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ARTICLE INFO ABSTRACT

Keywords: Objectives: This study aimed to identify age-related changes in the fractal dimensions of the cerebellum and
Aging compare the sensitivity of fractal analysis and conventional Euclidean geometry-based morphometry to cerebellar
Cerebellum aging.

E;::tﬂzmetr Material and methods: Two-dimensional T2-weighted magnetic resonance images from the brains of 100 condi-
MRIP v tionally healthy individuals (44 males and 56 females) aged 18-86 years were examined, with a focus on mid-

sagittal sections of the cerebellar vermis. We determined ten parameters derived from Euclidean geometry
(perimeter, area, and indices calculated from them), along with seven fractal dimension values derived from
fractal geometry (the approximated fractal dimensions of the overall cerebellar tissue, white matter, overall
cerebellar cortex and its granular and molecular layers, outer contour, and digital skeleton).

Results: Fractal dimensions demonstrated stronger correlation relationships with age compared to morphometric
parameters derived from Euclidean geometry. The most pronounced age-related declines were observed in the
approximated fractal dimensions of the cerebellar cortex and its layers, with decreases also noted in the fractal
dimensions of the outer contour and digital cerebellar skeleton. Fractal dimension values did not significantly
differ between males and females, while several Euclidean geometry-derived parameters showed sexual dimor-
phism. Although males demonstrated stronger relationships of some studied parameters with age, there was no
statistically significant difference in the sex-related dynamics of aging.

Conclusion: The normal aging of the cerebellum involves not only absolute size alterations but also changes in the
texture and spatial configuration of cerebellar tissue components, which can be quantitatively and objectively
assessed by fractal analysis.

Texture analysis

1. Introduction observed during normal aging, which serve as the morphological basis

for age-related decline in cerebellar function.

The cerebellum, or “little brain,” despite its name, makes a significant
contribution to the functioning of the nervous system. For a long time,
the cerebellum was considered merely as the center for coordinating
movements, maintaining body balance and spatial navigation. However,
research in recent decades has demonstrated the involvement of the
cerebellum in cognition and emotional regulation.'? The importance of
these cerebellar functions is underscored by the impact of age-related
changes on the development not only of coordination and balance dis-
orders associated with aging but also on age-related cognitive dys-
function.>® Considering the influence of age-related changes on
cerebellar function, a crucial task is to assess the structural changes

Modern neuroimaging techniques, particularly Magnetic Resonance
Imaging (MRI), are highly informative and applicable for the in vivo
detection of morphological changes in the cerebellum during normal
aging and various pathological conditions.””® MRI offers significant ad-
vantages in the study of cerebellar aging due to its non-invasive nature
and high spatial resolution.®° It allows for detailed visualization of
cerebellar structures, enabling precise measurement of morphometric
parameters.” '’

Structural MRI has proven to be sufficiently informative for detecting
and characterizing cerebellar changes in both normal aging’-® and in
identifying specific cerebellar alterations.'’'® Recent studies have
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highlighted the potential involvement of the cerebellum in neurode-
generative diseases, including Alzheimer's disease, Parkinson's disease,
multiple sclerosis, small vessel disease and vascular dementia.'*'? These
conditions can be considered forms of pathological brain aging, neces-
sitating the development of diagnostic criteria to distinguish them from
normal aging. Additionally, acquired and congenital ataxias of various
etiologies exhibit structural changes in MRI images of cerebellum and
may mimic the changes observed in normal cerebellar aging.'>"'° This
underscores the utility of MRI in assessing cerebellar structure and
detecting both specific and nonspecific cerebellar changes.

Structural studies related to the examination of the cerebellum during
aging typically rely on morphometric methods derived from Euclidean
(“classical”) geometry. In various studies, age-associated changes (typi-
cally reductions) in various parameters have been identified, including
changes in linear dimensions,'”"'® cross-sectional area of cerebellar ver-
mis and its lobules,'®?° as well as volumes of the cerebellar vermis,
vermal and hemispheric lobules, along with volumes of cerebellar gray
and white matter.?!~>*

The alternative method that can be utilized to evaluate the spatial
configuration's peculiarities of the cerebellum is fractal geometry.?
Unlike Euclidean geometry, fractal geometry provides a quantitative
assessment not of absolute sizes but of the degree of space filling, char-
acterized by a parameter known as fractal dimension.”> As the
complexity of the spatial configuration of the studied structure increases
(e.g., increased folding of the cerebral or cerebellar cortex), the degree of
space filling by the studied structure rises, and consequently, its fractal
dimension increases. Therefore, fractal dimension can be considered a
measure of the structural complexity and the intricacy of the spatial
configuration of the studied objects. Fractal analysis, the research
method identifying fractal dimension, is quite informative for the studies
of the structures and objects that have fractal properties — self-similarity,
scale invariance, a high number of similar details, ete.?®

Among the brain structures, the cerebral hemispheres are the most
“popular” object for fractal analysis. Among the extensive body of work
that involved conducting fractal analysis on cerebral hemispheres,
several studies stand out where fractal analysis has been successfully
applied to detect and quantitatively characterize changes associated with
normal aging®®>° or neurodegeneration, including studies regarding
multiple sclerosis,>*>? and Alzheimer's disease.>>3

The cerebellum, despite its intricate configuration, has less frequently
been the object of fractal analysis, with only a few studies employing
fractal analysis to investigate it.>°~*> Authors have identified changes in
the fractal dimensions of the cerebellar cortex and white matter in con-
ditions such as multiple system atrophy of the cerebellar type,®® Chiari
malformation,>*~*! spinocerebellar ataxia type 2,*? and autism spectrum
disorder.*® However, the investigations on cerebellar aging using fractal
analysis of MRI brain scans appear to be lacking in the available litera-
ture. Therefore, in this study, we aimed to identify age-related changes in
the fractal dimensions of the cerebellum and to compare the sensitivity of
fractal analysis and conventional Euclidean geometry-based morphom-
etry to cerebellar aging. By exploring these methodologies, we sought to
determine their potential as diagnostic tools for detecting early cerebellar
changes that could precede clinical symptoms, thereby offering a new
avenue for the early diagnosis and differentiating of cerebellar changes in
normal aging from cerebellar degeneration in pathological conditions.

