—n(m,) B Ln(l/R))(Ln(p,/P,) B Ln(PlR))
é(Ln(l/R,) - Ln(l/R))2

where FD, is the fractal dimension of the linear contour
determined by the caliper method; R - contour smoothing
radius (in pixels); P - length of the linear contour (in pixels),
i - iteration (fractal analysis stage).

Since no smoothing was used in the first stage of fractal
analysis, the value of R, was taken as 1 (R,=1, R,=2, R,=4,
R,=8, R,=16).

To compare the values of the fractal dimension of the
linear contour of the cerebellum, determined by the author's
modification of the caliper method with the values obtained
by classical methods of fractal analysis, also performed
fractal analysis using the method of box counting. Image J
program was used for this method. Using this program, 2
values of fractal dimension were determined: FD, - fractal
dimension of the linear contour of the cerebellum and FD_
- fractal dimension of cerebellar tissue as a whole. To
determine the FD,, we used the contour of the selected

FD

a

area with a line width of 1 pixel (Fig. 1D), and then performed
a fractal analysis of the linear contour using the method of
box counting. FD, values were determined on segmented
binary images (Fig. 1C). The following box size values were
selected for box fraction analysis in Image J: 2, 4, 8, 16, 32
(1/64, 1/32, 1/16, 1/8, 1/4).

To identify factors associated with the values of the fractal
dimension of the cerebellum, the following morphometric
parameters and their ratio were determined: the length of
the contour (perimeter) of the tomographic section of the
cerebellum as a whole (P ), which corresponded to the
contour of the visible surface of the cerebellum; the area of
the tomographic section of the cerebellum as a whole (S)
(Fig. 1B), the length of the contour (perimeter) of the
segmented area (Ps) and the area of the segmented area
(S,) (Fig. 1C). Based on these data for the tomographic
section as a whole and for the segmented area, the values
of the form factor (SF, and SF) were calculated by the
formula:

SF= 4'[;2 S

where SF - shape factor, S - area, P - length of the
contour (perimeter).

Statistical data processing was performed using
Microsoft Excel 2010. For variation series, the following
statistical parameters were calculated: arithmetic mean
(M), its error (m,,), standard deviation (o) and coefficient of
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variation (CV). To determine the distribution of fractal
dimension values, the median (Me), the values of the 25th
and 75th percentiles, the minimum (min) and maximum
(max) values were determined. The distribution of values
for normality was checked using the Shaporo-Wilk W test.
The significance of the statistical differences between the
three values of the fractal dimension was assessed using
the Kruskal-Wallis KW test with multiple Bonferroni
correction for multiple comparisons. Pearson's correlation
coefficient (r) was calculated to identify and characterize
the correlations between the studied parameters. The
significance of the correlation was assessed using the
Student T test.

Results

The average value of FD, (fractal dimension of the linear
contour of the cerebellum, determined using the caliper
method) was 1.513+0.008. The minimum value of FD, was
1.432, the maximum - 1.600. The standard deviation was
0.042, the coefficient of variation was 2.79%, which indicates
low variability of fractal dimension values. FD, values were
distributed normally (p>0.05).

The average value of FD, (fractal dimension of the linear
contour of the cerebellum, determined by the method of
box counting) was 1.530+£0.010. The minimum value of
FD, was 1.427, the maximum - 1.647. The standard
deviation was 0.053, the coefficient of variation was 3.45%,
which is slightly higher than the corresponding FD,, but
also indicates the low variability of this value of the fractal
dimension. FD, values were also distributed normally
(p>0.05).

The average value of FD_ (fractal dimension of the
cerebellar tissue as a whole, determined by the method of
box counting) was 1.760+0.006. The minimum value of
FD, was 1.674, the maximum - 1.837. The standard
deviation was 0.030, the coefficient of variation was 1.73%,
which also indicates the low variability of this value of the
fractal dimension. FD_ values were distributed normally
(p>0.05). The statistical distribution of FD,, FD, and FD,_
values is shown in Fig. 2.

The values of the fractal dimensions of the linear contour
and the cerebellar tissue as a whole, determined by different
methods (FD,, FD, and FD_) were compared with each
other using the Kruskal-Wallis test. When checking the
differences between the values of the three fractal
dimensions, it was found that the values as a whole were
statistically significantly different (p»0).

In a further pairwise comparison of values, it was found
that the value of FD_, which characterizes the cerebellar
tissue as a whole, was statistically significantly different
from the two values of the fractal dimension characterizing
the linear contour of the cerebellum (FD, and FD,) (p»0).
But the two values of the fractal dimension that characterize
the linear contour (FD, and FD,) did not differ statistically
significantly (p>0.05). Thus, the values of the fractal
dimension of the linear contour of the cerebellum,

determined using different methods of fractal analysis
(caliper and box counting), had similar values, and the
methods gave comparable results. Next, the magnitude of
the difference was determined and the relationship
between these values of the fractal dimension was
investigated.

