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Abstract Chiari malformation type I (CM-I), described by a
descent of the cerebellar tonsils, is assumed to be a neurolog-
ical developmental disorder. The aim of the present study was
to investigate morphological variance in cerebellar sub-struc-
tures, including gray matter (GM), white matter (WM), and
cerebrospinal fluid (CSF), using magnetic resonance (MR)
images with three-dimensional (3D) fractal dimension (FD)
analysis in patients with CM-1. MRI data of 16 patients and
15 control subjects were obtained, and structural complexity
analyses were performed using a box-counting FD algorithm.
Results showed that patients with CM-I had significantly re-
duced FD values for WM and CSF in comparison with con-
trols, and statistically significant differences in cerebellar GM
and CSF volumes between patients and controls were found.
Moreover, a significant difference was not found between the
WM volumes. This may suggest that there are changes in
structural complexity in WM even when its volume is unaf-
fected. We conclude that the findings of this preliminary study
indicate the possibility of using FD analysis to understand the
pathophysiology of CM-I in patients.
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1 Introduction

Chiari malformation type I (CM-I) is an important structural
neurological disorder that is characterized by a descent of the
cerebellar tonsils, which are rounded lobule-like structures
that are present under each hemisphere of the cerebellum, into
the cervical spinal canal through the foramen magnum, a large
hole in the base of the skull [1]. This serious pathological
condition was first described by Professor Hans Chiari in
1891 [2]. According to a radiological point of view, it is spec-
ified as tonsillar descent of at least 5 mm below the foramen
magnum [3]. In this condition, other hindbrain regions, such
as the fourth ventricle and the brainstem, keep their normal
positions; however, they may be slightly deformed or reduced
in size. Syringomyelia, which can be defined as the abnormal
dilatation of spinal canal creating a small cavity that can be
involved in the collection of cerebrospinal fluid (CSF), is an
associated condition and may be observed in most Chiari pa-
tients [4].

Various conditions may trigger the formation of Chiari syn-
drome. Originally, it was considered to be caused by long-
lasting hydrocephalus, a condition characterized by abnormal
accumulation of CSF in the brain [5]. Currently, it is thought
that several groups of conditions and disorders may lead to
CM-1. One cause for CM-I may be changes in the equilibrium
of intracranial pressure due to altered CSF circulation dynam-
ics [1]. Another cause may be incomplete development of
occipital bones and small posterior fossa dimensions, leading
to an overcrowding of cerebellum [6—11]. Nevertheless, the
natural history and the actual pathogenesis of this disorder are
still uncertain [12, 13].

Several symptoms with various degrees of severity can be
observed in patients with Chiari. Severe headaches in the back
of the head, which can be triggered by Valsalva maneuvers
such as coughing, sneezing, and laughing, are the most

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11517-017-1661-7&domain=pdf

2170

Med Biol Eng Comput (2017) 55:2169-2182

frequent symptom of the disorder. Pain in the neck and shoul-
ders is another common condition [14, 15]. Moreover, patients
may have a group of secondary symptoms, including dysar-
thria, a motor speech disorder that disrupts speech quality
[16]; sleep apnea [17, 18]; airway abnormalities, such as vocal
cord impairment and aspiration [19, 20]; nystagmus, a neuro-
logic condition that involves repetitive, rapid involuntary eye
movements that lead to limited vision [21]; and balance and
gait problems [22]. On the other hand, patients with CM-I may
be asymptomatic [23], complicating the determination of the
exact prevalence of the disorder, which is estimated at 0.1—
0.5% [24]. An important characteristic related to this disorder
is that a wide variety of its symptoms may cause misdiagnoses
with other neurological diseases, such as fibromyalgia, multi-
ple sclerosis (MS), and migraine [12]. One reason for such
situations may be a lack of diagnostic tests that associate the
symptoms of CM-I with its anatomical condition [16].

The most appropriate modality for the diagnosis of CM-I is
magnetic resonance imaging (MRI) because midline sagittal
MR images provide a proper viewpoint for monitoring tonsil-
lar herniation [25]. Other additional diagnostic methods that
are used for the identification of Chiari include computed
tomography (CT) and neurological tests [26]. Furthermore,
phase-contrast (PC) cine MRI, which can be used for the eval-
uation of CSF flow characteristics, is another type of exami-
nation that can be employed for diagnostic purposes [12, 27,
28]. Moreover, planning a successful treatment methodology
that is dependent on the correct diagnosis of Chiari is another
important consideration for this anomaly. The only therapeutic
method available is a surgical operation called posterior fossa
decompression (PFD) [29]. However, different surgical
methods may be preferred because there has been strong con-
troversy about the pathophysiology of this disorder [16].
There are neurosurgeons who consider CSF flow blockage
to be the main reason for Chiari symptoms and try to restore
CSF flow as a primary goal [30, 31]. Conversely, other sur-
geons consider the small size of the posterior cranial fossa
(PCF) to be the major source of Chiari symptomatology and
strive to enlarge the PCF.