In our earlier studies, which were based on a smaller sample size (N =
30, aged 18-30 years), we primarily focused on determining the fractal
dimensions of overall cerebellar tissue, its linear contours, and digital
skeletons using preliminary methodology.***> The present study was
designed for a comprehensive analysis of age-related changes in fractal
dimensions. To achieve this, we significantly expanded both the sample
size (N = 100, aged 18-86 years) and the scope of the analysis. We
modified and further developed our fractal analysis methods and image
preprocessing techniques, enabling the exploration of seven distinct
fractal dimensions of cerebellar tissue in two-dimensional MRI images.
Additionally, this study incorporates a comprehensive set of Euclidean
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geometry-based morphometric parameters alongside fractal dimensions,
allowing for a detailed examination of age-related changes, sex differ-
ences, and correlations between these parameters, which were not studied
in detail in our previous studies or in the studies by other researchers.

2. Material and methods
2.1. Participants of the study

As research material, MRI images of the brains of 100 conditionally
healthy individuals (44 males and 56 females) were utilized. We reused a
sample from our previous investigation into fractal analysis of cerebral
hemispheres.*® The participants of the study underwent magnetic reso-
nance brain imaging for diagnostic purposes, and since no pathological
structural changes in the brain and surrounding tissues were detected,
these individuals were considered conditionally healthy, with the brain
structure deemed conditionally normal.

The age of the study participants ranged from 18 to 86 years. The
demographic data of the sample is presented in Table 1. The mean ranks
of age values between males and females were not significantly different
(p = 0.811), as determined by the Mann-Whitney U test. Furthermore,
the distribution of age values within the male and female groups was also
not significantly different (p = 0.920), as determined by the Kolmogorov-
Smirnov KS test.

2.2. MRI protocol

The brain scanning was performed using a Siemens Magnetom
Symphony MRI scanner with a magnetic induction value of 1.5 T. T2-
weighted images were examined. The MRI parameters were as follows:
echo time (TE) 122 ms, repetition time (TR) 4520 ms, and a slice
thickness 5 mm. The digital MRI images had a resolution of 72 pixels per
inch, and the absolute scale was 3 pixels = 1 mm.

To ensure the reliability and accuracy of the MRI data, several quality
control measures were implemented throughout the imaging process.
Before the acquisition of MRI images, scanner calibration was performed
to verify consistent imaging performance. All MRI images underwent
rigorous inspection for head tilt, motion and interference artifacts, and
those with excessive heal tilt, motion and interference due to dental
prosthetics were excluded from the analysis. Additionally, the consis-
tency of the imaging protocol was maintained across all sessions, with
careful attention to parameters such as slice thickness, field of view, and
acquisition time, thereby minimizing variability. Lastly, an experienced
radiologist reviewed the images to ensure anatomical accuracy and
proper alignment, ensuring that only high-quality images were included
in the study.

2.3. Region of interest

The region of interest in the present study is the cerebellar vermis,
specifically the midsagittal MRI image intercepting the cerebellar ver-
mis region. According to the principle of mediolateral continuity,’ the
lobules and fissures of the cerebellum in both hemispheres and vermis
exhibit structural continuity. The configuration and structure of the
cerebellar vermis in its mid-sagittal section reflect the characteristics of

Table 1
Demographic data of the study participants.

Age range, years Number of participants

Total Males Females
18-30 31 14 17
31-45 29 14 15
46-60 24 8 16
61-86 16 8 8
Total 100 44 56
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both hemispheres. This makes it a representative and integral part of
the cerebellum's anatomy. Additionally, the midsagittal section of the
cerebellar vermis is uniform across all MRI sequences and its localiza-
tion is consistent among individuals, minimizing variability. In contrast,
the cerebellar hemispheres can vary in size and shape, making it chal-
lenging to standardize the MRI slices representing the same hemispheric
regions across different individuals. By focusing on the midsagittal
section of the cerebellar vermis, we aimed to ensure standardization
and reduce potential bias arising from individual anatomical
differences.

2.4. Algorithm of image preprocessing and morphometric analysis

2.4.1. Transfer of MRI images for further processing in a graphics editor
For image preprocessing, the Adobe Photoshop CS5 graphics editor

was utilized. Using this software, blank frame JPEG images with di-

mensions of 160 x 160 pixels and a resolution of 128 pixels per inch were

Initial image

160x160 pixels
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created. Subsequently, a fragment of the digital MRI DICOM image
containing the entire midsagittal section of the cerebellum was copied
and pasted into the previously created frame JPEG image (all pixels were
copied and pasted as they are, without scaling at this stage). The place-
ment of the MRI image fragment ensured that the region corresponding
to the cerebellar vermis did not extend beyond the boundaries of the
created image frame (Fig. 1).

2.4.2. Image scaling

After placing the copied fragment, the parameters of the newly
created image were adjusted: its dimensions were increased from 160 x
160 pixels to 360 x 360 pixels, resulting in an increase in resolution from
128 pixels per inch to 288 pixels per inch (Fig. 1). As a result, the absolute
scale of the image increased from 3 pixels = 1 mm to 6.75 pixels = 1 mm,
and the absolute image area intercepted by each individual pixel,
decreased from 0.111 mm? to 0.022 mm?. In our previous works,***°
did not perform scaling during image preprocessing for fractal analysis.