The difference between the two values of the fractal
dimension that characterize the linear contour of the
cerebellum (FD, - FD,), ranged from -0.061 to 0.113; the
median value of this parameter was 0.014; the value of the
25th percentile was -0.019; the value of the 75th percentile
was 0.050. The value of the difference between the two
values of the fractal dimension is associated with a
statistically significant strong positive correlation with the
value of the fractal dimension of the cerebellar tissue as a
whole (FD,) (r=0.77, p<0.05), a positive correlation of
medium strength with the value of the fractal dimension of
the linear contour, determined by the method of box counting
(FD,) (r=0.64, p<0.05), and with the area of the segmented
area (S,) (r=0.54, p<0.05). There was no statistically
significant correlation with the value of the fractal dimension
of the linear contour determined by the caliper (FD,) method
(r=-0.28, p>0.05). In 17 objects out of 30 (56.7%) the value
of FDb was higher than FDa.

The ratio of the absolute value of the difference between
the two values of the fractal dimension of the linear contour
of the cerebellum (|FD, - FD,|) to the arithmetic mean of
these two values ((FD, + FD,) / 2) varied from 0.07% to
7.08%; the average value was 2.56+0.34%. This value is
associated with a statistically significant positive correlation
of medium strength with the value of the fractal dimension
of the cerebellar tissue as a whole (FD,) (r=0.60, p<0.05),

2,000 -
1,900 -
1,800 - :+:|
1,700 -
1,600 -
FD 1,500 - I:+:l
1,400 -
1,300 -
1,200 1
1,100 -
1,000
FDa FDb FDc
Outer linear Outer linear Cerebellar
contour of contour of tissue as a
cerebellum cerebellum whole
. Box Box
Caliper . .
counting counting
percentile 75 1,546 1,572 1,778
Max 1,600 1,647 1,837
= Me 1,515 1,536 1,760
Min 1,432 1,427 1,674
percentile 25 1,494 1,507 1,746

Fig. 2. Distribution of fractal dimensions values of cerebellum
external linear contour, determined by different methods of fractal
analysis (caliper and box counting) and fractal dimensions of
cerebellar tissue as a whole, determined by the method of box
counting.
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and with the area of the segmented area (S,) (r=0.58, p<0.05),
a negative correlation with the value of the fractal dimension
of the linear contour, determined by the method of caliper
(FD,) (r=-0.39, p<0.05). No statistically significant correlation
was found with the fractal dimension of the linear contour
determined by the box counting (FD,) method (r=0.24, p>0.05).

Therefore, the larger the area of the segmented portion
of the image corresponding to the cerebellar tissue as a
whole and the greater the fractal dimension characterizing
the cerebellar tissue as a whole, the greater the fractal
dimension of the linear contour determined by the box
counting method exceeded the value determined by using
the caliper method and the greater was the difference
between these values in general.

When performing correlation analysis, it was found that
between the two values of the fractal dimension of the external
linear contour of the cerebellum, determined by different
methods of fractal analysis (FD, and FD,), there is a positive
correlation of medium strength (r=0.56, p<0.05). No
statistically significant correlation was found between FD,
and FD_ values (r=-0.17, p>0.05). There is a positive
correlation of medium strength between the values of FD,
and FD_ (r=0.53, p<0.05).

The average value of the ratio of the length of the contour
(perimeter) of the tomographic slice as a whole to the area
of the slice (P/S,) was (0.0358,0.0455, 0=0.0027,
CV=6.65%). The average value of the factor of the shape of
the tomographic section as a whole (SF)) was 0.69+0.01
(0.56,0.75, 0=0.05, CV=6.75%).

The average value of the ratio of the length of the contour
(perimeter) to the area of the segmented area (P J/S,) was
0.205+0.006 (0.161,0.271, 0=0.031, CV=15.19%). The
average value of the shape factor of the segmented area
(SF,) was 0.047+0.002 (0.028,0.076, 0=0.012, CV=24.94%).

The average value of the ratio of the length of the contour
(perimeter) of the segmented area to the length of the contour
of the tomographic section as a whole (P/P ) was
3.030+0.060 (2.400,3.580, 0 = 0.32, CV=10.69%). The
average value of the ratio of the area of the segmented area
to the area of the tomographic section as a whole (S./S )
was 0.600+0.010 (0.510_0.740, o = 0.050, CV=8.34%).