The majority of previous studies that have investigated the
neurological features of CM-I involved morphological assess-
ment of hindbrain structures, including the cerebellum,
brainstem, and fourth ventricle [6, 8-10, 32, 33]. In general,
the morphological properties of PCF have been evaluated in
sagittal MRI slices, and several linear, volumetric analyses
have been performed. A typical morphological measurement
that is taken is the length of the cerebellar tonsils, which can be
calculated by measuring the distance between the tips of the
tonsils and a line drawn from the basion to the opisthion, the
midpoints on the anterior and posterior borders of the foramen
magnum, respectively. Another common measurement is the
length of the supraocciput, which is the distance between the
opisthion and the center of the internal occipital protuberance
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[6]. Other measurements include the length of the clivus, the
distance between the basion, and the top of the dorsum sellae,
a region of bone in the middle of the skull towards the front,
and the slope of the cerebellar tentorium, a part of the brain
layer that separates the occipital brain lobes and the cerebel-
lum [6]. In addition to linear evaluations, total volumes of the
brain, PCF and CSF spaces have also been calculated for
volumetric assessment of the Chiari anomaly [6, 810, 32,
33]. On the other hand, some additional studies have made
efforts to investigate CSF flow characteristics for the purpose
of determining the relation between CSF flow patterns and the
severity of CM-I symptoms [30, 31, 34].

Fractal dimension (FD) analysis is a widely used method in
neuroscience for the quantitative measurement of morpholog-
ical complexity [35-50]. This method produces a single nu-
merical index by processing the details of structural patterns in
complex objects [35-37]. It has been suggested that FD anal-
ysis may be employed to evaluate the morphology of brain
cortices in patients with neurological disorders [38].
Furthermore, it has been proposed that functional and struc-
tural variations in neural system complexity during brain de-
velopment or degeneration processes may be quantified by
FD analysis [36, 39-41]. Additionally, this technique has been
implemented in many studies related to image analysis of
neurological disorders, including MS [36, 42], obsessive-
compulsive disorder [35], medulloblastoma [38], schizophre-
nia [43, 44], tumor detection [45, 46], age-related micro-struc-
tural white matter (WM) changes [47], epilepsy [48], multiple
system atrophy [37] Alzheimer’s disease [49], stroke [50], and
aging [51]. These previous studies [36—40, 42, 43] have also
demonstrated that fractal approaches are suitable for
performing morphological analyses of cerebral or cerebellar
sub-structures involving white matter (WM), gray matter
(GM), and WM tracts.

Although the majority of attention has been paid to mor-
phological analyses of MR images in CM-I patients, there
exists limited knowledge about the pathophysiology of the
disorder and its underlying mechanisms related to cerebellar
tissues. According to our hypothesis, the physical conditions
that characterize the CM-I anomaly, such as tonsillar descent
and overcrowding of cerebellum, may result in variations in
the morphological complexities of cerebellar sub-structures
such as GM, WM, and CSF. Since an FD value is a suitable
numerical descriptor for morphological complexity of brain
tissues and has been widely investigated in different neurolog-
ical disorders, this methodology has been chosen to assess
cerebellar complexity in patients with CM-1. Therefore in
our recent study [52], we have performed a two-dimensional
(2D) FD analysis to identify the morphological variations in
cerebellum using a single midline sagittal brain MRI slice.
Because, a three-dimensional (3D) calculation of FD gives a
more accurate and comprehensive information about the com-
plexity of these structures, in the present research, by
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extending our previous study [52], a 3D volumetric FD anal-
ysis was carried out for morphological investigation of WM,
GM and surrounding CSF spaces around cerebellum. To the
best knowledge of the authors, this is the first study to apply
3D FD analysis to inspect the structural complexity of cere-
bella in patients with CM-I. The primary goal of this study
was to examine morphological characteristics of cerebellar
sub-tissues in Chiari patients. Secondly, this study aimed to
compute correlations between the complexity values of cere-
bellar WM, GM, and CSF and the volumes of these tissues for
both patients and controls. A further purpose of the present
study was to compute correlations between FD values and
herniation sizes of cerebellar tonsils in patients. Overall, we
believe that the present study may contribute to the redefini-
tion of the anomaly and to assist in the diagnosis, treatment,
and management of patients.