!

Scaling

" — FD80
— 0-80
PerimeterP1
Primary
morphometry
— FD80-100
80-100
Background removal
AreaAl l
= l: P1/A1 — FD80-90
80-90 -
""""" > Shape factor SF1 _g
]
£
o
£
]
3 [ -4
: | :
) Thresholding 90-100 S " FD90-100
1 8
0-100 Koy
I
>
©
c
©
Perimeter P2 ®
Secondary g — Ep100
morphometry s
Additional processing 3
RN Area A2 Outlining  — (2%, —>| | FDcont
i J: P2/A2
e Shape factor SF2
,,,,,,,,,, . P2/P1 Skeletonization — | Yo — —  FDskel
om— A2/A1 .

Euclidean geometrybased approach

Fractal geometry based approach

Fig. 1. Algorithm for the preprocessing and morphometric analysis of MRI images of the cerebellum to detect and characterize age-related changes: approaches based

on Euclidean and fractal geometries.
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During the development of the methodology for this study, we attempted
additional segmentation of MRI images using different intensity
threshold values to approximate the identification of various components
of cerebellar tissue (see subsection 2.4.6). However, the primary results
were unsatisfactory: the masks for the cerebellar cortex were discontin-
uous, consisting of individual pixels and broken lines, and did not
accurately represent the actual convolutions of the cortex (Fig. 2A). This
issue can be attributed to the small thickness of the cerebellar cortex and
its individual layers. To enhance the quality of the images, we attempted
to artificially increase their dimensions. The scaling procedure reduced
the size of each pixel, allowing the layers of the cerebellar cortex to be
represented as continuous lines (Fig. 2B). Bicubic interpolation was used
for scaling.

2.4.3. Selection of the cerebellar vermis region and primary morphometry

In the next stage, the region corresponding to the cerebellar vermis
was manually selected according to the external surface of the cere-
bellum. The “selection” tool in Adobe Photoshop CS5 was used for this
purpose. During this process, fragments of the cerebellar tonsils, which
may be present in some individuals in the midsagittal tomographic sec-
tion due to individual anatomical variability, were not included in the
selected region. Since the cerebellar tonsils belong to the cerebellar
hemispheres (lobule IX), we chose to focus only on the vermal lobules for
analysis. After selecting the cerebellar vermis region, initial morphom-
etry was immediately conducted, measuring the perimeter and area
(perimeter P1 and area Al). The “analysis” tool in Adobe Photoshop CS5
was used for measurements.

2.4.4. Image segmentation: revealing the overall cerebellar tissue and
secondary morphometry

After selecting the cerebellar vermis region, the background was
removed. The selected area was inverted, and the background pixels
were filled with a white color (pixel intensity of 255) (Fig. 1).

The subsequent step involved image segmentation with conversion to
a binary format (i.e., an image consisting only of black and white pixels —
corresponding to pixel intensity of 0 and 255, respectively). To achieve
this, the layer with the image obtained in the previous stage was dupli-
cated, and segmentation was performed using the “threshold” tool in
Adobe Photoshop CS5.

Initially, segmentation via thresholding was performed to identify
pixels corresponding to the overall cerebellar tissue. We applied an
empirical intensity threshold of 100. Following this segmentation, pixels
with intensity equal to or less than 100 were assigned a black color, while
brighter pixels were assigned a white color. The chosen threshold of 100
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for segmentation allowed us to delineate the silhouette of the cerebellar
tissue, revealing both the visible cerebellar pial surface and the pial
surface hidden within the fissures between lobules and within them.

Subsequent to thresholding, the segmented area (all black-colored
pixels) approximately corresponding to overall cerebellar tissue was
selected, and using the “analysis” tool, the perimeter and area of this
region were determined again (perimeter P2 and area A2). Thus, sec-
ondary morphometry was conducted (Fig. 1).

2.4.5. Morphometric parameters derived from Euclidean geometry

Alongside with the initial stages of image preprocessing using pri-
mary and secondary morphometry, the following morphometric param-
eters derived from Euclidean geometry were determined (Fig. 1):

e Perimeter P1, corresponding to the length of the contour of the visible
cerebellar pial surface.

e Area Al, corresponding to cerebellar tissue, including the content of
fissures and sulci.

e Perimeter P2, approximately corresponding to the length of the
contour of the entire cerebellar pial surface (including the surface
hidden within fissures and sulci).

e Area A2, approximately corresponding to cerebellar tissue excluding
the content of fissures and sulci.

In addition to the four basic parameters, six additional indices were
calculated:

e Perimeter-to-area ratio (P1/A1 and P2/A2).

o Shape factor, or circularity (SF1 and SF2). SF was determined by the
formula (SF = (4n x A)/P%).*®

e Perimeter ratio (P2/P1), a two-dimensional gyrification index.

e Area ratio (A2/A1).

