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Abstract

In this study we aimed to assess the possibility of fractal analysis utilization for the quantitative studies of cytoarchitecture 
in neuromorphology, namely in the studies of cerebellar cortex. We have chosen box counting method for fractal analysis. As 
an object of study we have chosen granule cell layer of cerebellar cortex. To estimate the informativeness of fractal analysis 
in the studies of cytoarchitecture and to assess the impact of the influencing factors (cell size, cell density or cell number, 
and pattern of cell distribution) we created artificial models of granule cells composition in the cerebellar cortex. We submit 
a proposition to consider the cell clusters and their assemblages as a whole entity. The cytoarchitecture as a whole entity 
exhibits some fractal properties: self-similarity of different scales, irregularity of the spatial configuration. Fractal dimension 
is the measure of space filling degree, so the fractal dimension measured in cellular groups characterizes space filling degree 
of cell assemblages. We revealed that the space filling degree depends on cell size, cell density (cell number) and pattern of 
cell distribution and clusterization. Increase in cell size or/and cell density (cell number) results in the increase in Fractal 
dimension values. Fractal dimension values are higher when cells are distributed evenly than when cells form the clusters. 
While the size and density (relative number) of cells can be estimated using traditional morphometric methods, the pattern 
of cell arrangement is mainly qualitative, and the fractal analysis allows to quantitatively and comprehensively assessing the 
cytoarchitecture of brain cortex.
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Introduction

The brain structure at different levels of its organization 
is one of the most sophisticated and complexly organized in 
the human body. The cell distribution in the brain cortex and 
nuclei is complex and reflects both the functional features 
of various brain structures and the morphofunctional state 
of these structures. Cellular composition and its appearance 
under microscope are called cytoarchitecture (also called 

cytoarchitectonics) [1-7]. Studies of cytoarchitecture are 
quite informative when conducting neuromorphological 
studies of various brain structures. So, these studies are 
used both in comparative morphology and for studying the 
structures of the human brain [2-5]. Despite the fact that 
classic studies of cytoarchitecture were widely used several 
decades ago [2,3], studies of cellular distribution do not lose 
their relevance even nowadays [1,4-6]. 
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The search for additional methods of visualization and 
quantitative assessment to expand the informativeness 
of the cytoarchitecture studies continues. Studies of 
cytoarchitectonics are often combined with various 
quantitative methods of the cell distribution assessment. 
Most often, the cell density is determined, for which various 
counting, morphometric and stereometric methods are used 
[8-10]. The cell distribution in different brain structures is 
quite irregular. Nervous and glial cells form different cellular 
groups – layers and clusters. Granule cell layer of cerebellar 
cortex has high density of cell arrangement. The cerebellar 
granule cells form irregular cell clusters which architecture 
is irregular and reflects the spatial distribution of cells, their 
functional connections and morphofunctional state. Due 
to features of cell clusters spatial configuration, traditional 
morphometric methods are insufficient for comprehensive 
morphometric assessment of brain cytoarchitecture.

In recent decades, different natural sciences (including 
medicine and biology) increasingly use fractal analysis for the 
quantitative studies of irregular structures. Fractal analysis is 
a mathematical analysis method that allows you to determine 
the degree of space filling with a certain structure (the fractal 
dimension (FD) is a measure of space filling degree), which 
reflects the degree of structural and spatial complexities of 
the studied objects [11]. Fractal analysis is widely used in 
different fields of neuroscience and neuromorphology on 
anatomical and histological levels of brain organization [12-
14]. This method is used for studies of cerebral [13,15,16] and 
cerebellar [17-19] structures (white matter and cortex) and 
as an additional morphometric method in neuroimaging. In 
our previous studies we determined fractal dimension values 
of skeletonized images of cerebral hemispheres [20,21] and 
cerebellar white matter [22]. Fractal analysis also is used on 
microscopic level of brain organization: it was used for the 
quantitative studies of neuronal dendritic arborizations [22-
26], astrocytes [27,28] and microglial cells [29]. 

Despite the numerous studies of individual brain cells 
(neurons and glial cells) by fractal analysis, we did not find in 
the assessable literature works on the fractal analysis based 
evaluation of cell clusters in brain cortex, their grouping and 
brain cytoarchitecture. In this study we aimed to assess the 
possibility of fractal analysis utilization for the quantitative 
studies of cytoarchitecture in neuromorphology, namely in 
the studies of cerebellar cortex.

Material and Methods

Different fractal analysis methods and different 
image preprocessing algorithms are used in medicine and 
biology. Methods of fractal analysis include box counting 
method (grid method), dilatation method, caliper method 
(perimeter stepping, ruler or Richardson`s method), mass-

radius method, cumulative intersection method, grid 
intercept method [11-14]. The box counting is the most 
commonly used fractal analysis method in natural sciences 
because of its universality and simplicity. There are different 
modifications and adaptations of method due to features of 
its application in different scientific fields. Thus, there is a 
modification of box counting developed for the studies of 
neurons [23]. Also there is a modification for the studies of 
the skeletonized magnetic resonance brain images [18]. In 
the present study, we have chosen box counting method to 
assess its informativeness in brain cytoarchitecture studies. 
As an object of study we have chosen granule cell layer of 
cerebellar cortex (Figure 1). 

