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As  a popular  method  to meathe  complexity  of  images  and  generally  signals,  FD  analyses  have  been
used  in  neuroimaging  studies  to evaluate  the  morphological  complexity  of brain  structures.  The  aim  of
this study  is to  perform  an  FD-based  complexity  analyses  of cerebellar  tissues,  such  as  cerebellar  white
matter  (WM),  cerebellar  gray  matter  (GM)  and  cerebrospinal  fluid  (CSF)  spaces  around  the  cerebellum,
on magnetic  resonance  (MR)  images  of  Chiari  Malformation  type-I  (CM-I)  patients  and  healthy  controls.
Besides,  to  determine  the noise  effects  on  complexity  of  sub  cerebellar  structures,  two  common  non-
linear  noise  filters,  median  filter  and  bilateral  filter,  were  applied  to MR  images  and  their performances
were  compared.  Data  of  fourteen  CM-I  patients  and  sixteen  normal  subjects  were  used  in this  study.
First,  noise  variance  was estimated  using  a method  based  on  skewness  of  the  magnitude  data.  Second,  as
a preprocessing  step,  median  and  bilateral  filters  were  applied  on  MR  data  separately  to  create  different
series  of  images  for each  filter.  After  the  preprocessing,  filtered  brain  images  were  segmented  into  three
different  tissues  including  WM,  GM and  CSF.  Last,  a 3D  box-counting  method  was  applied  on segmented
images  to  estimate  the corresponding  FD  values.  Our  results  showed  that,  while  GM  FD  values  was  not
significantly  different  between  patients  and  controls  (p = 0.051)  in median  filtering  case,  GM  FD  values  in
patients  were  found  to be significantly  lower  than  those  in  controls  (p  = 0.007)  in bilateral  filtering  case.
Additionally,  in  both  cases,  WM  FD  values  in patients  were  found  to  be  significantly  lower  than  those
in  controls;  however,  this  difference  was  more  evident  in  bilateral  filtering  case  (p = 0.0003)  than  that

in  median  filtering  case  (p  =  0.013).  These  outcomes  indicated  that  bilateral  filter  was found  to  be  more
successful  in  discriminating  CM-I  patients  from  controls  in  cerebellar  complexity  analyses.  In conclusion,
results  of  this  study  revealed  that  noise  removal  is  an  important  preprocessing  step  for a  more  successful
analysis  of digital  images  and  bilateral  filter  is  an effective  filtering  method  for  segmentation  accuracy
and  FD  analysis  performance.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Chiari Malformation type I (CM-I) is a serious neurological disor-
er, which was first described by Professor Hans Chiari in 1891 [1].
his condition is characterized by the downward displacement of
he cerebellar tonsils, which are rounded lobule like tips of cerebel-

um under each of its hemisphere, into the spinal canal under the
oramen magnum, which is the large opening in the base of the skull
2,3]. Radiological definition states that persons are diagnosed as

∗ Corresponding author at: Computer Engineering, Istanbul Gelisim University,
stanbul, Turkey.

E-mail address: eakar@gelisim.edu.tr (E. Akar).

ttp://dx.doi.org/10.1016/j.bspc.2016.07.005
746-8094/© 2016 Elsevier Ltd. All rights reserved.
having CM-I if they have a tonsillar descent of 5 mm  or more below
the foramen magnum [4]. Other parts of the hindbrain such as
brainstem and fourth ventricle may  also be affected in this disorder.
They may  be smaller in size or slightly deformed, however, their
normal positions are not changed. Another condition associated
with CM-I is syringomyelia, which is the abnormal development of
a cavity that can involve a collection of cerebrospinal fluid (CSF)
within the spinal cord. It may  be observed in most of the CM-I
patients [5].