2.4.6. Image segmentation: revealing the components of cerebellar tissue and
additional image processing

The next step in image preprocessing involved multiple thresh-
olding to reveal cerebellar tissue components for fractal analysis. The
individual components of cerebellar tissue have different densities
and, consequently, different pixel intensities in MRI images. This
allowed us to perform image preprocessing using thresholding
cocreate binary masks of cerebellar tissue components. In addition to
segmentation with an intensity threshold of 100, images were also
segmented with a threshold value of 80, revealing the deepest and
densest areas of the cerebellar branches — these areas approximately

Fig. 2. Thresholding of the non-scaled MRI image (A)
and the MRI image after scaling (B), revealing the
components of cerebellar tissue: white matter (0-80),
granular layer of the cerebellar cortex (80-90), and
molecular layer of the cerebellar cortex (90-100). In
the non-scaled image, the contours of the masks for
the granular and molecular layers are discontinuous
due to the thickness of these layers being smaller than
the pixel size. Scaling reduces the area intercepted by
a single pixel, thereby minimizing discontinuity in the

cerebellar cortex masks.
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correspond to the localization of white matter. Therefore, the fractal
dimension determined from such images can be considered an
approximated fractal dimension of the cerebellar white matter.
Additionally, images were thresholded in the intensity range of
80-100 (the difference between the two previous thresholding re-
sults), thus identifying areas corresponding to the cerebellar cortex.
The fractal dimension determined from such images can be consid-
ered an approximated fractal dimension of the cerebellar cortex.
Further segmentation was performed in the range of 90-100 (regions
corresponding to the molecular layer of the cerebellar cortex) and
80-90 (regions corresponding to the granular layer of the cerebellar
cortex).

Additionally, besides thresholding based on intensity values, out-
lining and skeletonization of the silhouettes obtained during segmenta-
tion with a threshold of 100 were carried out. For this purpose, the
“outline” and “skeletonize” tools of the Image J software (Fiji package)*’
were utilized. The thickness of the lines of the digital skeleton and linear
contour was set to 1 pixel.

2.4.7. Fractal analysis and parameters derived from fractal geometry

After preprocessing, a fractal analysis was conducted using the
classical “box counting” method.>® For this purpose, the “fractal box
count” tool in the Image J (Fiji) software*® was employed. This method
was applied to all image segmentation variants described above. We
utilized 6 stages of fractal analysis with the following BoxSize values: 2
pixels, 4 pixels, 8 pixels, 16 pixels, 32 pixels, and 64 pixels. Thus, seven
fractal dimension (Minkowski dimension) values were determined
(Fig. 1):

e FD100 - fractal dimension determined on silhouette images obtained
during thresholding in the intensity range of 0-100. An approximated
fractal dimension of overall cerebellar tissue.

e FD80 - fractal dimension determined on images obtained during
thresholding in the intensity range of 0-80. An approximated fractal
dimension of cerebellar white matter.

e FD80-100 - fractal dimension determined on images obtained during
thresholding in the intensity range of 80-100. An approximated fractal
dimension of the overall cerebellar cortex.

e FD80-90 — fractal dimension determined on images obtained during
segmentation in the intensity range of 80-90. An approximated fractal
dimension of the granular layer of the cerebellar cortex.

e FD90-100 - fractal dimension determined on images obtained during
segmentation in the intensity range of 90-100. An approximated
fractal dimension of the molecular layer of the cerebellar cortex.

e FDcont - fractal dimension of outlined contour.

e FDskel - fractal dimension of skeletonized images.

2.5. Statistics

Statistical data processing was carried out using Microsoft Excel
2016. The following statistical parameters were calculated: arithmetic
mean (M), standard deviation (c), median (Me), 25th and 75th
percentiles (Q1 and Q3, respectively), minimum (min), and maximum
(max) values. The normality of the value distribution was assessed using
the Shapiro-Wilk W test. The Kruskal-Wallis H test with post-hoc Dunn's
test and Bonferroni adjustment for multiple comparisons was employed
to compare fractal dimension values. Mann-Whitney U test was used to
assess sex differences. Kolmogorov-Smirnov KS test was employed to
assess difference between age distributions in males and females. Fisher F
test was used to compare linear regression equations characterizing the
age dynamics of the studied parameters in males and females. As some
studied parameters had a value distribution differing from normal, a non-
parametric Spearman's rank correlation coefficient (R) was calculated to
determine relationships between obtained values, and its significance
was evaluated using Student's t-test. The level of statistical significance
was set at o = 0.05.
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3. Results

3.1. Descriptive statistics of morphometric parameters of the cerebellar
vermis

The descriptive statistical data characterizing the values of the stud-
ied parameters are presented in Table 2. After examining the distribution
of values, it was found that most parameters exhibited a normal distri-
bution. However, some parameters had a distribution of values that
significantly differed from normal.

The values of parameters derived from Euclidean geometry, deter-
mined using primary and secondary morphometry, significantly differed
from each other. Specifically, the value of perimeter P2, corresponding to
the length of the entire pial surface, was nearly three times larger than
the value of perimeter P1. Therefore, the mean value of the two-
dimensional gyrification index (P2/P1) was close to 3. However, it
should be noted that this study utilized MRI images which have limited
structural detailing; it may lead to the underestimation of P2 values (due
to smoothing of the surface) and lower gyrification index values
compared to real values. Additionally, it should be noted that area A2
(approximated cross-sectional area of the overall cerebellar tissue) can
differ from the real cross-sectional area of cerebellar tissue due to seg-
mentation of the MRI images with limited resolution.

When comparing values of fractal dimension among themselves, the
null hypothesis of no differences was rejected (p < 0.001). Subsequent
pairwise multiple comparisons revealed that the vast majority of fractal
dimension values significantly differed from each other (p < 0.001), with
the exception of FD80 and FD80-90 (p = 0.370).

3.2. Morphometric parameters of the cerebellar vermis in males and
females

When comparing the values of the studied parameters between males
and females (Table 2), it was found that the majority of values did not
significantly differ. However, statistically significant differences were
identified in parameters derived from Euclidean geometry, specifically
perimeters P1 and P2, which accounted for differences in both shape
factors (SF1 and SF2), the gyrification index (P2/P1), and the perimeter-
to-area ratio (P2/A2). Nevertheless, both area values in males and fe-
males did not significantly differ, although the mean and median area
values were slightly higher in males. In the comparison of fractal
dimension values, no statistically significant differences were found be-
tween males and females.