A correlation analysis was also performed between the
values of fractal dimensions of the cerebellum (FD_, FD,
and FD ) and the above morphometric parameters. The
values of the correlation coefficient are given in Table 1.

As can be seen from table 1, the values of the fractal
dimension of the outer linear contour of the cerebellum,
determined by the method of caliper (FD,), are associated
with a strong positive correlation with the length of the linear
contour (P)) and the shape factor of the segmented area
(SF)), the length of the contour to the area of the segmented
area (P/S)), the ratio of the length of the contour of the
segmented area to the length of the contour of the
tomographic section as a whole (P /P ). FD, values are
related by a negative correlation of the mean strength with
the ratio of the area of the segmented area to the area of the

Table 1. Correlation relationships of fractal dimension values and
morphometric parameters of MR images of the human cerebellum.

Fractal dimension FD, FD, FD,
suaed object | XTI | ke
Method of fractal analysis | Caliper Box counting
P, 0.244 0.252 0.354*
S, 0.176 0.388* 0.607*
P./S, -0.084 -0.347 -0.561*
SF, -0.107 0.143 0.286
Morphometric P, 0.700* | 0.705* 0.363*
parameters of
MR images S, -0.301 | 0.223 0.782*
PJ/S, 0.857* 0.412* -0.363*
SF, -0.885* | -0.666* -0.019
PP, 0.738* 0.745* 0.313
SJS, -0.648* | -0.060 0.598*

Notes: * - p<0,05.

tomographic section as a whole (S/S ). Correlations
between FD, and other morphometric parameters were not
statistically significant (p>0.05).

The values of the fractal dimension of the outer linear
contour of the cerebellum, determined by the method of box
counting (FD,), are associated with a strong positive
correlation with the length of the linear contour of the
segmented section (P) and with the ratio of the contour
length of the segmented section to the total contour (P/P,),
the positive correlation of the average force with the area of
the tomographic section as a whole (S;) and the ratio of the
length of the linear contour to the area of the segmented
area (P/S,). FD, values are associated with a negative
correlation between the mean force and the segmentation
factor (SF,). Correlations between FD,  and other
morphometric parameters were not statistically significant
(p>0.05).

The values of the fractal dimension of the cerebellar tissue
as awhole, determined by the method of box counting (FD ),
are associated with a strong positive correlation of medium
strength with the area of the segmented area (Ss), a positive
correlation of medium strength with the length of the linear
contour of the tomographic section as a whole (P,) and the
segmented area (P_), and with the area of the tomographic
section as a whole (S;). The FDc values are related by a
negative correlation of the mean force with the ratio of the
contour length to the area of the tomographic section as a
whole (P /S ) and the ratio of the contour length to the area of
the segmented area (P /S ). Correlations between FD_ and
other morphometric parameters were not statistically
significant (p>0.05).

Discussion

The cerebellum can be considered as a natural fractal
object due to the complexity of the spatial configuration,
self-repetition and self-similarity of the structure. However,
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studies of the cerebellum using fractal analysis in the
available scientific literature are not numerous [1, 2, 14,
23]. During the fractal analysis of cerebellum structures,
scientists studied the white and grey matter of the
cerebellum [1, 2, 23], or individual branches of the white
matter of the cerebellum [14].

In our previous studies, using our own modification of
the pixel dilatation method, we determined the values of
the fractal dimension of the outer linear contour of the upper
and lower cerebellar lobes, which were, respectively,
1.370+0.009 and 1.431+0.008 [17]. The values of the fractal
dimension of the linear contour of the cerebellum obtained
in this study slightly exceed these values, because
previously only the values of the fractal dimension of
individual parts of the cerebellum were determined, in
contrast to this study, which studied the linear contour of
the cerebellum completely. Differences and features of the
studied areas, probably, also cause differences of the
received values of fractal dimension.

Other scientists have not previously studied the linear
contour of the cerebellum using fractal analysis. Some
studies have included fractal analysis of the contour of the
cerebral hemispheres (cortex) using the method of box
counting, which allowed to quantify the degree of gyrification
of the cortex and determine the presence of pathological
atrophic changes in the brain [10, 11, 12]. Therefore, the
study of the contour of the cerebellar cortex using fractal
analysis allows to quantify the spatial configuration of its
surface and assess the complexity of the shape of the
cerebellum, which is clinically important for diagnosing
cerebellar malformations and determining the presence
and severity of atrophic cerebellar changes.