The formation of CM-I syndrome may  be triggered by sev-

eral groups of conditions and disorders. These reasons include
variations in the equilibrium of intracranial pressure because of
altered CSF circulation dynamics [3], overcrowding of cerebellum
due to small posterior fossa dimensions resulting from incomplete

dx.doi.org/10.1016/j.bspc.2016.07.005
http://www.sciencedirect.com/science/journal/17468094
http://www.elsevier.com/locate/bspc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bspc.2016.07.005&domain=pdf
mailto:eakar@gelisim.edu.tr
dx.doi.org/10.1016/j.bspc.2016.07.005
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evelopment of occipital bones [6–11]. However, the actual patho-
enesis and the natural history of this anomaly have not been
learly specified [6,12]. CM-I patients may  show several symp-
oms with different severity degrees. The most frequent symptom
s severe headaches at the back of the head, which may  result
rom the head movements such as coughing, laughing and sneez-
ng. Another common symptom is the pain in shoulders and in
he neck [13,14]. Additionally, a group of less frequent symptoms
nclude sleep apnea [15,16]; nystagmus, which is a neurological
ondition involving rapid involuntary eye movements [17]; balance
nd gait problems [18] and dysarthria, which is a motor speech
isorder causing disruption of speech quality [19]. Interestingly,
ome patients may  not show any symptom, even though they have

 tonsillar descent of more than 5 mm [20].
Midline magnetic resonance imaging (MRI) slices provide a suit-

ble view of cerebellar tonsils; therefore, MRI  is the preferred
odality for the diagnosis of CM-I [21]. Besides, neurological tests,

omputed tomography (CT), and phase contrast (PC) cine MRI  are
dditional diagnostic methods, which are used for the identifica-
ion of this anomaly and for attainment of necessary information
o make a suitable treatment plan as well [6,22–24]. Surgical oper-
tions are the only therapeutic methods to improve the conditions
f patients. These operations, which are generally referred as pos-
erior fossa decompression (PFD) [25], are aimed to restore CSF
ow blockage between the brain and the spinal canal [26,27] or
o enlarge the posterior cranial fossa (PCF).

Previous MRI  studies related to CM-I research mainly dealt with
orphological assessment of hindbrain structures such as cere-

ellum, fourth ventricle, PCF, brainstem and entire brain as well
6,8–10,28,29]. Several linear and volumetric analyses were carried
ut using sagittal MRI  slices to evaluate the structural features of
CF. An essential measurement is the determination of the length
f cerebellar tonsils under foramen magnum. Additionally, mea-
urements related to occipital bones including lengths of clivus
nd supraocciput and calculation of the slope of tentorium were
erformed for linear analysis of PCF [6]. Furthermore, several vol-
metric assessment of this syndrome were also carried out using
otal volume of brain, PCF and CSF regions [6,8–10,28,29]. All these
tudies were related to size of the brain tissues and bone parts that
urrounds it. To investigate the variations in inner structures of
erebellar tissues in CM-I patients, we have performed a 2D fractal
nalysis of cerebellum after segmenting it into white matter (WM),
ray matter (GM) and CSF using a single sagittal MRI  slice [30]. On
he other hand, evaluation of CSF flow characteristics were also per-
ormed to determine the relation between CM-I symptoms and CSF
ow patterns and to distinguish symptomatic cases of this disorder

rom asymptomatic cases [31–33].
A popular method for performing quantitative evaluation

f morphological complexity is fractal dimension (FD) analysis
34–42]. A numerical value is generated by this method to pro-
ess the structural details in complex objects [34–36]. FD analysis
as used in a broad category of studies in neuroscience such as

valuation of the morphology of the brain cortices in neurologi-
al disorders [37], structural and functional changes in complexity
f neural system during development or degeneration of brain
35,38–40]. Therefore, this analysis was applied in many neurologi-
al disorders such as multiple sclerosis (MS) [35,41], schizophrenia
34], Alzheimer’s disease [42], multiple system atrophy [36],
bsessive-compulsive disorder [34] and CM-I [30].