2 Materials and methods
2.1 Patients and MR acquisition

MR images were obtained from databases of the radiology
departments of two hospitals: Mehmet Akif Ersoy Cardio-
Thoracic Surgery Training and Research Hospital and
Medicana International Hospital, Istanbul. Brain images of
16 healthy subjects (5 males and 11 females, 1650 years
age range) and 15 CM-I patients (5 males and 10 females,
16-55 years age range) were selected from already existing
MRI records at the mentioned hospitals, which were taken in
the period between 2013 and 2015. Therefore, the present
study was conducted retrospectively. The experimental proce-
dures of this study were approved by the Ethical Committee of
Fatih University.

High-resolution three-dimensional human brain images were
recorded by a Siemens Symphony Magnetom Aera 1.5 T MR
scanner (Erlangen, Germany). The image parameters included
the following: 24 contiguous 5 mm sagittal slices; flip angle
90°, TE (echo time) 9.8 ms, TR (repetition time) 511 ms, field
of view (FOV) 25 cm, matrix size 512 x 512, and in-plane spatial
resolution of 0.5 mm x 0.5 mm.

2.2 Image processing

In the present study, image processing tasks were implement-
ed for achieving three different outcomes, including measure-
ment of cerebellar tonsil lengths, computation of 3D FD
values and quantification of cerebellar WM, GM and CSF
volumes. These tasks are listed in the flowchart that is illus-
trated in Fig. 1. To compute the FD values, first segmentation
of brain tissues are required. A 3D mask image of cerebellum,
which is obtained by means of a manual segmentation step, is
further needed to extract the mentioned cerebellar tissues from

Measurement Reslicing and Manual extraction of
of cerebellar Filtering cerebellum
tonsil length T
| Segmentation | | Reslicing& Filtering |
|
Brain WM, GM Creating binary
and CSF images mask images

.l / Masking
hd |

[ Cerebellar WM ] [ Cerebellar GM ] [ Cerebellar CSF ]

I
Calculation of volume and FD

Fig. 1 Steps of image processing

the whole image of segmented tissues. These steps are ex-
plained in the subsequent sections in detail. All image process-
ing operations were carried out using MATLAB and a graph-
ical user interface (GUI) application based on a MATLAB
GUI development environment that was built for the facilita-
tion of image operations.

2.2.1 Measuring the length of cerebellar tonsils

The cerebellar tonsils are rounded structures that are located
under the bottom parts of each cerebellar hemisphere. In this
study, the extent of tonsillar herniation in each Chiari patient
was measured using midline sagittal MRI slices. First, a line is
drawn between the midpoints of the anterior and the posterior
margins of the foramen magnum, which are defined as the
basion and the opisthion, respectively. Following this, a sec-
ond line is drawn from the tip of a cerebellar tonsil to the
previously drawn line. The size of this second line gives the
length of tonsillar herniation. This procedure is demonstrated
in Fig. 2a. In addition, a midline sagittal image of a normal
subject is shown in Fig. 2b for a visual comparison of cere-
bellar tonsil positions between an affected patient and a nor-
mal subject.

2.2.2 Creating mask image of cerebellum

The segmentation of cerebellum into constituent tissue clas-
ses, including WM, GM, and CSF, was implemented in sev-
eral stages as shown in Fig. 1. First, a mask image was needed
to extract the mentioned tissues located at cerebellar region
from the entire segmented images of brain. Therefore, MRI
slices that contained the cerebellum were chosen, and the cor-
responding cerebellar region was separated manually from the
main image by specifying its borders as shown in Fig. 3b—d.
This operation was carried out under the control of an experi-
enced radiologist. The other slices that did not include the
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Fig. 2 Measurement of cerebellar tonsil descent. a Descent of the
cerebellar tonsils is measured by calculating the length between the tip
of a tonsil and a line drawn between the basion (B) and the opisthion. b
Position of cerebellar tonsils in a normal subject

cerebellum were accepted as background images that were set
to zero intensity values only. Following this, output slices
containing the regions of interest were resliced into a voxel
size of 1 x 1 x 1 mm® using linear interpolation. Next, each
slice was filtered by 2D median filtering with a 3 x 3 default
kernel to improve the signal-to-noise ratio. Finally, applying a
simple thresholding operation to each slice yielded 3D binary
mask image. This operation involved assigning the value one
to each pixel, which holds a value greater than zero.

