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FRACTAL ANALYSIS OF BRANCHING OF HUMAN CEREBELLAR
ARTERIES

(I)PAKTAUJII)HI/II‘/’I AHAJII3 PO3TAJNYXKEHOCTI IOBEPXHEBUX
APTEPIM MO30YKA JTIOANHAN

Pe3tome. M03090K JIFOMMHY KUBIISTH TPU apTepii: BEPXHIO MOBEPXHIO MO30UYKA KHBHUTH BEPXHsI MO30YKOBA ap-
tepist (BMA), HIDKHIO — IEpeIHsT HIDKHS Ta 3aJHs HIKHA M0o304koBi aprepii ((IHMA i 3HMA). Tpaguuiitao
PO3TaTYKEHICTh TIOBEPXHEBOTO CYIMHHOTO Pyclia BU3HAYAETHCA CyO’€KTHBHO; BUPI3HSIOTh MaricTpaibHH,
po3cunHaui 60 mpoMi>KHUH TUTTH. OO’ €KTUBHUM aJIBETEPHATUBHUM METOMIOM € (paKTaIbHUHA aHaTi3.

MerToro poOOTH € mociikeHHsT (PaKTaIbHOI PO3MIPHOCTI PO3TaTyKEHOCTI TIOBEPXHEBUX apTepiii MO30uKa
JIIOMHY Ta BCTAHOBJICHHS B32€MO3B’ 13Ky MK BEJTHMUMWHOO (PpaKTaIbHOTO iHAEKCY Ta (POPMOIO MO30UKA.
Marepiai i Metomu. bymo mocmimkeno 100 mpenapariB Mo304ka pa3oM 3i CTOBOYPOM MO3KY. BuMiproBaiy mm-
pYHY, TOBKHHY i BUCOTY MO304YKa. Bu3Hauanm BeIWMYWHY HapaMeTpiB GOpMU MO30YKa: BIIHOCHOI MIMPUHU
(rW), BizrocHoi nosxunu (rL) Ta BimHocHoi BucoT Mo3ouka (fH), K BiJHOIIEHHS KBaapara OJHOTO JIiHiHO-
r0 po3Mipy 10 100yTKy ABOX iHmMX. st hpakTambHOTO aHami3y Oynu BifiOpani 15 Mo30ukiB pi3Hoi popmu (9
0cib — gonoBivoi Ta 6 — xinouoi crari). [IpoBoauian dpakranbHuil aHami3 HUPPOBUX 300pakeHb BEPXHBOT Ta
HW)KHBOI IOBEPXOHb MO30UKa CIIPaBa Ta 3JiBa METOJIOM MiJpaxyHKy KBaJpaTiB.

Pesynbratu mociimpkeHHst. BcraHoBIeHO Aiana3oH 3Ha4eHb (PPAKTaIbHOTO iHACKCY, BU3HAYCHO iHTEpBaJI 3HAUYCHb,
110 BinoBifatoth npomikHoMy (1,54 + 1,73), marictpansHoMy (<1.54) Ta po3cunHomy (>1.73) THIam raryxeH-
Hs1. BepxHiil moBepxHi OiIbII BIACTUBUIA MaricTpadbHUI a00 MPOMIKHHUN THI Taly>KeHHS], TOI1 SK ISl HIKHBOT
OLIBII XapaKTePHUH MPOMDKHHI a00 PO3CHITHHUIN THITH TaitykeHHs. Haii0inb1e pisHOMaHITTS BapiaHTiB raxyKeH-
HS1 apTepiid — BiJl MariCTpabHOTO JI0 PO3CUITHOTO — SIK Ha BEPXHiii, TaK i Ha HIDKHIH MTOBEPXHIX MO30YKa, CIIOCTEPi-
TaeThCs B HAMOUTBIN YUCTICHHIN TPy — MO30YKIB CepeHbOi (hOpMH, HE3aJIEKHO BiJl TOTO, KU TTOKa3HHUK (HhopMur
aHAJI3y€eThCA. XapaKTep ray)KeHHs OBEPXHEBUX apTepiil MO30YKa MparHe 10 PO3CHITHOTO THITY y BiJTHOCHO BYy-
3bKHUX T BITHOCHO KOPOTKUX MO30YKIB 1 HABITAKH — IO MaTriCTPAILHOTO — Y BiITHOCHO MIMPOKHUX 1 BITHOCHO JOBIHIX
MO0304KiB. [IpOTHIIEKHIM YHHOM BIUIMBAE BIIHOCHA BUCOTA: XapaKTep TaTyKCHHS TOBEPXHEBUX apTepiil MO30uKa
[IparHe J10 PO3CUITHOTO THITY TPH 30UIbIIEHH] BITHOCHOT BUCOTH MO304Ka. Tak, BIIHOCHO HM3bKI MO30YKH MAalOTh
3a3BHYAi MariCTpaibHU THIT Ty kKeHHs (1110 OLTBII TIOMITHO Ha BEPXHiii MOBEPXHi), TOMI SIK Y BiJHOCHO BUCOKHX
MO30UKIB XapakKTep raxyKeHHs IparHe 10 PO3CUITHOTO (10 OLIBII MOMITHO HA HIKHIM MTOBEPXHI).