Accurate segmentation of brain tissues that includes complex
tructures in various neurological disorders such as CM-I is con-
idered as an important step for the diagnosis. In previous studies,

t has been reported that there are difficulties in finding edges or
oundaries between different regions in MRI  images, which have
mall intensity variations among pixels [43,44]. Another important
roblem in image analysis is segmentation of noisy images. Partic-
ing and Control 31 (2017) 63–70

ularly, to classify three main brain structures, such as WM,  GM,  and
CSF, intensity-based segmentation algorithms, that divide each pix-
els/voxels based on their intensity, are used. In the intensity-based
segmentation, the intensity values of brain tissues in MRI  images
are modeled by a mixture of Gaussian and Rician probability dis-
tribution functions [45]. However, it has been reported that these
types of segmentation require some tools for artifact elimination
such as noise [46]. Because MRI  images include various sources of
noise, such as salt and pepper noise, speckle noise, Gaussian noise
and Rician noise; these types of artifacts must be removed from MR
data using filters to decrease misclassification problems and unre-
alistic results [44]. Therefore, in some of the previous studies on
other neurological disorders such as MS,  extensive pre-processing
algorithms have been implemented on MRI  data for noise removal
[47].

The main purpose of the present study is to determine the
effects of pre-processing on FD analysis of sub-cerebellar tissues
in MRI  data obtained from CM-I patients. To this end, two  com-
mon  nonlinear filters, median and bilateral filters, were employed
and compared. The effects of denoising were evaluated using the
results of FD analyses on WM,  GM,  and CSF, respectively. To our
knowledge, no study has yet analyzed and compared the effects of
pre-processing on FD analysis results of MRI. Thus, this research
represents one of the first studies that investigate the effect of
applying different noise filtering techniques on structural complex-
ity analysis of MRI  data from CM-I patients and healthy controls to
achieve better statistical results.

2. Material and methods

2.1. MRI  data

Brain MR  images of 15 CM-I patients (4 males and 11 females,
16–55 years age range) and 16 healthy subjects (5 males and 10
females, 16–50 years age range) were obtained from databases of
the radiology departments of two  hospitals: Mehmet Akif Ersoy
Cardio-Thoracic Surgery Training and Research Hospital and Medi-
cana International Hospital, Istanbul. These data, which were taken
in the period between 2013 and 2015, were selected from already
existing MRI  records at the hospitals mentioned above. The exper-
imental procedures of this study were approved by the Ethical
Committee of Fatih University. Three-dimensional high-resolution
MRI  data were recorded using a Siemens Symphony Magnetom
Aera 1.5 T MR  scanner (Erlangen, Germany). MR  image parameters
include: A matrix size of 512 × 512 pixels and in-plane resolu-
tion of 0.5 mm × 0.5 mm,  flip angle 90◦, TE (echo time) 9.8 ms,
TR(repetition time) 511 ms,  FOV 25 cm,  24 contiguous 5 mm  sagittal
slices.

2.2. Noise characteristics of MRI

Thermal effects originated from the stochastic motion of free
electrons are a major noise source in MRI. This noise can be assumed
to be white, additive and described by a Gaussian distribution with
an equal variance and zero mean [48]. The real and imaginary
components of an MR  image are reconstructed applying Fourier
transformation to the acquired raw complex MR  data. Since the
Fourier transform has linearity and orthogonality principles, the
data in real and imaginary parts continue to follow Gaussian dis-

tribution [49]. Magnitude values are obtained for each pixel by
calculating square root of the sum of two independent random
variables from the real and the imaginary images to produce the
Magnitude image. The noise features of the obtained magnitude
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Fig. 1. Steps of image processing.

mage follows a Rician distribution [50] and the corresponding
robability distribution function (PDF) is described by [51]

Mag (M) = M

�2
e

− M2+A2

2�2 I0

(
A.M

�2

)
(1)

here I0 is the modified first kind Bessel function of order zero. M =
�2 + �2 is the measured pixel intensity and A =

√
��

2 + ��
2.

s the image pixel intensity that does not contain noise. � and �  are
he real and imaginary components of the complex MR  data that
ontain zero mean Gaussian noise with the standard deviation �.
ignal-to-noise ratio (SNR), which is characterized by the ratio A