For fractal analysis it is important to select the optimal
methods and their modifications, as well as the
comparability of the results obtained using different
methods of fractal analysis. The values of the fractal
dimension of the linear contour of the cerebellum, obtained
using the methods of caliper and box counting, are very
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®PAKTAIIbHA PO3MIPHICTb 30BHILHBbOIO NIHIAHOIO KOHTYPY MO30YKA NIOAUHU (3A OAHUMW OOCHIOKEHHA

MATIHITHO-PE3OHAHCHUX TOMOIPAM)
Map'enko H.l., CmenaHeHko O.FO.

®pakmanbHuUl aHania € MemodoM MameMamu4yHo20 aHari3dy, ikull 00380JI5I€ KillbKICHO 8u3Hayumu cKiaadHiCmb MPocmopoeor
KOHGbieypauii aHamomidHUX cmpykmyp ma mMoxe 6ymu 3acmocosaHull 8 sikocmi MopghomempuyHo20 memody. Mema docnidxeHHs -
8U3Ha4YUMU 3Ha4YeHHs ¢hpakmarnbHOI PO3MIPHOCMI 308HIWHbLO20 iHiIlIHO20 KOHMYpY MO30YKa WI/isiXOM OOC/iOXEeHHSI MagHimHo-
pPe30HaHCHUX moMoepaM 20/108HO20 MO3Ky 3a O0MoMoz20i0 asmopcbKoi modudgpikauii criocoby caliper ma ropigeHsmu 3i 3Ha4eHHAMU,
8u3Ha4YeHUMU 3a 0oromoeor criocoby box counting. Y docnidxeHHi 6ynu sukopucmaHi momozpamu 205108H020 MO3Ky 30 yMOBHO
30oposux ocib sikom 18-30 pokie (15 wonosikie ma 15 xiHok). Jocnidxysanu T2-38axeHi uugposi MazHimHO-pe30HaHCHIi 300paxXeHHsI.
Bynu docnidxeHi cepeduHHi cazimanbHi momoeapacdhiyHi 3pi3u yepe'ska mMo3oyka. [na chpakmanbHo20 aHanisy 6ye eukopucmaHul
cnoci6 caliper 8 asmopchkiti moducpikauii. CepedHe 3HauyeHHs1 hpakmarbHOI PO3MIPHOCMI NiHIIHO20 KOHMYPY MO304Ka, 8U3Ha4YeHOoI
3a doromoeor crnocoby caliper, cmaHosunno 1,513+0,008 (1,432,1,600). CepedHe 3Ha4yeHHSI ghpakmarbHOi po3MipHOCMi NiHilIHO20
KOHMYypy MO304Ka, 8u3Ha4eHoi 3a doriomoeor crnocoby box counting, cmaHosuno 1,530+0,010 (1,427,1,647). CepedHe 3Ha4eHHs
bpakmarnbHOi PO3MIPHOCMI MKaHUHU MO304YKa 8 UirioMy, 8u3Ha4yeHoi 3a dornomoezoto crocoby box counting, cmanosuno 1,760+0,006
(1,674,1,837). 3HauyeHHs hpakmarnbHOi pO3MIPHOCMI 308HIWHBO20 FiHIUHO20 KOHMYpPY MO304YKa, 8U3Ha4YyeHi 3a AoromMoeot crocobis
caliper ma box counting, cmamucmu4Ho 3Hadyuwe He giOpisHsitombcsi. Tomy obudsa crocobu mMoxyms bymu eukopucmaHi 0ss
¢hpakmanbHO20 aHari3y fiHilIHo2o KOHMypy Mo3o4ka. ®pakmanbHuUll aHani3 308HIWHbLO20 iHIUHO20 KOHMYpPY MO304ka O03807151€
KINbKICHO oyiHUMuU cknadHicmb npocmopoeoi KoHi2ypauii 308HIWHLOI M08EPXHI MO304YKa, KOMPY 8aXKO OuiHUMuU 3a G0MOoMO20t0
mpaduyitiHux mopgomempuyHux memodie. [aHi, ompumaHi 8 pedynbmami 0aHo20 OocrioeHHsI ma Mmemoduka hpakmarnbHO20
aHanidy 3a doriomoeoto criocoby caliper 8 asmopcbkiti Modudbikauii, Moxyms 6ymu eukopucmani 05151 MOpghoMempu4yHo20 OOCTIOKEHHS
Mo304Ka ftoOUHU fpu rpogedeHHi MopghonoziyHUx OOCiOKeHb, @ maKkox Onsi OuiHI8aHHs1 cmaHy Mo304ka Ha MP 306paxeHHsIX i3
OdiagHOCMUYHOK Memolo.

KnroyoBi cnoBa: ¢pakmanbHull aHani3, cnoci6 caliper, crocié box counting, MO3040K, MagHIMHO-pe3oHaHCHa momozpagis.
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