Ku1r04oBi ciioBa: rooBHHI MO30K, MO304OK, apTepii, MopdomeTpis, hpakTaabHUN aHaTi3.

Cardiovascular, including cerebrovascular,
diseases account for two-thirds of all lethal cases in
Ukraine and represent a significant medical and social
issue. Cerebrovascular diseases manifesting as strokes,
both ischemic and hemorrhagic, constitute the most
severe form of vascular disorders affecting the brain.
The prevalence of ischemic strokes in Ukraine is five
times higher than that of hemorrhagic strokes [1].
Cerebellar strokes comprise approximately 3-4 % of
all ischemic strokes [2-5].

The human cerebellum is supplied by three
arteries: the superior cerebellar artery (SCA) nourishes

the superior surface of the cerebellum, while the
anterior inferior cerebellar artery (AICA) and the
posterior inferior cerebellar artery (PICA) supply the
inferior surface. Traditionally, the branching pattern of
the superficial vascular network is described according
to one of three types: trunk, lose or mixed, depending
on the intensity of vessel branching, diameter of the
branches and the number of anastomoses between
them. Determination of these branching types is
typically performed subjectively. Instead, an objective
morphometric method for quantitative evaluation of
the complexity of spatial organization of structures,
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including the branching of the vascular network, is
fractal analysis: it has been established that different
branching types correspond to distinct ranges of
values of the fractal index (FI) [6].

A manifestation of individual anatomical variability
of the cerebellum is the variability of its shape: based
on the distribution of relative width values, relatively
narrow, proportional in width and relatively wide
cerebella can be distinguished; relative length values —
relatively short, proportional in length and relatively
long cerebella; relative height values — relatively low,
proportional in height, and relatively high cerebella [7].
Cerebella of different shapes differ in external structure,
primarily in the shape and size of lobules, as well as
in the direction and depth of fissures [7]. Cerebella
of different shapes fundamentally do not differ in the
distribution of vascular supply areas. However, the
pattern of branching of superficial arteries in cerebella
of different shapes has not been previously investigated.

The aim of this study is to investigate the fractal
dimension of branching complexity of superficial
arteries in the human cerebellum and to establish
the relationship between the magnitude of the fractal
index and the shape of the cerebellum.

Material and Methods. The study was
conducted on 100 samples. Each sample included
cerebellum and an adjacent brainstem. They were
obtained from adult human cadavers (67 male
and 33 female) who died of causes unrelated to
brain pathology at the age between 20 and 92. The
Commission on Bioethics of the Kharkiv National
Medical University (protocol No. 4 dated 15.09.2020)
established that the research does not contradict the
basic bioethical standards of the Helsinki Declaration,
the Council of Europe Convention on Human Rights

and Biomedicine (1977), relevant WHO regulations
and laws of Ukraine.

The width, length, and height of the cerebellum
were measured. The magnitude of cerebellar shape
parameters was determined: relative width (rw),
relative length (rL), and relative height (rH), defined
as the ratio of the square of one linear dimension to
the product of the other two [7].

For fractal analysis, 15 cerebella of different
shapes were selected (9 from male and 6 from female
individuals), varying in relative parameter, so that
each relative parameter fell within the ranges of small,
medium, and large values at least 4 times each range,
and the distribution of relative shape parameter values
did not differ from that of the entire sample (Fig. 1, 2).

The superior and inferior surfaces of these
cerebella were photographed along with a calibration
ruler using a digital single-lens reflex camera.
Subsequently, in Adobe Photoshop CS5 software,
a square corresponding to the area on the surface
of the right or left hemisphere of the cerebellum
measuring 3.5x3.5 cm was cropped from the digital
image (Fig. 3, 4).

The fractal index of superficial arteries (FISA) of
the cerebellum was calculated using the box-counting
method [6]. Statistical analysis of the FI values
distribution was conducted, including calculation
of the sample mean (M), standard deviation (S),
coefficient of variation (Cv) and determination of
the minimum and maximum values. To assess the
relationship between FI magnitude and cerebellar
shape parameters, a correlation analysis was
conducted with calculation of the Pearson correlation
coefficient (r), assessing its significance using the
t-test and deriving linear regression equations.