Figure 1: Cortex of human cerebellum, granule cell 
layer. Hematoxylin and eosin staining. Scale bar = 50 
micrometers.

Fractal analysis can be used to study different image 
types: color images (Figure 2A), including histological 
microphotographs, grayscale and binary images. The 
counting for the fractal analysis may be done manually (only 
fractal grid is required) or using morphometric software 
such as Image J (instrument “fractal box count”) [30]. The 
utilization of software requires image preprocessing and 
image converting into binary format, i.e. containing only 
white and black pixels (Figure 2B). 

The classical box counting method includes some 
following stages (iterations). Usually a square fragment 
of the image is examined. This method utilizes fractal grid 
dividing image into several boxes (Figure 2C-F). On the first 
stage the fractal grid divides each of the image sides into 
2 segments (box size = 1/2), resulting in the image being 
divided into 4 boxes (Figure 2C). On the 2nd stage of fractal 
analysis the fractal grid divides each of the image sides into 4 
segments (box size = 1/4); the image is divided into 16 boxes 
(Figure 2D). On the 3rd stage of fractal analysis the fractal 
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grid divides each of the image sides into 8 segments (box size 
= 1/8); the image is divided into 64 boxes (Figure 2E). On 
the following stages of fractal analysis, the image sides are 
divided by fractal grid into 16, 32, 64 segments and so on 
(the box size values are 1/16, 1/32, 1/64, respectively) and 
the image is divided into 256, 1024, 4096 boxes, respectively. 
Thus, the box size is the first value included in the fractal 
dimension calculation. Several stages of fractal analysis are 

utilized during the study.

On each stage of fractal analysis number of boxes, 
intercepting (containing) fragments of studied objects (cells) 
is calculated (N). Thus, the number of filled boxes (N) is the 
second value included in the fractal dimension calculation 
(Table 1).

Stage of Fractal Analysis Box size 1/box size LN(1/box size) N LN(N)
1st 0.5 2 0.693 4 1.386
2nd 0.25 4 1.386 16 2.773
3rd 0.125 8 2.079 62 4.127
4th 0.0625 16 2.773 188 5.236

Table 1: Classical box counting method. The data for fractal dimension calculation.

Natural logarithms of two values are calculated: 1/box 
size and N. Based on these two values, a linear regression 
equation is calculated (Figure 3) where LN (N) is the response 
(dependent) variable, LN (1/box size) is the predictor 

(independent) variable and the fractal dimension value is the 
estimated slope. In the example, used for the calculation of 
equation from Figure 3, the fractal dimension value is 1,8618.

Figure 2: Fractal analysis of granule cells clusters in granular layer of cerebellar cortex, classical box counting method 
principle (author`s diagram) A – artificial model of granule cell clusters distribution; B – silhouette mask, binary image after 
segmentation; C-F – stages (iterations) of fractal analysis: C – 1st stage, box size = 1/2; D – 2nd stage, box size = 1/4; E – 3rd stage, 
box size = 1/8; F – 4th stage, box size = 1/16. Number of boxes containing cell silhouettes is counted (N).
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Figure 3: Fractal dimension calculation. Natural logarithm of the filled boxes number (LN (N)) is the response variable, LN (1/
box size) is the predictor variable and the fractal dimension value is the estimated slope. In this example the fractal dimension 
value is 1,8618.

Results and Discussion

To estimate the informativeness of fractal analysis in the 
studies of cytoarchitecture and to assess the impact of the 
influencing factors (cell size, cell density or cell number, and 
pattern of cell distribution) we created artificial models of 
granule cells composition in the cerebellar cortex (Figures 
4-6). The fractal dimension values were measured by Image J 
software [30]. We used five stages of fractal analysis with the 
following box size values: 1/2, 1/4, 1/8, 1/16, 1/32.

Firstly, we estimated the influence of the cell size (Figure 
4). We created model reflecting the pattern of granule cell 

composition in cerebellar cortex; the size of cells was 
considered average or medium (Figure 4B). After that we 
changed cell size: decreased (Figure 4A) and increased 
(Figure 4C); cell number and cell distribution were not 
changed. It was revealed that the size of the cell affected the 
values of the fractal dimension: the values increased with 
increase in cell size: the FD value of the model with small 
cell size was 1.725, medium cell size – 1.818, large – 1.899. 
Taking into account that fact that fractal dimension is the 
measure of space filling degree, we can conclude that the size 
of each individual cell has an impact on space filling degree of 
cell clusters and their assemblage as a whole.