� ,
ffects the shape of Rician distribution. When SNR value is close to
ero, the Rayleigh distribution, a special case of Rician distribution,
s obtained. Its PDF is given below:

Mag (M) = M

�2
e

− M2

2�2 (2)

On the other hand, when SNR is large, Rician distribution shows
aussian distribution properties with the following PDF:

Mag (M) = 1√
2��2

e
−
(

M−
√

A2+�2
)

/2�2
(3)

.3. Study procedure

The present study aims to show the significance of image pre-
rocessing by comparing the results of complexity analysis on
rain MR  images which were filtered by two different denoising
ethods: standard 2D median filtering and bilateral filtering. The

perational steps that were implemented in this study are sum-
arized in Fig. 1. The image processing tasks in this study were

mplemented in three major phases. First, using MATLAB based
unctions and a graphical user interface application developed in

ATLAB environment, the cerebellum and the surrounding CSF
egions were extracted manually from the entire brain image. The
mage slices containing the extracted parts were resliced to achieve
n isotropic resolution of 1 × 1 × 1 mm3. After that, the binary mask
les were generated using the resliced images. Second, the MR

mages that contained the entire brain resliced to get the isotropic
esolution 1 mm3 in a similar way as described in the first phase.
t this stage, the resliced image files were filtered using two dif-

erent noise filtering methods. One of them was the standard 2D
edian filtering method with default parameters and the other
ethod was Bilateral filtering. These denoising operations gener-
ted two different filtered MR  image series. After this point, the
ame tasks were performed on both filtered image series. The initial
ask that was applied on both series was an automatic segmenta-
ion to separate the brain into different cluster of tissues including
ing and Control 31 (2017) 63–70 65

WM,  GM and CSF. This segmentation operation were fulfilled using
the methods provided by SPM12 (Statistical Parametric Mapping)
software package. Afterward, the segmented images were masked
using the binary mask image series that was created in the first
phase. Masking operation yielded the final segmented image series
that contained the cerebellar WM,  GM and CSF spaces around the
cerebellum (Fig. 2). In the third and final phase, fractal dimension
values were calculated for the three segmented image series using
a 3D box-count algorithm to implement a complexity analysis to
specify the variations between patients with CM-I and healthy con-
trols.

2.4. Noise estimation and preprocessing

Noise variance provides a measure to quantify the quality of the
MR image data and it is an important parameter for the subsequent
image processing tasks such as noise filtering, clustering and seg-
mentation [52,53]. In this study, noise variance of the MR images
was calculated using an approach that is based on a local skewness
computation of the magnitude data distribution. The details of this
method can be found in [54]. Estimated noise variance was used to
determine the intensity weight factor of bilateral filtering method.

2.4.1. Median filtering
Median Filtering suggested by Tukey [55], is a popular and

widely used nonlinear method to remove the noise from images.
This filter iterates over an entire image pixel by pixel and replaces
a pixel value with the median value of pixels located in its neigh-
borhood. More specifically, the algorithm of median filtering can be
described as follows. Let

[
Iij

]
be a matrix that represents a digital

image. The output of median filtering in an m by n window, where
m and n are odd integers, is another image [Īij]. A pixel element pij

in the output image is equal to the median value of intensity values
of pixel elements located in an mxn neighboring window of a pixel
pij in the input image. In this study, standard 2D median filtering
with default parameters of windows size (3x3) was applied to each
MR image slice.