3.3. Correlation analysis: correlations between morphometric parameters
of the cerebellar vermis

In the next stage of the study, a correlation analysis was conducted to
determine the nature of relationships between the investigated parame-
ters (Fig. 3). The majority of parameters derived from Euclidean geom-
etry were strongly or moderately correlated with each other. Stronger
correlations were identified among parameters determined using the
same approach for determining perimeter and area values (primary or
secondary morphometry): P1, Al, P1/Al, SF1, or P2, A2, P2/A2, SF2.

Fractal dimension values, except for FD80, positively correlated with
each other. The strongest correlation relationships were demonstrated by
the group of approximated fractal dimensions of the cortex and its in-
dividual layers (FD80-100, FD80-90, and FD90-100) along with FDcont
and FDskel. It can be hypothesized that these values are influenced by
similar factors, such as the number of gyri (folia) and the complexity of
their shapes. This assumption can be supported by the close correlations
of these fractal dimensions with perimeter values and the two-
dimensional gyrification index (P2/P1), indirectly characterizing the
convolutedness of the cerebellar cortex. Additionally, most of the studied
parameters demonstrated weak to moderate correlations with both area
values.
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Table 2
Descriptive statistics of morphometric parameters of the cerebellar vermis.

Meta-Radiology 2 (2024) 100101

Parameter Sex group M SD Min Q1 Me Q3 Max p (SW test for normality) p (U test for sex difference)

P1, cm Total 14.174 0.797 12.600 13.592 14.133 14.667 16.400 0.014 0.027
Males 14.334 0.741 13.000 13.717 14.383 14.742 16.300
Females 14.049 0.824 12.600 13.533 13.833 14.350 16.400

Al, cm? Total 11.672 1.181 8.592 10.887 11.484 12.479 15.594 0.138 0.393
Males 11.782 1.322 8.592 10.910 11.661 12.764 15.594
Females 11.587 1.062 8.856 10.842 11.451 12.417 14.707

P1/A1 Total 1.221 0.081 1.024 1.151 1.224 1.258 1.521 0.005 0.992
Males 1.226 0.095 1.043 1.146 1.224 1.267 1.521
Females 1.217 0.069 1.024 1.156 1.223 1.255 1.423

SF1 Total 0.730 0.047 0.573 0.714 0.741 0.763 0.814 <0.001 0.008
Males 0.719 0.045 0.604 0.695 0.732 0.748 0.779
Females 0.739 0.047 0.573 0.719 0.747 0.766 0.814

P2, cm Total 41.126 5.356 29.133 37.475 41.350 44.092 57.867 0.561 0.002
Males 42.954 6.228 29.233 39.900 42.917 45.717 57.867
Females 39.689 4.068 29.133 37.117 39.267 42.175 48.033

A2, cm? Total 6.967 0.936 4.576 6.290 6.912 7.602 10.063 0.725 0.674
Males 7.004 0.947 4.680 6.262 6.987 7.581 10.063
Females 6.937 0.935 4.576 6.300 6.845 7.609 9.023

P2/A2 Total 5.981 0.968 4.192 5.194 5.860 6.666 8.888 0.009 0.035
Males 6.188 0.930 4.452 5.614 6.054 6.814 8.888
Females 5.819 0.975 4.192 5.100 5.684 6.329 8.409

SF2 Total 0.054 0.014 0.026 0.044 0.054 0.061 0.097 0.148 0.004
Males 0.050 0.014 0.026 0.043 0.048 0.057 0.097
Females 0.057 0.013 0.031 0.049 0.058 0.065 0.091

P2/P1 Total 2.899 0.319 2.182 2.683 2.866 3.089 3.690 0.806 0.007
Males 2.988 0.341 2.182 2.831 2.986 3.214 3.690
Females 2.829 0.284 2.213 2.646 2.782 3.026 3.523

A2/A1 Total 0.597 0.052 0.491 0.560 0.599 0.634 0.700 0.174 0.854
Males 0.595 0.052 0.492 0.559 0.596 0.633 0.694
Females 0.598 0.052 0.491 0.560 0.600 0.635 0.700

FD100 Total 1.737 0.029 1.595 1.723 1.738 1.755 1.801 0.001 0.763
Males 1.737 0.029 1.595 1.724 1.740 1.755 1.777
Females 1.738 0.029 1.644 1.723 1.736 1.755 1.801

FD80 Total 1.570 0.059 1.442 1.532 1.573 1.608 1.707 0.609 0.674
Males 1.573 0.059 1.442 1.545 1.573 1.611 1.705
Females 1.568 0.059 1.454 1.531 1.572 1.606 1.707

FD80-100 Total 1.638 0.043 1.480 1.618 1.646 1.668 1.708 0.001 0.970
Males 1.636 0.046 1.496 1.611 1.652 1.670 1.705
Females 1.640 0.040 1.480 1.619 1.644 1.668 1.708

FD80-90 Total 1.554 0.041 1.395 1.532 1.557 1.577 1.640 0.006 0.629
Males 1.549 0.045 1.395 1.529 1.557 1.580 1.617
Females 1.558 0.039 1.456 1.537 1.558 1.576 1.640

FD90-100 Total 1.502 0.047 1.367 1.477 1.505 1.535 1.619 0.239 0.690
Males 1.503 0.051 1.367 1.471 1.517 1.546 1.589
Females 1.502 0.044 1.382 1.480 1.504 1.523 1.619

FDcont Total 1.434 0.043 1.343 1.404 1.432 1.462 1.543 0.790 0.142
Males 1.441 0.045 1.343 1.409 1.447 1.474 1.526
Females 1.429 0.041 1.352 1.399 1.428 1.452 1.543

FDskel Total 1.340 0.038 1.212 1.321 1.341 1.361 1.436 0.155 0.516
Males 1.342 0.038 1.212 1.325 1.344 1.361 1.423
Females 1.339 0.039 1.239 1.319 1.337 1.361 1.436

3.4. Correlation analysis: correlations between morphometric parameters
of the cerebellar vermis and age

To identify the peculiarities of age-related changes in the cerebellum,
we computed correlation coefficients between the studied parameters
and age (Table 3). To eliminate the influence of absolute cerebellar sizes
and their age dynamics on other parameters, the correlation coefficients
normalized by the area A1 were additionally calculated.