Fig. 1. The distribution of values of rW and rL overall (A) and in the sample subjected to fractal analysis (B)
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Fig. 2. The distribution of values of rW and rH overall (A) and in the sample subjected to fractal analysis (B)

Fig. 3. Example of selecting areas on the superior surface of the cerebellum (territory of the SCA): a—area of the left
hemisphere of the cerebellum, b —area of the right hemisphere of the cerebellum

Fig. 4. Example of selecting areas on the inferior surface of the cerebellum (territory of the AICA and PICA): a—area
of the right hemisphere of the cerebellum, b —area of the left hemisphere of the cerebellum
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Research results and their discussion. Table 1
presents the values of cerebellar shape parameters,
while Table 2 displays the FISA values for the superior
and inferior surfaces of the cerebellum, as well as the
overall FISA values.

As evident from the data in Table 2, the
variability of FISA values of the superior and inferior
surfaces, assessed by the coefficient of variation, in the
investigated sample is insignificant. The overall range
of mean FISA values of the cerebellum corresponds
to a range from 1.54 to 1.73. The FISA values on the
superior and inferior surfaces of the cerebellum do not
coincide (Fig. 5); the FISA of the superior surface of
the cerebellum is significantly smaller than that of the
inferior surface (p<0.05).

Figures 6-8 show the relationships between the
relative parameters of cerebellar shape and FISA
separately for the superior and inferior surfaces.

As evident from the data in Fig. 6 (A), objects
with large values of rW, indicating relatively wide
cerebella, predominantly exhibit small FISA values on

the superior surface, corresponding to a trunk branching
pattern of arteries. Objects proportional in relative
width (with mean rW values) mostly have average FISA
values, but in certain cases, small values corresponding
to a trunk branching pattern or, conversely, large
values corresponding to a loose branching pattern are
observed. The greatest diversity in the distribution of
FISA values is observed among cerebella with relative
width values close to the mean sample value. Objects
with small values of rW, indicating relatively narrow
cerebella, have average or small FISA values. Overall,
cerebella with rW values ranging from the minimum to
the mean more frequently exhibit average FISA values,
while cerebella with rW values ranging from the mean
to the maximum exhibit average and small values.
There is a tendency for FISA values of arteries on the
superior surface to decrease with increasing in relative
width of the cerebellum, as indicated by the slope of the
regression line; however, the relationship between rw
and FISA of arteries on the superior surface is weak and
statistically insignificant (r =—0.24, p>0.05).

Table 1
Statistical evaluation of the distribution of values of relative parameters of the cerebellum
Parameter M m S Cv, % min max
rw 3.69 0.07 0.54 14.60 2.98 4.65
rL 0.70 0.01 0.09 13.52 0.54 0.90
rH 0.41 0.01 0.08 20.57 0.27 0.54
Table 2
Statistical evaluation of the distribution of fractal index values of superficial cerebellar arteries
Parameter M m S Cv, % min max
FISA of superior surface 1,60 0,02 0,09 5,92 1,42 1,79
FISA of inferior surface 1,68 0,02 0,09 5,27 1,50 1,82
FISA (overall) 1,64 0,02 0,10 6,02 1,42 1,82

Fig. 5. The distribution of FI values of superficial arteries on the right (A) and left (B) hemispheres: SS — superior
surface of the cerebellum, IS — inferior surface of the cerebellum. The dashed line corresponds to the function x =y
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Fig. 6. Relationship between FISA values and rW: A — superior surface, B — inferior surface. Note: dashed lines
correspond to M-S and M+S values (according to Tab. 1 and 2, here and in Fig. 7, 8)

On the inferior surface (Fig. 6 (B)), relatively
wide cerebella mostly exhibit average FISA values.
Objects proportional in relative width have the widest
range of FISA values: mostly average values, but
a portion have small or large FISA values. Relatively
narrow cerebella have average FISA values. Cerebella
with rW values ranging from the minimum to the
mean more frequently have average and large FISA

values, while cerebella with rW values ranging
from the mean to the maximum have average and
small values. Overall, FISA values of arteries on the
inferior surface decrease with increasing in relative
width of the cerebellum; there is a weak, statistically
insignificant linear relationship between rwW and FISA
of arteries on the inferior surface of the cerebellum
(r=-0.29, p>0.05).