2.4.2. Bilateral filtering
Bilateral filter is a simple, non-iterative and nonlinear filter,

which was developed by Tomasi and Manduchi [56], for remov-
ing noise while keeping important features of images, such as
edges. Traditional filters perform filtering process in the domain
of an image. In other words, they take into account the geomet-
ric closeness of pixels as a weighing factor. However, bilateral
filter combines this approach with a filtering in the range of an
image. In this second approach, pixel values of an image are aver-
aged with weight parameters that depend on the radiometric
distance between them. Since image intensity affects the weighing
parameters, range filtering is considered to be non-linear [57,58].
The product of the domain filter and the range filter components
compose the expression of bilateral filter in each neighborhood.
Bilateral filter calculation for a pixel located at x is performed using
the following formula [59]

Ī (x) = 1
C

∑
y ∈ N(x)

e

−y−x2

2�2
d e

−|I(y)−I(x)|2
2�2

r I (y) (4)
where N (x) indicates the spatial neighborhood around x, y rep-
resents the location in the neighborhood, �d and �r are control
parameters to arrange the decay of the weight factors in spatial
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ig. 2. Segmented images of cerebellum after median and bilateral filtering meth
ltering. WM tissue of a healthy control segmented after c) median filtering, d) bi
ilateral filtering. GM tissue of a control segmented after g) median filtering, h) bila

nd intensity domains, respectively. In this formula, C is the nor-
alization constant, which is given by,

 =
∑

y ∈ N(x)

e

−y−x2

2�2
d e

−|I(y)−I(x)|2
2�2

r (5)

In this study, window size parameter of bilateral filter (size of
x)) was set to 11x11. Riji et al. suggested 1.8 for the spatial domain
eight factor control parameter (�d), therefore, in the present
ork, �d = 1.8 was accepted as the second parameter. The final
arameter (�r) was selected according to the estimated noise level
f original MR  image. To determine a suitable value for �r , some
reliminary experiments were conducted. Based on the results of
his experiments, �r = � × 2 were used, where � was  the estimated
oise variance of the MR  image to be filtered.

.5. Fractal analysis

FD values were used to perform complexity analyses of cere-
ellar WM,  GM and CSF spaces around the cerebellum. A 3D
ox-counting method, which was developed as custom software in
ATLAB as extension of 2D box-counting approach, was  employed

n this study to estimate the FD values of mentioned structures.
any studies used this technique previously, since it is robust, easy

o implement and applicable on objects like brain structures, which

ave a certain scale of self similarity [60].

3D box-counting method can be implemented as follows. First,
 volumetric image of interest is covered by a grid of boxes. Then
he boxes that contain at least one voxel having an intensity value

able 1
emographic data of subjects and study results.

Patients Con

Gender (M/F) 4/10 5/1
Age  38.93 ± 12.66 36.

Median BF Me
WMFD Value 2.20 ± 0.08 2.14 ± 0.13 2.2
GMFD Value 2.46 ± 0.05 2.45 ± 0.05 2.4
CSF  FD Value 2.23 ± 0.08 2.23 ± 0.11 2.3

/F: male/female, WM FD Value: FD value of cerebellar white matter, WM FD Value: 

urrounding the cerebellum.
erebellar WM tissue of a patient segmented after a) median filtering, b) bilateral
 filtering. Cerebellar GM tissue of a patient segmented after e) median filtering, f)
filtering.

greater than zero are counted. This process continues iteratively
and in each iteration, the box size value is incremented. In this
study, the iterations were initiated with a box size of 2 and the
loop was  executed while the box size value was less than one third
of the smallest dimension of the image. A 3D visualization of box
counting approach is demonstrated in Fig. 3. When the counting of
non-empty boxes for each possible box size value is finished, the
FD value can be estimated using the following equation [61].

ln (Nr) = FD ln
(

r−1
)

+ ln (K) (6)

where Nris the number of boxes containing at least one voxel
having an intensity value greater than zero, FD denotes the box-
counting fractal value of the corresponding image, and K is any
constant value.