2.2.3 Segmenting cerebellar tissues

This study employed functions of the SPM12 package, which
is based on a MATLAB 8.2 environment, to segment the WM,
GM, and CSF tissues of the brain. SPM [53] (Statistical
Parametric Mapping) is a software package that was devel-
oped by the Wellcome Department of Imaging Neuroscience

Fig. 3 Manual extraction of
cerebellum. a Montage image of
sequential T1-weighted sagittal
MRI slices. b A slice selected to
perform manual border selection
to separate the cerebellar region of
an entire brain image is depicted
in (c). d The extracted cerebellar
region
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at University College London, UK, for the analysis of struc-
tural and functional brain imaging data series. The segmenta-
tion procedure provided by SPM is based on a unified seg-
mentation model that carries out tasks such as tissue segmen-
tation, normalization, spatial registration and bias correction
all in the same model [54]. In this approach, tissue classifica-
tion is modeled using a mixture of Gaussians, which defines
the probability density of image intensities as a number of
Gaussian distributions. The prior information regarding the
tissue classes is derived from tissue probability maps that are
produced from a set of correctly segmented images, and the
posterior probability of these classes is obtained using the
Bayesian rule.

Before the segmentation procedure was started, MRI slices
in DICOM format were converted into NIfTI [55] images,
which is a versatile and compact format for the facilitation
of brain image analysis. In the present study, default SPM
atlases, which are modified versions of the ICBM Tissue
Probabilistic Atlases that are available in [56], were used for
all segmentation tasks. Other parameters related to segmenta-
tion were kept as defaults, including 2 Gaussians for WM,
GM, and CSF tissues and 4 Gaussians for non-brain tissues,
such as bone, soft tissues and background. Additionally,
values of 1 and 25 mm were used for warping regularization
and warp frequency cut-off, respectively. These parameters
are related to deformation to be modeled and the smoothness
of this warping operation applied on tissue atlases. A value of
0.0001 was used as the prior probability for any particular
pattern of non-uniformity for a very light bias regularization.
Moreover, a 60 mm cutoff value was set for the bias full width
at half maximum (FWHM), and a value of 3 mm was used as
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Fig. 4 Segmentation of GM,
WM, and CSF regions from MRI.
a—c Segmented GM, WM, and
CSF regions for total brain and
cerebellum. d—f Segmented GM,
WM, and CSF regions for
cerebellum after applying a mask
that was created using the
extracted cerebellum image in
Fig. 3d to the regions in (a—c)

the sampling distance. Default SPM values were kept in set-
ting these parameters. As a result of the segmentation proce-
dure, three NIfTI files were generated for brain WM, GM, and
CSEF tissues (Fig. 4a—c). Finally, the previously generated cer-
ebellum mask file was used to produce volumetric images that
contained only cerebellar WM, GM, and CSF (Fig. 4d—f). The
volume of each tissue was estimated by a volumetric sum of
the total number of voxels in the corresponding images.

2.3 3D fractal dimension computation

In the present study, a box-counting method was employed to
calculate the FD values of segmented cerebellar GM, WM and
CSF. This approach has been employed in many studies be-
cause of its robustness, easy implementation and applicability
to objects without self-similarity, such as brain structures,
which are self-similar only in specific scales [57]. The 3D
box-counting method that was used in this study was an ex-
tension of a 2D approach and was developed in a MATLAB
environment as custom software.

Implementation of the 3D box-counting method involves
covering a corresponding volumetric image with a 3D grid
and counting how many boxes hold at least one non-zero-
valued pixel. This process is performed iteratively for different
box size values. Figure 5a—b displays mesh objects embracing
cerebellum GM and WM in 2D and 3D environments, respec-
tively. This study was initiated using a box size of two pixels,
and in each iteration, the box size value was incremented.
When the box size value reached one third of the smallest
dimension of the image, the iteration for counting non-
empty boxes was terminated. Following this, the FD value
could be estimated using the following formula [58]:

In(N,) = FDIn(r"") + In(K) (1)

where 7 denotes the box size in pixels N, is the number of
boxes that contain at least one pixel value greater than zero,

FD, as the box counting dimension, denotes the complexity of
the corresponding image, and K is a constant.

