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Abstract: Carotid atherosclerotic lesions are a major cause of cerebrovascular disease (CVD).
Identification and quantification of carotid plaques are important for categorizing the vulnerability
of plaques for rupture and assessing the impact of treatments. The irregularity of plaque surface is
associated with previous plaque rupture and plays an important role in the risk of stroke. Thus, the
aim of this study is to develop and validate novel vulnerability biomarkers from three-dimensional
ultrasound (3DUS) images by analyzing the surface morphological characterization of carotid
plaque using fractal geometry features. 3D box-counting and 3D blanket are the two types of 3D
fractal dimension that were employed to describe the smoothness of plaques. This fractal dimension
analysis tool was used to evaluate the effect of atorvastatin using 3DUS carotid images, which were
acquired from 6 patients treated with atorvastatin with 80 mg daily and 5 patients with placebo.
The Student's T Test results showed that those two fractal features were effective for detecting the
statin-related changes in carotid atherosclerosis with p<0.0068 and p<0.015 respectively, suggesting
that 3D fractal dimension measurements can be used effectively to analyze the surface
characteristics of carotid plaques, especially for evaluating the impact of the treatment.

Keywords: fractal dimension; carotid plaque characterization; three dimensional ultrasound;
an evaluation of the vulnerability of the plaques

1. Introduction

Carotid plaques are a major cause of cerebrovascular disease (CVD) and their rupture is widely
viewed as the leading cause leading to stroke. The statistical reports from the World Health
Organization (WHO) show that an estimated 17.5 million people died from CVDs in 2012,
representing 31% of all global deaths. Of these deaths, an estimated 7.4 million were due to coronary
heart disease and 6.7 million were due to stroke [1]. Thus, identification and quantification of
vulnerable carotid plaques are extremely important for monitoring symptomatic patients at risk of
stroke and assessing the impact of treatments [2]. Imaging-based assessments of atherosclerosis using
as noninvasive measurement tools based on computed tomography (CT), magnetic resonance
imaging (MRI) and ultrasound (US) have been widely accepted for diagnosis and monitoring of
patients at risk of stroke. However, ultrasound is the most preferred modality for identifying
vulnerable plaques due to its non-invasiveness, low cost and effectiveness [3].

Some early studies using B-mode ultrasound images of carotid arteries primarily focused on
statistical measurements [4-6], such as the gray-scale medial (GSM), the mean, the median, the
standard deviation etc. Recently, texture features were extensively used for the characterization of
carotid plaques, which have been shown to have considerable success in identifying symptomatic
and asymptomatic plaques. The most commonly used texture features were included: spatial gray
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level dependence matrices (SGLDM), gray level difference statistics (GLDS), neighborhood gray tone
difference matrix (NGTDM), laws texture energy measures, local binary pattern (LBP), Fourier power
spectrum and fractal-dimension texture analysis [7-9].

Three-dimensional (3DUS) carotid ultrasound imaging improves the visualization and
quantification of carotid plaque as it provides a more accurate, repeatable and effective measurement
tool to analyze plaque composition and morphology, as well as monitor treatment effects on
atherosclerosis [10]. Previously, Landry and Fenster proposed to use the carotid plaque volume
measurements (TPV) from 3DUS as a phenotype of carotid atherosclerosis [11-13]. More recently,
Wannarong and Parraga reported the first result comparing progression of intima-media thickness
(IMT), total plaque area (TPA), and TPV in clinical practice [14]. To overcome the limitations of TPV,
such as image interpretation and measurement differences within and between observers, long
training times for observers and long duration to perform the manual segmentation were required.
Egger and Spence developed a more reproducible 3DUS measurement of carotid atherosclerosis —
vessel wall volume (VWYV), which is a measurement of vessel wall thickness and plaque within the
common carotid artery, the internal and external carotid branches [15]. Chiu and Egger used vessel-
wall-plus-plaque thickness (VWT) and VWT-Change values of the 3D carotid vessel wall to provide
rich information on the spatial distribution of plaque burden, which is important in monitoring
patients and in developing treatment strategies [16, 17]. They also proposed a technique to flatten the
3D VWT and VWT-change maps in an area preserving manner, in order to facilitate the identification
and quantification of a diseased region [18, 19].