Since the brain images are not pure fractals, determining an
appropriate box-size range is essential [60]. If the selected box-size
to cover an image of interest is too small or too large, the FD value
of that image cannot be estimated properly [62]. Accurate estima-
tion of FD value requires the linear part of the equation given in (6).
Therefore, whole data set was  evaluated using a linear regression
analysis that is shown in Fig. 4a. Correlation coefficients of different
line segments were checked and the slope of the segment having
the highest correlation coefficient was accepted as the FD value of
the image of interest. The validity of our algorithm was checked

using a Menger cube of size 243 × 243 × 243 (Fig. 4b), which was
generated using MATLAB. FD calculation program produced 2.7289
for the generated Menger cube which is a proximate value to its
theoretical FD value of 2.726833 (log20/log3).

trols p-value

1 –
75 ± 6.04 0.504
dian BF Median BF
6 ± 0.05 2.28 ± 0.05 0.013 0.0003
9 ± 0.04 2.50 ± 0.04 0.051 0.007
4 ± 0.07 2.35 ± 0.08 0.0004 0,001

FD value of cerebellar gray matter, CSF FD Value: FD value of cerebrospinal fluid
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Fig. 3. Graphical illustration of a 3D box-counting method. Image of cerebellum

.6. Statistical analysis

Independent samples t-test was used to evaluate the varia-
ions in FD values of cerebellar tissues WM and GM and CSF
paces around the cerebellum between healthy control subjects
nd patients with CM-I. A Kolmogorov-Smirnov test was  employed
o check the normality of data showing that no significant differ-
nces were found in the cerebellar features between patients and
ontrols. SPSS version 20.0 (SPSS Inc., Chicago, Illinois) were used
or all the statistical analyses. The significance level (p < 0.05) was
hosen for all results.
. Results

In this study, performances of two different noise elimination
ethods, median filtering and bilateral filtering, were compared

ig. 4. A proper fractal dimension value is estimated by means of a regression analysis. a
43  × 243× 243 voxels to validate the results.
apped into a grid of cubes of size (a) 20 pixels, and (b) 10 pixels (edge length).

using the results of FD value analysis on cerebellar WM,  GM and
CSF regions around the cerebellum. The numerical and statistical
results of this analysis are listed in Table 1. The mean FD value for
cerebellar WM was  found to be 2.20 for patients with a standard
deviation value of 0.08 after a median filtering was  applied to the
source MR  image files. The corresponding mean and standard devi-
ation values for controls after a median filtering were 2.26 and 0.05,
respectively. On the other hand, after a prior application of bilateral
filtering noise removal method, the FD value results for cerebellar
WM for patients and controls were changed as follows. The mean
and standard deviation values for patients were found to be 2.14
and 0.13, respectively. Additionally, the mean FD results for con-

trols in this second approach were 2.28 with a standard deviation
of 0.05. The statistical significance between the results in median
filtering case was  p = 0.013. On the other hand, p-value was  found

) A sample chart for a regression line. b) Artificially generated Menger cube of size
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Fig. 5. Box-plot diagram of FD value results for patients and controls after a prior
application of median and bilateral filtering. FD value differences of a) cerebellar
W
c

t
b

a
0
c
p
w
r
c
F

the decreased FD values in GM of brain and cerebellum have been
M,  b) cerebellar GM and c) CSF around the cerebellum between patients and
ontrols categorized by median and bilateral filtering methods.

o be 0.0003 in bilateral filter case. This condition is illustrated in
ox-plot diagram displayed in Fig. 5a.

The results of cerebellar GM FD value estimation for patients,
fter prior noise elimination by median filtering, were 2.46 and
.05 as mean and standard deviation values, respectively. The
orresponding results for controls after the same noise filtering
rocess were 2.49 and 0.04. The difference between these results
ere not found to be statistically significant (p = 0.051). Different
esults were found when the prior noise elimination methods were
hanged. When a bilateral filter was applied for removing noise,
D estimation procedure yielded the numbers: 2.45 and 0.05 for
ing and Control 31 (2017) 63–70

patients and additionally 2.50 and 0.04 for controls. Unlike the sta-
tistical results of median filtering case, the statistical difference
between FD complexity values in the bilateral filtering case were
strongly significant (p = 0.007). Box-plot diagram in Fig. 5b dis-
plays these results categorized by median and bilateral filtering
approaches.