Fig. 7. Relationship between FISA values and rL: A —superior surface, B —inferior surface

As evident from the data in Fig. 7 (A), on the
superior surface, objects with large values of rL,
indicating relatively long cerebella, have average
and low FISA values. Objects with mean rL values
(proportional in relative length) mostly have average,
then small, and the fewest — large FISA values.
Relatively short cerebella (with small rL values)

have average FISA values. The greatest disparity in
the distribution of FISA values is observed among
cerebella with rL values ranging from the mean to the
maximum. The slope of the regression line indicates
that FISA values of arteries on the superior surface
decrease with the increasing in relative length of the
cerebellum. The linear relationship between FISA
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and rL on the superior surface of the cerebellum is
moderate in strength and statistically significant
(r =-0.36, p<0.05).

The data in Fig. 7 (B) indicate that on the inferior
surface, objects with large values of rL tend to fall
within the range of average and small FISA values.
Obijects proportional in relative length mostly exhibit
average FISA values, with the second most frequent
group being objects with large values; occasional
instances of objects with small values are also
observed. Relatively short cerebella more frequently

OpuczinanvHi 00cnioiceHHs

display average FISA values and sporadic instances
of large FISA values. Throughout the entire range
of rL values, cerebella with small FISA values are
rarely encountered. There is a tendency for FISA
values of arteries on the inferior surface to decrease
with increasing in relative length of the cerebellum;
however, the relationship between these parameters is
weak and statistically insignificant (r =—0.23, p>0.05).
When analyzing the entire sample, the relationship
between FISA and rL becomes significant (r =-0.27,
p<0.05).

Fig. 8. Relationship between FISA values and rH: A —superior surface, B — inferior surface

The data in Fig. 8 (A) indicate a direct
relationship between the values of rH and FISA of
arteries on the superior surface. Objects with large
values of rH, representing relatively high cerebella,
exhibit average FISA values on the superior surface.
Objects with average values of rH (proportional in
relative height) show a wide dispersion of FISA values:
most of these cerebella have average FISA values, with
fewer instances of small or large values. Objects with
small values of rH (relatively low) more frequently
display small FISA values. Throughout the entire
range of rH values, cerebella with large FISA values
are scarce. The slope of the regression line indicates
that the FISA values of arteries on the superior surface
increase with increasing in relative height of the
cerebellum, demonstrating a moderate statistically
significant relationship between rH and FISA of
arteries on the superior surface (r = 0.36, p < 0.05).

The data in Fig. 8 (B) indicate that on the inferior
surface, relatively high cerebella with large rH values
are situated in the region of large and average FISA
values. Cerebella proportional in relative height
exhibit large, average and small FISA values, with

the majority being average. The greatest diversity in
the distribution of FISA values is observed among
cerebella with rH values close to the sample mean.
Relatively low cerebella have average FISA values.
Overall, cerebella with rH values ranging from the
minimum to the mean more frequently display small
and average FISA values, while those with rH values
ranging from the mean to the maximum exhibit
average and large values. There is a tendency for
the FISA values of arteries on the inferior surface
to increase with increasing in relative height of the
cerebellum, as indicated by the slope of the regression
line. The linear relationship between rH and FISA of
the inferior surface of the cerebellum is moderate
in strength and statistically insignificant (r = 0.34,
p>0.05). However, upon analyzing the entire sample,
the relationship between FISA and rH becomes
significant (r = 0.32, p<0.05).

Fractal analysis represents an objective
alternative to subjective methods for assessing the
degree of vascular branching on the surface of an
organ. The distribution of FISA values of arteries on
the surface of the cerebellum according to a normal
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distribution allows for the application of this criterion
to quantitatively determine the type of vascular
branching: large FISA values characterize maximal
vascular branching and a significant number of
anastomoses between them, moderate values indicate
moderate branching, while small values denote weak
vascular branching. These can be correlated with
traditional types of vascular branching: FISA values
within the range of M+S correspond to the mixed
type of vascular structure, higher values correspond
to a loose type, and lower values correspond to a trunk
type. The ranges of FISA values obtained in our study
did not significantly differ from those reported in
previous research [6].

The difference in FISA between the different
surfaces of the cerebellum indicates varying degrees of
branching of the arteries with which they are supplied:
the superior surface is more characteristic of the trunk
or mixed types of branching, while the inferior surface
is more typical of mixed or loose types of branching;
the FISA value of the inferior surface is always greater
than that of the superior surface. These findings can
also be explained by the fact that typically only one
of the main cerebellar arteries (the SCA) supplies
the superior surface of the cerebellum, whereas two
arteries (the AICA and PICA) supply the inferior
surface, each with their own branching patterns and
anastomoses between them. Previous studies [8] did
not find significant differences in FISA between the
superior and inferior surfaces of the cerebellum, which
may be attributed to the selection of different surface
areas of the cerebellum for analysis.