Most of the Euclidean geometry-derived parameters showed weak
to moderate negative correlations with age. In contrast, fractal
dimension values demonstrated stronger correlations with age: most
fractal dimensions had statistically significant correlations with age,
except for FD100: the approximated fractal dimension of the overall
cerebellar tissue (FD100) remained practically unchanged with age.
However, changes were observed in individual components of cere-
bellar tissue. Specifically, FD80 (approximated fractal dimension of
white matter) increased with age, while the approximated fractal di-
mensions of the cortex and its layers (FD80-100, FD80-90, and FD90-
100), fractal dimension of cerebellar contour (FDcont) and digital

skeletons (FDskel) decreased. Normalized by area correlation co-
efficients were slightly smaller but still statistically significant. Thus,
excluding the influence of moderate reductions in overall cerebellar
size (i.e., absolute sizes of the cerebellum), it can be asserted that
fractal dimensions themselves had statistically significant associations
with age.

When comparing correlation coefficients between studied parameters
and age in males and females (Table 3), it is noticeable that the corre-
lation relationships were somewhat stronger in males, suggesting more
pronounced age-related changes. We calculated linear regression equa-
tions characterizing the age dynamics of cerebellar parameters in males
and females (Fig. 4, Fig. 5). Comparing these equations, no statistically
significant differences between males and females were found (p > 0.05).

4. Discussion
In this cross-sectional study, we conducted a comprehensive

morphometric investigation of cerebellar aging, combining two
morphometric approaches: conventional morphometry based on
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P1 -0.18 0.15 0.18 [0.29* -0.12 [GEEENO-S5=N0"S TN 0.26*
Al -0.17 0.24* -0.01|0.27* -0.11 0.33* 0.32* 0.30* 0.30* 0.18
P1/A1 1* -0.44* -0.48* 0.21* -0.36* 0.20* 0.08 -0.20* -0.23* -0.17 -0.15 -0.06
SF1 0.07 -0.03 -0.11 0.29* -0.26* 0.05 0.01 -0.01 0.08 -0.01 -0.07 -0.02
P2 -0.44* 0.07 0.22* NS -0.06 0.42* 0.38* 0.43*50.34* i
A2 -0.48* -0.03 0.22* 0.26* -0.09 -0.11 0.38* 0.43* 0.31* 0.30* 0.26*
P2 /A2 -0.15 0.02 -0.09 0.01 0.00 -0.08 0.06 0.17 0.01
SF2 -0.18 -0.17 0.21* -0.11 -0.09 0.02 -0.22* -0.16 -0.26* -0.38% -0.18
P2/P1 | 0.15 0.24* -0.36* 0.29* -0.02 0.29* 0.27* 0.32* 0.44* 0.26*
A2 /Al | 0.18 -0.01 0.20* -0.26* -0.25* 0.21* 0.29* 0.17 0.16 0.22*
FD100 [0.29* 0.27* -0.20* 0.05 0.28* 0.34* -0.09 0.17 0.20* ¥ 0.43* 0.45* 0.19 0.18
FD80 -0.12 -0.11 0.08 0.01 -0.06 -0.11 0.01 0.02 -0.02 -0.03 -0.40* -0.24* -0.43* 0.03
FD80-100 (0.40* 0.33* -0.20* -0.01 0.42* 0.38* 0.00 -0.22* 0.29* 0.21*|0.43*
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FDskel |0.26% 0.18 -0.06 -0.02 0.34* 0.26* 0.01 -0.18 0.26* 0.22*
2 2 F 28 g & 8 8 & 3
= 2 3 F & 2 5 8 5 5|8 8 8 8 8 2 3
& B 2 [ = g 8 g & =®

Fig. 3. Correlations between morphometric parameters of the cerebellar vermis; * — p < 0.05.

Table 3

Correlations between morphometric parameters of the cerebellar vermis and age.
Parameter Total Males Females

R Rncan R Rncan R Rnean

P1 —0.344* —0.004 —0.414* —0.100 —0.238 0.191
Al —0.413* - —0.479* - —0.366* -
P1/A1 0.348* 0.009 0.393* —0.152 0.312* 0.070
SF1 —0.110 —0.048 —0.162 0.070 —0.086 —0.088
P2 —0.239* —0.025 —0.405* —0.102 —0.050 0.096
A2 —0.352* —0.085 —0.380* —0.053 —0.342* —0.112
P2/A2 0.041 —0.024 -0.177 —-0.176 0.268 0.157
SF2 0.073 0.002 0.310* 0.158 -0.174 —0.162
P2/P1 —0.113 —0.016 —0.315* —0.085 0.091 0.068
A2/A1 —0.043 —0.051 0.096 0.028 -0.173 —0.137
FD100 —0.098 0.016 —0.220 —0.081 —0.029 0.078
FD80 0.391* 0.382* 0.421* 0.422* 0.368* 0.356*
FD80-100 —0.448* —0.361* —0.596* —0.497* —0.296* —0.227
FD80-90 —0.424* —0.337* —0.530* —0.382* —0.324* —0.274*
FD90-100 —0.531* —0.469* —0.591* —0.517* —0.489* —0.433*
FDskel —0.251* —0.199* —0.297 —0.270 —0.216 —0.148
FDcont —0.419* —0.338* —0.544* —0.457* —0.254 —0.189

Notes: Independent variable — age; R — conventional Spearman's rank correlation coefficient; Rya1) — Spearman's rank correlation coefficient normalized by area Al;

«—p <0.05.