Texture analysis of carotid artery atherosclerosis was also used to quantitatively evaluate local
carotid arterial statin effects in 3DUS images, which was observed to be more sensitive in detecting
statin-related changes in carotid atherosclerosis than VWYV [20, 21]. Engelen and Wannarong utilized
the 3D carotid ultrasound plaque texture to predict vascular events in patients at risk [22]. It was
reported that irregularity of plaque significantly increased the risk of stroke [23]. Thus, Chiu and
Beletsky identified the irregularity and ulcerations of carotid plaque surface ulcers from in vivo 3DUS
images based on the mean and Gaussian curvatures [24]. Kuk and Wannarong quantified carotid
total ulcer volume from 3DUS images to investigate the relationship of total ulcer volume to vascular
events [25].

The purpose of our paper is to develop novel vulnerability biomarkers from 3DUS images by
analyzing the surface morphological characterization of carotid plaques, since the irregularity of
plaque surface is associated with previous plaque rupture and plays an important role in the risk of
stroke [26, 27]. Fractal geometry features can be used to identify the characterization of carotid
plaques as a descriptor of volume-based texture and surface morphology of plaques. Asvestas and
Golemati demonstrated that the fractal dimension could be used as a single determinant for the
discrimination of symptomatic and asymptomatic subjects [28]. However, the fractal dimension
feature was just used as a texture feature in [28], which demonstrated the roughness of its intensity
surface from B-mode ultrasound images. In this paper, the fractal dimension applied to 3DUS images
was used as not only a volume texture feature, but also a descriptor of the roughness of carotid plaque
surfaces. Moreover, it is the first to estimate fractal dimension from 3DUS images of carotid plaque
which could be an effective measure to describe the smoothness of carotid plaque surface and assess
the impact of treatments.

2. Materials and Methods
2.1. Subject and image acquisition

2.1.1. Study Subjects

Thirteen 3DUS images of carotid plaque were acquired from eleven subjects with carotid
stenosis over 60%, among which 6 subjects with a mean age + SD of 68 + 8.6 were treated with 80 mg
atorvastatin daily for three months and the remaining 5 patients with a mean age + SD of 70 + 9.4
were supplied with the placebo. All subjects were recruited from The Premature Atherosclerosis
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Clinic and The Stroke Prevention Clinic at University Hospital (London Health Sciences Centre,
London, Canada) and the Stroke Prevention and Atherosclerosis Research Centre in Western
University (Robarts Research Institute, London, Canada).

2.1.2 Image acquisition

For all subjects, at baseline and 3 months later, both the left and right carotid arteries were
scanned, using a Philips/ATL HDI 5000 US transducer with an L12-5 probe (8.5 MHz central
frequency) attached to a motorized linear 3DUS acquisition system moving along the neck at a
uniform speed of 3 mm/s.

The 3D images of carotid arteries were reconstructed from the set of 2D frames during the scan
by 3D Quantify (a multi-planar visualization software) [29]. Figure 1 shows the 3D plaque manually
segmented by an expert using this software.

(b)
Figure 1. Result of segmenting plaque manually from 3D US image of carotid artery. (a) The plaque is manually

segmented from 3DUS images. The red contour shows the lumen intima (the lumen boundary), the yellow contour shows

the adventitia (the wall boundary) and the blue is a plaque. (b) A 3D plaque reconstructed from 3DUS image.