Figure 4: Models of granule cell layer cytoarchitecture of cerebellar cortex. Different cell size: A – small, B – medium, C – large. 
Cell number and cell distribution are the same in all three models.
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Secondly, we estimated influence of the cell density and 
cell number – the parameters that are usually calculated 
when studying cytoarchitecture of brain structures. To 
study the influence of the cell number and cell density we 
also used the model of granule cell layer cytoarchitecture; 
the number of cells and their density were considered 
average (Figure 5B). We modified this model: to decrease 
cell density, we deleted several cells (Figure 5A); and to 
increase cell density we added several cells in the model 
(Figure 5C). We didn’t change the localization of the 

remaining cells, so the pattern of cell distribution was 
similar in all three models. Cell size was the same. We 
revealed that the number and density of cells also had an 
influence of fractal dimension values: the FD value of the 
model with decreased cell density was the smallest - 1.709, 
average cell density – 1.818, increased cell density – 1.886. 
Thus, the space filling degree also depends on cell density: 
number of cell increases resulting in the increase of the 
space filled by assemblage of cell clusters.

Figure 5: Models of granule cell layer cytoarchitecture of cerebellar cortex. Different cell number and cell density: A – reduced 
number of cells, B – average number of cells, C – increased number of cells. The pattern of cell distribution was not changed. 
Cell size is the same in all three models.

The cell density and cell size are quantitative parameters 
of cytoarchitecture which can be evaluated by the traditional 
morphometric methods based on Euclidean geometry as 
well as by the fractal analysis. But cytoarchitecture is also 
characterized by qualitative parameter – pattern of cell 
distribution (Figure 6): cells may be distributed evenly or 
may form cell clusters. The cell clusters may have different 
cell density inside them and different density of clusters 
distribution. Pattern of cell distribution is specific in 
different brain structures and it is an important factor in 
the neuromorphological studies which should be assessed. 
The evaluation of cell clusterization pattern is mainly 
subjective and descriptive and cannot be quantified by 
traditional morphometric methods. We tried to quantify 
it using fractal analysis. We created models with different 
pattern of cell distribution: with even distribution (Figure 
6A), distribution with moderate clusterization (Figure 

6B) and with well recognizable cell clusterization (Figure 
6C). The size and number of cells were the same. The FD 
values of the assessed models were significantly different: 
the FD value of the model with evenly distributed cells 
was the highest - 1.862. The FD value of the model with 
moderate clusterization was 1.818. And the FD value of 
the model with well recognizable cell clusterization was 
the smallest - 1.781. So, the increased cell clusterization 
results in the decrease of FD values. The same sells having 
different arrangement may have the different space filling 
degree: when cells are located evenly, they fill more space 
than when forming the clusters. Cells are located closer to 
each other and more compactly, and it results in increase of 
“empty” space between the cell clusters. It in turn results 
in decrease of space filling degree of assemblage of cell 
clusters as a whole entity. 
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Figure 6: Models of granule cell layer cytoarchitecture of cerebellar cortex. Different pattern of cell arrangement: A – cells 
are distributed evenly without clusterization, B – cell distribution with moderate clusterization, C – cell distribution with well 
recognizable cell clusterization. Cell number and size are the same in all three models.

Fractal analysis and fractal dimension evaluated 
by it are quite informative in the quantitative studies of 
cytoarchitecture of brain structures. Traditionally, fractal 
analysis in neuroscience and morphology is used for the 
studies of solid, continuous structures: individual cells 
(neurons, glial cells) [12,14,23-29] cerebral and cerebellar 
cortex and white matter [13,15-21]. We submit a proposition 
to consider the cell clusters and their assemblages as a 
whole entity. The cytoarchitecture as a whole entity exhibits 
some fractal properties: self-similarity of different scales, 
irregularity of the spatial configuration. Fractal dimension is 
the measure of space filling degree, so the fractal dimension 
measured in cellular groups characterizes space filling 
degree of cell assemblages as a whole entity. 

We revealed that the space filling degree in the granule 
cell layer of cerebellar cortex depends on cell size, cell density 
and pattern of cell distribution and clusterization. Increase 
in cell size or/and cell density results in the increase in 
FD values. FD values are higher when cells are distributed 
evenly than when cells form the clusters. While the size and 
density (relative number) of cells can be estimated using 
traditional morphometric methods [8-10], the pattern of cell 
arrangement is mainly qualitative, and the fractal analysis 
allows to quantitatively and comprehensively assessing the 
cytoarchitecture of brain cortex.

Thus, fractal analysis can be utilized in the studies of 
cytoarchitecture in different structures of nervous system. 
This method can be used to describe the differences in the 
cell distribution in different cortical layers, different parts of 
cerebellar and cerebral cortex and to describe changes which 
occur under influence of different factors (aging or diseases). 

The fractal analysis also may be applied in the quantitative 
studies of other biological structures when it is important to 
assess the cell clusterization and cell arrangement pattern.
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