CSF FD value results for both groups are displayed in Fig. 5c. The
mean and the standard deviation values of CSF FD for patients were
found to be 2.23 and 0.08. Besides, 2.34 and 0.07 were the results of
CSF FD estimation for controls. These values were calculated from
segmented images after a prior median filtering was performed for
denoising. Statistical analysis showed that there was a significant
difference between the results of patients and controls (p = 0.0004).
Additionally, FD values were also calculated from CSF images which
had been segmented from MR  image slices filtered by bilateral filter
previously. These values include 2.23 and 0.11 for patients and 2.35
and 0.08 for controls. In this case, the statistical difference between
patients and controls was also significant (p = 0.001).

4. Discussion and conclusion

This paper investigates the effects of two noise elimination
techniques (median filtering and bilateral filtering) on complex-
ity analyses of sub-cerebellar tissues in CM-I patients and controls
to understand the importance of preprocessing in MRI  data anal-
ysis. Complexity analyses on WM,  GM and CSF spaces around the
cerebellum were performed using FD values, which were estimated
by employing a 3D box-counting method, to assess morphological
complexities in these sub-regions. To our knowledge, this is the
first study investigating preprocessing effects in MRI-based cere-
bellar complexities in CM-I patients. FD analysis is an appropriate
method for evaluating morphological features in objects, since FD
is an indicator for morphological complexity. It has been suggested
that an increase in FD values may  imply a more complex structure,
conversely, lower FD values may indicate a deterioration in object
structure [35].

Diagnosis of CM-I can be performed using sagittal MR  images
of brain [21]. The main criterion is the length of cerebellar ton-
sils under the foramen magnum. If the descent of the tonsils is
5 mm or more, the patient is diagnosed as CM-I [4]. However, there
are contradictory conditions in which, some patients having a ton-
sillar descent of far more than 5 mm in length, do not show any
symptoms while some others [20], which own tonsillar descent
of size less than 5 mm,  may  have severe symptoms of the disease
[6]. Therefore, using the size of cerebellar tonsils’ herniation as the
primary criterion may  not be enough for a successful diagnosis of
this anomaly [19,23]. Investigating the morphological properties of
different regions in MRI  data may  contribute the identification pro-
cess of this disorder. It was reported that FD analysis is a suitable
approach for structural complexity in objects [63]. It was further
suggested that FD provides a single numerical value for the evalua-
tion of brain cortex morphology and variations in the FD value may
be an indication of cortex abnormalities [38]. Therefore, this study
employed FD analysis on cerebellar tissues to support the diagnosis
process of CM-I in patients.

First of all, results of our study showed that FD values for cere-
bellar GM values in CM-I patients have been found to be lower
than those in healthy controls. Similarly in a previous study, Wu
et al. [36] reported that GM tissue in patients with multiple sys-
tem atrophy of the cerebellar type exhibited significantly lower FD
values representing lower morphological complexity. Moreover,
reported to be related to degeneration or damage in this tissue [36].
Therefore, reduced FD values indicate that patients’ GM tissues are
structurally more irregular. It must be taken into account that this
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ifference between patients and controls was found to be nearly
ignificant when a prior median filter was applied to MRI  data
p = 0.051). However, it was found to be highly significant when
he bilateral filter was used for preprocessing (p = 0.007). Second,
e found that patients had significantly lower FD values than con-

rol subjects in cerebellar WM when both median filter (p = 0.013)
nd bilateral filter (p = 0.0003) were applied to MRI  images for noise
limination. In other words, the observed difference in FD values of
erebellar WM between two groups became more significant after

 bilateral filter application instead of a median filtering in MRI
nalysis. Therefore, the observed differences between two groups
n terms of FD values may  change depending on pre-applied noise
ltering technique. This is in line with the findings of past studies
43,44,64–72] stating that noise removal in MRI  data is an essential
ask for image analysis. It has been reported that the noise in med-
cal images may  restrict the visual investigation for clinicians and