2.2. 3D fractal dimension measures

Fractal geometry was first introduced and developed by Mandelbrot [30] as a useful tool to
describe and quantify the inherent irregularity of objects. The fractal dimension is used to describe
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the self-similarity of fractals, which is a measure to quantify the roughness of surfaces. There are a
variety of algorithms to estimate fractal dimensions, such as box-counting method, variance method,
blanket method, fractional-Brownian motion method, etc. The most popular among them is box-
counting method, which is an upper limit of the Hausdorff-Besicovich dimension [31]. In this paper,
box-counting and blanket methods were improved and applied to 3DUS images, which presents the
roughness of plaque surface and 3D texture from voxel neighborhoods, respectively.

2.2.1. 3D box-counting method

The traditional box-counting method was proposed by Mandelbrot, which works by repeatedly
covering the fractal image with different sized boxes, and then the fractal dimension (FD) is estimated
as the slope of the regression line of box number and box size, which is defined as

FD = limw
r-0log(1/7)
where N(r) denotes the number of boxes with size .

In this paper, we improve the traditional box-counting method and apply it to 3DUS images, to
quantify the roughness and irregularity of plaque surfaces. The 3DUS image is divided into the voxel-
boxes with size I, which are considered as the cubes formed by [ + 1 consecutive pixels in the three
directions of the 3D matrix. Then, the voxels completely contained in the tissue being studied are
classified as BLACK. Voxels completely outside of the tissue being studied are classified as WHITE.
While the voxels are partially contained in the tissue being studied are classified as GREY, i.e. the
tissue surface cuts across the voxel.

The steps of 3D fractal dimension calculation is represented as follows:

1. Construct voxel sizes changing from 1 to maximum voxel size (the size of the cube enclosing
entire 3D image)

2. The numbers of voxels classified as BLACK, WHITE and GRAY are counted respectively.

14 T T T T T

#  unused voxels
12k %  gray and black voxels
regression line

log(N)

FD =2.5024
Box Type = Gray + Black

O 1 1 1 1 1
-6 -5 -4 -3 -2 -1 0
-log(l)

Figure 2. Linear regression results of 3D fractal dimension using box-counting method. Blue dots represent
GRAY and BLACK voxels used in the linear regression and red dots are unused voxels. The slope of the red
line shows the value of 3D fractal dimension of box-counting method.

3. The 3D FD is estimated from the least squares linear fit of log(N(l)) versus log(1/l), where N(/)
can be either the numbers of BLACK, GRAY, and WHITE voxel-boxes alone or combined. An
example of this linear regression is shown in Figure 2.

4.  The final value for 3D fractal dimension corresponds to the slope of linear regression.
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2.2.2. 3D blanket method

The blanket method was first introduced by Shmuel Peleg [32] for multiple resolution texture
analysis and classification, which calculated texture features of intensity surface of 2D images.

To measure the length of a 2D curve, Mandelbrot [30] considered all points with distances to
the coastline of no more than &, which formed a strip of width 2¢, and the suggested length L(g) of
the coast is the area of the strip divided by 2.

The Minkowski dimension is then equal to

log(L,)
log(¢)
where D is the Euclidian dimension of the object, and D is 1 for the curve.

Applied to the intensity surface of 2D images, the surface area is then the volume occupied by
the blanket divided by 2e.

FD = lim[D; — ]
&-0

4
&7 2¢
The covering blanket is defined by its upper surface u, and its lower surface b. Initially, given
the gray level function g(i, j), uo(i,j) = bo(i,j) = g(i,j). For £=1, 2, 3, ..., the blanket surfaces are
defined as follows:

e ) = max fue 4 (i) +1 s O]

) max.
|(mm)~(i,)s=1]

be(if) = minfby @)~ min b y(mm)]
[(mn)—(,)=1]
_ Suy0aif) = beii)

S
€ 2¢

To extend blanket method to 3D voxel images, 3D fractal dimension presents texture feature of
the intensity surfaces of the 3D voxel images. Let g(x,y,z) be a 3D image and u,, b, denote the top
and bottom intensity surfaces respectively:

u.(i,j, k) = max {ug_l(i,j, k)+1 ug_,(m,n, p)}

) max.
[(mn,p)—-(i,j,k)<1|

be(i,j, ) = min{be s (ij, 1) — 1 bes(m )}

, min_
[(mn,p)—(i,j,k)<1]