Because the fractals in the images of interest in the present
study are not pure fractals, the selection of an appropriate box-
size range is important [57]. When the size of the boxes that
cover a corresponding image is too small or too large, the
complexity value of that image cannot be determined properly
[59]. To estimate an FD value accurately, the linear portion of
the function in (1) is required. Therefore, linear regression
analyses were performed on the whole data set. In these anal-
yses, the slopes of data segments of different sizes were eval-
uated, and the slope of the segment that produced the highest
correlation coefficient was accepted as the FD value of the
corresponding image. To check the validity of our algorithm,
a Menger cube (243 x 243 x 243 in size) that was generated in
MATLAB was used (Fig. 6a). According to the slope analysis
that is shown in Fig. 6b, the result of the FD calculation pro-
gram for the generated Menger cube is 2.7289, which is a
proximate value to the theoretical FD value of 2.726833
(log20/log3). Figure 10a—c displays the similar analysis for a

Fig. 5 3D FD calculation operation based on a box-counting method
using segmented MRI data. Segmented images were covered by a 3D
grid of boxes of size r, and the number of boxes (V) having at least one
non-zero pixel was counted in (a). Cerebellar GM image covered by a 2D
grid of boxes (r = 5). b Cerebellar WM image covered by a 3D grid of
boxes (r = 20)
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Fig. 6 Slope analysis for determining the appropriate range of box-size
for the FD estimation of a Menger-Sponge cube. a Menger-Sponge cube
generated in four iterations. b Logarithmic plot of box-size (r) and num-
ber of boxes (V). The x-axis shows the natural logarithm of the inverse of

patient data. The green line in this figure represents the seg-
ment of data points that are the most significantly correlated
and its slope provides the FD value of the corresponding
image.

2.4 Statistical analysis

The differences in cerebellar WM, GM, and CSF FD values
and volumes between patients with Chiari and healthy control
subjects were evaluated using independent samples t-tests.
The normality of the data indicating that no significant differ-
ences were found in the cerebellar features between patients
and controls was checked using a Kolmogorov-Smirnov test.
The correlation of cerebellar FD values with cerebellar vol-
umes and cerebellar tonsil length was evaluated using bivari-
ate correlation based on Pearson’s method for both patient and
control groups. The significance level for all results was ac-
cepted as p < 0.05. All statistical analyses were performed
using SPSS version 20.0 (SPSS Inc., Chicago, Illinois).

3 Results

In this study, volumes and FD values of cerebellar WM, GM,
and CSF were calculated and evaluated together with lengths
of cerebellar tonsils (Fig. 7). These structures for the whole
brain are presented in Fig. 8. The corresponding results are
listed in Table 1. The mean and standard deviation values for
cerebellar WM volumes of patients were found to be lower
than those of controls. The difference between patients and
healthy controls in terms of cerebellar WM volumes is statis-
tically insignificant (p = 0.121). Figure 9b shows these values
for both patients and controls. On the other hand, a statistically
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value. The most significant correlation was found in the regression line
that was drawn between 10 and 23 pixel points

significant difference (» = 0.038) was observed between cer-
ebellar GM volumes in patients and controls (Fig. 9d).
Similarly another significant difference (p = 0.001) was found
in cerebellar CSF volumes between patients and controls. The
corresponding values are displayed in the box-plot presented
in Fig. 9f.

Box-plot diagrams in Fig.9a—c—e show FD value relation-
ships between patients and controls. The difference in the
mean values between patients and controls is statistically sig-
nificant (p = 0.015). Similar to the results from WM, higher
FD values were found in cerebellar GM in controls compared
to patients. However, a statistically significant difference was
not found between the two groups (p = 0.055). In CSF, a
significant difference (p < 0.001) was found between the FD
values of patients and controls.

Figure 10a—c displays the correlation between the volumes
of cerebellar WM, GM, and CSF and the related FD values. A
significant correlation (R = 0.486, p = 0.006) between WM
volume and WM FD value is shown in Fig. 10a. In addition, a
significant correlation (R = 0.498, p = 0.004) was also ob-
served between cerebellar GM FD value and volume
(Fig. 10b). The correlation coefficient between cerebellar
CSF volume and FD value is 0.664. This means that a highly
significant correlation exists between the volumes and FD
values of cerebellar CSF (p < 0.001).