ay  cause obtaining unreliable results from image processing tasks
uch as segmentation [43]. Specifically, segmentation of brain MRI
mages is a challenging task because of the low contrast in differen-
iating certain brain regions. It is difficult to find out the boundaries
etween different regions because of very small intensity variation
etween pixels. For this reason, to improve the segmentation accu-
acy, removing noise from images is reported to be very crucial
44]. However, in most of the segmentation or other MRI  image
nalysis studies, median filters have been used for preprocessing
44,64–67]. Additionally, some of the other studies compared the
erformance of some linear, nonlinear or transform domain filters

n MRI  data [43,68–72]. Nevertheless, a comprehensive study that
nvestigates the effects of noise filtering on the complexity analysis
s missing.

FD value represents the extent that an object fills space. Differ-
nt from the standard Euclidian geometry which classifies smooth
eometrical shapes with integer dimension values, the fractal
eometry classifies complex structures with non-integer dimen-
ion values [63]. Accurate representation of an object is crucial in
orrect estimation of FD values. We  believe that the prior applica-
ion of an edge preserving noise filtering approach such as bilateral
ltering contributes to correctness of the segmentation process of
n interested region, therefore FD calculations after the segmenta-
ion may  produce more reliable results.

In previous studies, additional algorithms were proposed as
dge preserving noise removal approaches including non-local
eans, anisotropic diffusion, wavelet thresholding [73] and total

ariation filtering [74]. Using these techniques may  affect the
esults of following FD calculations as they may  change the seg-
entation outcome. Several techniques were proposed to calculate

he FD values of objects such as methods to calculate Hausdorff,
inkowsky, box counting and mass-radius dimensions. Box count-

ng method, which was employed in the present study, is suitable
or estimating the FD of biological structures in 2D and 3D. Other

entioned approaches are useful in neuroscience applications [63].
sing different FD calculation methods may  be another factor to
ffect the results of this study.

In the present study, resampling of images into 1 mm3 voxel size
ere achieved using linear interpolation. Various approaches such

s nearest neighbor, quadratic, B-Spline, cubic, Lagrange and Gaus-
ian interpolation [75] were proposed in the literature to resample
he images. Using different interpolation methods may  implic-
tly change the FD results since the quality of resampled images
epends on the applied interpolation technique. Another factor that
ay  affect the results of this study is the segmentation method that

an be used to obtain cerebellar tissues such as WM and GM.  This

tudy employed SPM based functions for the automatic segmenta-
ion of these tissues.

Although FD is performed in some studies with non-medical
mage analysis, it has been reported that there is no information

[

[

ing and Control 31 (2017) 63–70 69

about the noise effects on estimation of FD values [76]. Our results
confirm that bilateral filtering approach successfully eliminates the
noise considering Rician characteristics and preserves important
image feature such as edges than the median filtering approach.
One possible explanation to this result is the effects of median
operation itself. In some previous studies, median filters have been
reported to have some drawbacks, such as erasing fine details and
rounding the corners [66,77]. Therefore, the observed low differ-
ences in FD values between patients and controls when the median
filter was applied may  be related to these known unwanted char-
acteristics of median filtering.

To conclude, this study compared the performances of two  pop-
ular nonlinear filter for noise elimination, median filtering and
bilateral filtering, using FD analyses of cerebellar tissues such as
WM,  GM and CSF regions around the cerebellum. Our results
showed that FD analyses with bilateral filter approach was more
successful in discriminating the CM-I patients and controls than
median filtering. These results further suggest that preprocessing of
digital images is essential for post-processing tasks such as segmen-
tation and morphological analysis. Nevertheless, future works are
also needed to confirm the results of this study. This study should be
performed on groups having large population numbers. In addition,
It may  be better to compare the results of this study with the perfor-
mance of other denoising approaches such as anisotropic diffusion,
non-local means and total variation in the future studies. Moreover,
to highlight the importance of preprocessing on the FD values, the
study can be extended with the results when no preprocessing step
is applied before the segmentation operations.
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