The greatest diversity of arterial branching
patterns — from the trunk to lose type —is observed in
the most numerous group — cerebella of proportional
shape, regardless of which shape parameter is
analyzed. The branching pattern of superficial
cerebellar arteries tends towards a loose type in
relatively narrow and relatively short cerebella, and
conversely towards a trunk type in relatively wide
and relatively long cerebella. Conversely, relative
height has an opposite effect: the branching pattern
of superficial cerebellar arteries tends towards a loose

type as the relative height of the cerebellum increases.
Thus, relatively low cerebella typically exhibit
a trunk branching pattern (more noticeable on the
superior surface), while in relatively high cerebella,
the branching pattern tends towards loose (more
noticeable on the inferior surface).

The tendency of relatively high and relatively short
cerebella towards a loose branching pattern is a risk
factor for the development of ischemia due to smaller
average vessel diameter. Similarly, relatively low and
relatively long cerebella, which tend towards a trunk
branching pattern, are more vulnerable to thrombosis
and embolism. Following the same principle, the
vessels of the superior surface of the cerebellum are
more sensitive to thrombosis and embolism, while those
of the inferior surface —to ischemia.

Our data complement previous studies on the
regularities of the fractal organization of cerebellar
vessels [8], where a direct correlation between the FISA
of the cerebellum and its mass, relative height, and an
inverse correlation with relative width were established.

Conclusions. 1. Fractal analysis was used to
quantitatively characterize the branching pattern
of arteries on the superior and inferior surfaces of
the cerebellum and the range of its variability was
established using the fractal index. Intervals of fractal
index values corresponding to the mixed (1.54 to
1.73), trunk (<1.54) and loose (>1.73) types of arterial
branching on the cerebellar surface were determined.
2. It was determined that the superior surface of the
cerebellum is more characteristic of the trunk or
mixed types of arterial branching, whereas the inferior
surface tends towards the mixed or loose types.
3. It has been demonstrated that there is a certain
correlation between the shape of the cerebellum and
the type of arterial branching on its surfaces. The
likelihood of a loose type of branching increases
with an increase in relative height and a decrease in
relative length of the cerebellum, while the likelihood
of a trunk type of branching decreases.

Prospects for further investigations. Further
research will help better understand the causes of
cerebellar vascular pathologies.
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FRACTAL ANALYSIS OF BRANCHING OF HUMAN CEREBELLAR ARTERIES

Abstract. Human cerebellum is supplied by three arteries: the superior surface is nourished by the superior
cerebellar artery (SCA), while the inferior surface is supplied by the anterior inferior cerebellar artery (AICA)
and the posterior inferior cerebellar artery (PICA). Traditionally, the branching pattern of the superficial
vascular network is subjectively assessed, distinguishing between the trunk, lose or mixed types. Fractal
analysis is an objective alternative method.

The aim of this study is to investigate the fractal dimension of branching complexity of superficial arteries
in the human cerebellum and to establish the relationship between the magnitude of the fractal index and the
shape of the cerebellum.

Material and Methods. A total of 100 cerebellum samples, including the brainstem, were examined. The width,
length, and height of the cerebellum were measured. Parameters of cerebellar shape, namely relative width
(rW), relative length (rL), and relative height (rH), were determined as the ratios of the square of one linear
dimension to the product of the other two. For fractal analysis, 15 cerebellar samples of various shapes (9
from male and 6 from female individuals) were selected. Fractal analysis of digital images of the superior and
inferior surfaces of the cerebellum was performed bilaterally using the box-counting method.

Results. The range of fractal index values was determined, and intervals corresponding to the mixed (1.54-1.73),
trunk (<1.54) and loose (>1.73) branching types were identified. The superior surface predominantly exhibited
trunk or mixed branching types, whereas the inferior surface was more characteristic of mixed or loose
branching types. The greatest diversity of arterial branching patterns — from the trunk to lose type —is observed
in the most numerous group — cerebella of proportional shape, regardless of which shape parameter is analyzed.
The branching pattern of superficial cerebellar arteries tends towards a loose type in relatively narrow and
relatively short cerebella, and conversely towards a trunk type in relatively wide and relatively long cerebella.
Conversely, relative height has an opposite effect: the branching pattern of superficial cerebellar arteries tends
towards a loose type as the relative height of the cerebellum increases. Thus, relatively low cerebella typically
exhibit a trunk branching pattern (more noticeable on the superior surface), while in relatively high cerebella,
the branching pattern tends towards loose (more noticeable on the inferior surface).

Key words: brain, cerebellum, arteries, morphometry, fractal analysis.
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