In this study, the length of cerebellar tonsil descent was also
measured in the patients. The mean length of tonsillar descent
is 13 £ 5.71 mm (Table 1). The correlations between the FD
values of cerebellar structures and the lengths of tonsillar de-
scent are demonstrated in Fig. 11a—c for the patients.
Additionally, these plots show that tonsillar descent in the
patients ranges from 6 to 23 mm. Figure 11a displays the
correlation between the length of the cerebellar tonsils and
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Fig. 7 Slope analysis for a patient data. The green line, the slope of
which gives the FD value, represents the most significant correlation
between data points for segmented a GM, b WM, and ¢ CSF images

the FD value of cerebellar WM. The correlation coefficient
(R = 0.04) and statistical significance (p = 0.889) implies that
the FD value of WM has a weak correlation with the descent

of cerebellar tonsils. Similarly, there is also a weak correlation
between the FD value of CSF and tonsillar descent (Fig. 11c;

= —0.167, p = 0.552). However, Fig. 11b shows a strong
correlation between the cerebellar GM FD value and tonsillar
descent (R = —0.536, p = 0.039).

4 Discussion

In this study, a 3D volumetric FD analysis was carried out for
morphological evaluation of constituent structures of cerebel-
lum, including WM, GM, and surrounding CSF spaces. It was
noted that the FD analysis method is useful for describing and
categorizing morphological complexity in objects [60]. In
light of this information, it can be stated that FD analysis
may yield a more suitable description for detecting abnormal-
ities in brain regions of interest. Therefore, our approach has
additional benefits over previous work because it provides a
numeric descriptor related to structural irregularities of interior
regions of cerebellum.

A major result of this study was that reduced FD values for
cerebellar tissues, including WM, GM, and CSF around the
cerebellum, were found in patients with Chiari. It has been
stated that FD is a numerical indicator of morphological com-
plexity and that an increase in FD value may imply a more
complex structure, while a lower FD value may be an indica-
tor of a less complex structure [36]. Therefore, in line with this
information, the findings in the present study suggest that the
conditions of CM-I may disrupt the regularity of cerebellar
WM and GM structures as well as of the CSF spaces that
surround the cerebellum. From another perspective, the results
are interesting in that they may be descriptive in discovering
the effects of the physical conditions of Chiari disorders on the
mentioned structures.

In this study, lower FD values of cerebellar GM tissue
were found in patients with Chiari compared to the corre-
sponding FD values in healthy controls. Nevertheless, this
difference is not statistically significant. In some of the
previous FD studies [37, 42, 43] that investigated the com-
plexity of brain structures, findings of reduced FD values
of GM tissue in brain and cerebellum were reported as
being associated with degeneration and damage in GM
structure. In neurodegenerative disorders such as MS and
MSA, a deterioration of GM structure may be observed
naturally over the course of disease. Nevertheless, a similar
degeneration or volumetric change of GM in CM-I patients
has not been reported to date. In a recent study [61], mi-
crostructural features of brainstem have been investigated
in CM-1 patients; however, GM morphology have not been
mentioned particularly for those patients. Despite this, the
results of the present study would help dissect the incidents
involved in the formation of CM-I. It has been stated that
several causes may underlie CM-I, including
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Fig. 8 Reconstructed 3D brain
images. a GM image. b WM
image. ¢ CSF image

underdevelopment of occipital bone, compression of hind-
brain in small PCF, and incidents related to para-axial me-
soderm [6]. However, the exact events that cause Chiari are
still unclear.

The mean FD value of cerebellar WM tissue in Chiari
patients was found to be significantly lower (p = 0.015) than
the corresponding value in healthy controls. The difference in
FD values of cerebellar WM between patients and controls
was found to be more evident and statistically more significant
in comparison with the variations in cerebellar GM FD. These
lower FD values in WM may suggest that cerebellar WM
tissue in patients with CM-I is more structurally irregular.
No issues have been reported by previous studies related to
WM morphology in CM-1. However, findings of a previous
study [62] that used diffusion tensor imaging (DTI) revealed
microstructural WM abnormalities in the brains of adolescents
with Chiari malformation type two, which is another type of
Chiari anomalies involving different conditions from CM-I
type. Additionally, in a recent DTI study [61] investigating
the microstructural properties of brainstem, it has been stated
that the fractional anisotropy difference between CM-I pa-
tients and controls may be associated with the compressed
WM tracts.