“classical” Euclidean geometry and the relatively new but promising
fractal geometry approach. Despite the extensive exploration of aging
patterns in the cerebral hemispheres through fractal analysis in previous
studies,?°" it is notable that the investigation into cerebellar aging has
not received deserved attention in the context of fractal analysis.
Therefore, our aim was to provide a comprehensive analysis of fractal
dimensions of the cerebellum obtained from conventional diagnostic
MRI brain images. This allowed us to assess the vulnerability of cere-
bellar fractal dimensions to age-related changes and determine the dy-
namics of fractal dimension values throughout adulthood.

The results of the present study have shown that fractal dimension
values demonstrated higher correlations with age compared to pa-
rameters derived from Euclidean geometry. The most pronounced age-
related changes were observed in the values of FD80-100, FD80-90,
and FD90-100, which represent approximated fractal dimensions for

the overall cerebellar cortex, its granular, and molecular layers,
respectively. Our findings align with studies by other authors who
identified a decrease in fractal dimensions of the cerebral cortex and
its surfaces (contours) during normal aging?®?® and in Alzheimer's
disease. >

The age-related reduction in approximated fractal dimensions of the
cerebellar cortex can be attributed to decrease in the cortical thickness
and simplification of the cortical spatial configuration, leading to its
smoothing. This is supported by the significant decrease in the values of
the fractal dimension of the contour (FDcont) and the fractal dimension
of the digital skeleton (FDskel), which reflect the features of cerebellar
structural complexity and the convolutedness of its surface, excluding the
thickness of the cortex and its layers. However, fractal dimensions of the
cortex and its layers exhibited stronger age-related correlation relation-
ships than the fractal dimensions of the contour and skeleton, indicating
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Fig. 4. Age dynamics and 95% confidence intervals of morphometric parameters derived from Euclidean geometry.

the influence of the first factor — a reduction in cortical thickness.
Notably, the approximated fractal dimension of the molecular layer
showed the strongest correlation with age. This can be attributed to the
significant age-related loss of Purkinje cells,'” whose dendritic trees form
the basis of the molecular layer of the cerebellar cortex; therefore, the
significant loss of Purkinje cells may contribute to a reduction in the
thickness and fractal dimension of the molecular layer.

The approximated fractal dimension of the overall cerebellar tissue,
FD100, did not exhibit significant age-related changes. Based on this
finding, we can infer that despite a significant reduction in absolute sizes
(measured by areas Al and A2), the cerebellum does not undergo sig-
nificant changes in the degree of space filling by overall cerebellar tissue.

Unlike the approximated fractal dimensions of the cortex and its
contour, FD80, considered an approximated fractal dimension of the
white matter, did not decrease; instead, it increased with age. In our
previous study of cadaveric cerebella,”! we determined the fractal
dimension of the cerebellar white matter which significantly decreased
with age. Such contradictory results can be explained by several factors.

In our study conducted on cadaveric specimens, we had the opportunity
to examine high-resolution images, visualizing even the smallest
branches of the white matter within the folia. We believe that the thin-
ning and shortening of these smallest branches primarily account for the
strong negative correlation of the fractal dimension of the white matter
with age. When examining MRI images, these branches within the folia
are virtually unvisualized due to the limited capabilities of the MRI
scanner, allowing only the study of the configuration of the main
branches of the white matter. Therefore, we consider FD80 not as true
but as an approximated fractal dimension of the white matter. Consid-
ering that segmentation with an intensity threshold of 80 reveals the
major (largest) branches of the white matter, which are well visualized
on MRI images, it would be logical to expect either the absence of
age-related changes or a weak negative correlation with age. Why then
did the values of FD8O0 significantly increase with age? We assume that
this is due to age-related densification and water loss in cerebellar tissue.
Thus, the densified and less hydrated areas of the cortex adjacent to the
white matter branches are included in the silhouettes of the white matter
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Fig. 5. Age dynamics and 95% confidence intervals of fractal dimension (FD) values.

during segmentation with an intensity threshold of 80, which accounts
for the increase in FD80.

This factor may also contribute to the age-associated decrease in
the cortical fractal dimensions FD80-100, FD80-90, and FD90-100.
However, considering that FDcont also decreases during aging
(while not directly depending on the intensity of cerebellar tissue
components), it suggests that the intensity distribution of the cere-
bellar tissue is not the sole factor influencing the decline of approxi-
mated cortical fractal dimensions. The cortical structural and
configuration changes may also significantly impact the age-related
decline in the assessed parameters.

An alternative approximated fractal dimension of cerebellar white
matter is FDskel. Skeletonization, an additional image pre-processing
procedure, creates a digital skeleton inside the image, replicating the

tree-like configuration of branched white matter forming the “frame-
work” of the cerebellar cortex. This pre-processing method has its ad-
vantages as it is not dependent on the densification of cerebellar tissue.
FDskel demonstrated a moderate decrease throughout adulthood, in
contrast to FD80.