Table 1 Demographicdata of subjects and study results

Patients Controls p value
Gender (M/F) 5/10 5/11 -
Age 39.07 +£12.21 36.75 + 6.04 0.504
WM volume 41.7+£8.01 4577 +£6.13 0.121
GM volume 85.6 +12.06 93.94+9.2 0.038
CSF volume 77.53 £22.29 103.05+17.81 0.001
WMEFD value 2.20+0.08 226 +£0.05 0.015
GMEFD value 2.45+0.05 2.49 +£0.04 0.055
CSF FD value 2.23 +£0.08 2.34+0.07 0.0003
Tonsil length 13+5.71 - -

M/F male/female, WM volume volume of cerebellar white matter (cm®),
GM volume volume of cerebellar gray matter (cm® ), CSF volume volume
of cerebrospinal fluid in posterior cranial region surrounding the cerebel-
lum (cm3 ), WM FD value FD value of cerebellar white matter, WM FD
value FD value of cerebellar gray matter, CSF' FD value FD value of
cerebrospinal fluid surrounding the cerebellum. Tonsil length length of
cerebellar tonsil descent (mm)
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According to the results of this study, the most obvious
statistical distinction between the patient and control groups
(p < 0.001) was found in the mean FD values of CSF spaces
that surround the cerebellum. Similar to the findings in cere-
bellar WM and GM, this result may indicate irregularities and
disruptions in the normal spaces of CSF around the cerebellar
region. CSF issues are of particular importance in Chiari re-
lated research because the effacement of CSF spaces and ob-
struction of the natural flow of CSF are regarded as potential
causes of the disorder and major contributors to Chiari symp-
tomatology. Therefore, the result that these patients have low-
er CSF FD values is anticipated.

Along with FD values, the volumes of cerebellar WM,
GM, and surrounding CSF were also calculated in this study.
The CSF volume results are consistent with previous studies
that found reduced CSF volumes in total cranial volume. A
distinct aspect of the present study is that only the CSF spaces
near the cerebellum and in the fourth ventricle were taken into
account. In comparison with CSF volume values in controls,
the corresponding values in patients were significantly lower
(p=0.001). This finding is also supported by previous studies
stating that CSF spaces are effaced in Chiari syndrome.
Accordingly, a strong positive correlation was found between
CSF volumes and FD values in both patients and controls
(Fig. 10c).

An interesting result of this study is that the mean volume
of cerebellar WM in Chiari patients was not found to be sig-
nificantly different (p = 0.121) from the mean volume of cer-
ebellar WM in controls, while the mean FD values were found
to be significantly different between groups. This suggests that
cerebellar WM tissue size may not be affected by cerebellar
compression because of small PCF. However, an irregularity
in tissue complexity was still detected by FD analysis. On the
other hand, a different condition was discovered for cerebellar
GM. The mean FD value difference for GM between the two
groups was not significant (p = 0.055), while there was a
significant difference in the mean GM volumes (p = 0.038).
This may indicate that the mechanism that results in the path-
ological condition of CM-I is distinct between cerebellar GM
and WM tissues.

The degree of cerebellar tonsil descent below the foramen
magnum was also measured in the present study.
Conventionally, the length of tonsillar descent is used for the
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diagnosis and determination of the severity of the disorder.
Nevertheless, in some cases, patients may be asymptomatic de-
spite having a longer cerebellar tonsil descent, while in other
cases patients may have severe symptoms even though their
tonsillar descent does not match with diagnosis criteria. In the
present study, no correlations were found between length of ton-
sillar descent and FD values of WM and CSF (R = 0.04 and

R =-0.167, respectively); however, a strong negative correlation
was detected between GM FD values and length of tonsillar
descent. These findings support the idea that cerebellar tonsil
length cannot be used as a unique marker of the diagnosis or
severity of CM-I disorder. Additionally, this may also indicate
that WM and GM tissues are differently affected over the course
of the disease.
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2.05

The higher FD values were estimated in this study for three
segmented tissues in patients compared to corresponding
values in controls. However, in our previous study [50] exam-
ining the FDs of the similar cerebellar tissues segmented from
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a single sagittal slice of brain, we found an increase rather than
a decrease in the FDs of these tissues in CM-I patients. The
analysis in the present study covered all the voxels of seg-
mented tissues throughout cerebellum. Therefore, the results
of the present study are important when the overall morphol-
ogy of cerebellum is taken into account. Besides, the differ-
ence in the FD results between the two studies suggests that
the complexity of tissues in several regions of cerebellum may
be differently affected by the physical variations in this
anomaly.