Comparing the age-related changes in the fractal dimensions of cer-
ebellum and cerebral hemispheres, we should note that the cerebrum
exhibited a more pronounced age-related decline: the correlation of
average fractal dimension of cerebral surface with age identified in the
same sample as in the present study was R = —0.709 (compared to the
strongest correlation of cerebellar FD90-100 R = —0.531).*° This
assumption is supported by findings by C.R. Madan and E.A. Kensinger
(R = —0.732 and R = —0.719, for the fractal dimension of the overall
cerebral cortex and pial surface, respectively).28
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Among the parameters derived from Euclidean geometry, the area
and perimeter values exhibited the strongest correlations with age
(although still weaker compared to fractal dimensions). The correlation
coefficient values for the cerebellar vermis cross-sectional areas with age
obtained in our study (R = —0.413, for area Al, and R = —0.352, for area
A2) fall within the range of values reported by other researchers. For
instance, in the research conducted by Murshed K.A. et al. (N = 120, age
range 13-77 years), there was no significant change in the vermis area in
males (R varied from —0.031 to 0.005) and a weak correlation with age
in females (R varied from —0.329 to 0.154).'° The study by Raz N. et al.
(N = 29, age range 18-78 years) identified a moderately strong negative
correlation between the vermis cross-sectional area and age (R =
—0.54).%° In the study by Serati M. et al. (N = 38, mean age 45.3 + 9.6
years), it was found that the volume of the cerebellar vermis was weakly
negatively correlated with age (R = —0.22 in males and R = —0.17 in
females).?! The differences in obtained R values can be explained by the
limited size and heterogeneity of samples, as well as different age ranges.

The influence of sex is a potential factor affecting age-related changes
in the studied morphometric parameters. The present study found that
several parameters derived from Euclidean geometry, particularly those
representing absolute sizes, were higher in males. This finding aligns
with the generally larger cerebellum and brain sizes observed in males.
However, the fractal dimension values did not differ significantly be-
tween males and females, suggesting that male and female cerebella,
despite differing in absolute size, can exhibit the same degree of struc-
tural complexity. When examining the correlation coefficients between
age and the studied parameters, other researchers have reported diverse
changes in Euclidean geometry-derived parameters between males and
females.!®?! In the present study, the relationships were slightly stronger
in males, indicating that age-related changes in cerebellar structure may
be more pronounced in males. Despite this, the linear regression analyses
did not reveal any statistically significant differences between the
age-related dynamics of cerebellar parameters in males and females. This
suggests that while there may be subtle gender-related differences in
specific cerebellar metrics, the overall trajectory of cerebellar aging is
comparable across genders.

When comparing fractal analysis and Euclidean geometry-based
morphometry in studies of the cerebellum, particularly in the context
of cerebellar aging, it is important to recognize that both methods have
distinct advantages and disadvantages.

Euclidean geometry-based morphometry is widely utilized in neuro-
imaging studies due to its simplicity and robustness in the quantitative
assessment of various brain structures, including the cerebellum. This
approach focuses on measurable geometric properties such as area,
perimeter, and volume, which characterize absolute sizes.!”2* These
properties are relatively straightforward to calculate and interpret,
making Euclidean morphometry widely applicable in both clinical and
research settings. The Euclidean geometry-based approach offers an
assessment of linear changes in absolute cerebellar sizes. However, the
absolute size of the cerebellum varies significantly among individuals
due to differences in overall brain size, which may impact the age-related
associations between Euclidean geometry-based parameters and age.
Moreover, these measures are more suitable for assessing structures with
geometrically simple shapes. Given that the cerebellum exhibits one of
the highest degrees of spatial and structural complexity among brain
structures, it can be inferred that Euclidean geometry alone cannot
comprehensively assess such an intricate structure. Consequently, these
parameters may not fully capture the intricate alterations that accom-
pany aging, as indicated by the weaker correlations with age observed in
our study.

On the other hand, fractal analysis has demonstrated higher sensi-
tivity to age-related changes in the cerebellum. It is particularly attuned
to subtle changes in cerebellar tissue that may not be captured by the
Euclidean geometry-based approach, such as alterations in cerebellar
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structural complexity, space-filling capacity, convolutedness, and cortical
thickness. In contrast to the Euclidean geometry-based approach, fractal
analysis assesses non-linear changes in cerebellar structure, rather than
merely linear changes in absolute cerebellar sizes. As shown in the pre-
sent study, even after normalization for absolute sizes (specifically, cross-
sectional area), fractal dimensions still exhibit age-related changes.
Therefore, fractal analysis can be considered an informative and sensitive
approach, particularly promising in the context of cerebellar aging
studies and in differentiating normal aging from pathological conditions.
However, the application of fractal analysis is associated with some
challenges. One of the main challenges is its dependency on MRI image
quality and resolution; the subtle and intricate patterns of cerebellar
tissue texture must be clear and free of artifacts. Fractal analysis of the
cerebellum requires the development of specialized image segmentation
methods, which may need adjustments for different MRI sequences.
Additionally, fractal analysis cannot assess linear changes in absolute
cerebellar sizes, which also offer important information.

The primary limitation of this study was the limited clarity of the
conventional diagnostic MRI images utilized. Therefore, we decided to
determine not the true, but rather approximated values of the fractal
dimensions of cerebellar tissue components. However, these approxi-
mations offer valuable insights into the sensitivity of fractal geometry
methods to age-related changes and the presence of texture alterations in
the cerebellum associated with aging. It is important to note that all MRI
images investigated in this study were obtained using the same MRI
scanner with the same imaging protocol.

5. Conclusion

This study has demonstrated the effectiveness of fractal analysis in
detecting and quantitatively characterizing age-related changes in the
cerebellum. The more pronounced age-related changes observed in
fractal dimensions suggest a prevalence of alterations in the spatial
configuration and texture of cerebellar tissue compared to less pro-
nounced changes in absolute cerebellar sizes. Notably, the approximated
fractal dimensions of the cerebellar cortex exhibited the strongest asso-
ciations with normal aging, indicating their potential as sensitive MRI
biomarkers. These findings underscore the practical value of fractal di-
mensions in the quantitative assessment of cerebellar changes in both
normal and pathological aging, offering a promising tool for clinical
application in diagnosing and tracking cerebellar involvement in various
neurological conditions.
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