Morphological variations in brain MR images have been
investigated by means of various methods such as voxel-
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based morphometry (VBM) [63, 64], volumetric analysis
[65], and FD analysis [35-52]. VBM method helps identify-
ing differences in the anatomy of brain between different sub-
ject groups using structural MRI. In this technique, statistical
tests are performed at each voxel in the image to compare
brains and to find out and investigate the tissue atrophy.
Although it is easy to use and produce reasonable results, it
was reported that application of VBM may lead to errors
eventually and originally it is a qualitative analysis rather than
a quantitative analysis [37]. On the other hand, volumetric
analysis, which is a region-of-interest (ROI)-based method
to measure the volume of segmented parts of the brain, has
been widely applied for examining morphological alterations
in brain. In CM-I research, volumetric calculations were car-
ried out to measure the total volume of the PCF, CSF and brain
volumes in the PCF [6]. Volumetric analysis may be useful to
exhibit the changes in different study groups. However, since
FD analysis is based on logarithm scale, it is more sensitive to
structural variations and more suitable to characterize the var-
iability and the complexity of the tissues [37].

Employing various FD calculation methods may be anoth-
er factor that affects the results. Box-counting method is the
most popular way of estimating the FD for brain images and
therefore it was used in the present study. A significant differ-
ence was observed in FD values for the WM and CSF, while
fractal properties of GM tissues could not be discriminated
successfully with this method. Alternative methods such as
hands and divider, prism counting, epsilon-blanket, and hy-
brid methods [66, 67] have also been suggested for estimation
of FD. Approaches that compute the multifractal spectrum of
a signal for FD estimation such as wavelet transform based
methods were mentioned in [68]. In such methods, compo-
nents of a signal can be represented as an oscillating box by
means of its wavelet transform, which eliminates the need for
making its grid representation. Wavelet-based methods have
not been implemented in brain image processing studies be-
fore and may be used to see their influence on brain image
morphology analysis.

Successful and accurate implementation of the image pro-
cessing operations such as noise filtering and segmentation
may have considerable effects on the sensitivity and the accu-
racy of the FD analysis. In the present study, 2D median fil-
tering approach was applied on each MRI slice separately as a
preprocessing step. Applying the same method in a 3D man-
ner to the volumetric MR data or employing a different meth-
od may affect the outcome of the study. In our previous study
[69], the effect of using two different filtering approaches,
median filtering and bilateral filtering, on the results of FD
analysis on MRI data of CM-I patients and normal subjects
were investigated. Our findings indicated that while GM find-
ings were not found statistically significant (p = 0.051) after a
median filtering applied as a preprocessing, significant differ-
ence was observed (p = 0.007) in bilateral filtering case.

Additionally, accurate segmentation of the brain tissues may
also affect the sensitivity of the findings of this study. This
study kept default values for SPM parameters in the segmen-
tation of the brain tissues. Trying different values for these
parameters may also change the final results.

Several factors limited an effective evaluation of the find-
ings in the present study. The foremost limitation was the
relatively small number of subjects in each of the groups.
These analyses should be replicated on larger populations to
prove their usefulness and to improve the significance of our
results. Furthermore, a lack of reference in the literature on the
effects of CM-I pathology on WM and GM tissues impeded
our ability to make comparisons and more proper inferences.
In addition, already existing MRI data were used in this study.
For this reason, as the symptoms of the included patients could
not be obtained, we were unable to correlate our results with
them.

In future work, this study may be extended to in-
volve whole brain structure. Additionally, the results
may be evaluated together with the symptoms of pa-
tients to understand the effects of morphological change
on the symptomatology of the Chiari anomaly.
Moreover, further studies must be carried out to inves-
tigate whether complexity variances in the sub-regions
of CM-I patients are related to some set of common
symptoms that are observed in other neurological disor-
ders. Finally, different automated segmentation methods
as alternatives to SPM segmentation approach may be
employed to investigate the accuracy and sensitivity of
different approaches in brain tissue classification of
CM-1 MRI data.

In conclusion, a 3D FD method was carried out to detect
and evaluate morphological differences between CM-I pa-
tients and healthy subjects. We report that 3D nonlinear MRI
analysis indicates significant differences between patients
with Chiari and healthy control subjects. According to the
findings of this study, patients with CM-I have reduced values
of FD in cerebellar WM and GM tissues and in CSF surround-
ing the cerebellum, although the reduction was statistically
significant for WM and CSF only. This may be a useful indi-
cator to distinguish between asymptomatic and symptomatic
CM-I patients.
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