_ i () k) — be(L,), k)

A
€ 2¢

3D fractal dimension is given by the estimation of the slope (p) of the linear fit of log(4,) against
log(¢e) and with the blanket’s scale range from 1 to €.

log(4,), _ . log(4,) _
log(e) 1=De = 50 log(e)

FD = lim[D; —
&-0
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Figure 3. Synthetic cuboid and sphere for testing the validity and accuracy of the 3D fractal dimension
calculations. The size of the cuboid is 160X 160X 320, and the diameter of the sphere is 160.
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Figure 4. Linear regression results of calculating fractal dimensions using synthetic data. In (a) and (b),
3D box-counting method is applied, which shows the 3D fractal dimensions are 2.9095 and 2.9250 for
cuboid and sphere data, respectively. In (c) and (d), 3D blanket method is used, and the 3D fractal
dimensions are 3 for both cuboid and sphere data.
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3. Results

3.1. Numerical accuracy of the 3D fractal dimension calculations

The 3D fractal dimension of 3D box-counting method and 3D blanket method were estimated
using the synthetic cuboid and sphere data, as shown in Figure 3. In the experiments, the sum of
BLACK and GRAY voxels has been used in all cases. Figure 4 shows the linear regression results of
calculating fractal dimension. The 3D FDs are 2.9095 and 2.9250 for cuboid and sphere, respectively,
using 3D box-counting method, and are 3.000016 and 3.000027 using 3D blanket method. These
indicates that all fractal dimensions are very close to the theoretical values of 3, which verifies the
improved 3D fractal dimension computation methods is correct and valid.

3.2. 3D fractal dimension of clinical data

There were 11patients enrolled in the study and 14 plaques were manually segmented from the
carotid artery 3DUS images by experts. All the 3D plaque images were interpolated by bicubic
interpolation in order to make the number of axial slices matched the size of plaque in 2D US images.
For instance, a plaque which contained 18 axial slices with a matrix of 99*67 pixels was interpolated
to 99%67%67.

Both the 3D box-counting and 3D blanket methods were applied to all subjects, at baseline and
3 months later, to calculate the 3D fractal dimensions, and the Student’s T Test was used to verify
whether those two fractal features were effective for detecting the statin-related changes in carotid
atherosclerosis.

3.2.1. Results of 3D box-counting method

Table 1 shows the 3D fractal dimension value using 3D box-counting method. For regular 3D
objects with smooth surface, such as a sphere, the 3D fractal dimension is very close to the theoretical
values of 3. Thus, the fractal dimensions of 3D box-counting method are less than 3 for irregular 3D
objects, and for greater the surface roughness, the 3D FD will be smaller than 3. The results in Table
1 shows that the fractal dimension of plaque surfaces increases for subjects treated with atorvastatin
during three months and the value decreases for subjects in control group, which demonstrates that
the surface of plaques became more smooth after treatment with atorvastatin. Furthermore, the
Student’s T Test shows that there are statistical significant differences in the changes of 3D FDs
between the two groups with p<0.0068. This suggests that the smoothness of plaque surface,
measured by fractal dimension of 3D box-counting method, can be used effectively to analyze carotid
plaque characterics, especially for evaluating the impact of the treatment using atorvastatin.

Table 1. Fractal dimension values of 3D box-counting method.

Subjects treated with atorvastatin
Subjects 1 2 3 4 5 6
FDs (before) 19060 2.1972 22948 21233 20036 20829 21750  2.2202
FDs (after)  1.9296 23520 23372 22160 20391 21013 22188  2.1920
FDs change -0.0236 -0.1549 -0.0425 -0.0927 -0.0354 -0.0184 -0.0438  0.0282

FDs (before) are fractal dimension calculated before the subjects treated with placebo and atorvastatin.

FDs (after) are calculated after the subjects treated with placebo and atorvastatin.

Subjects treated with placebo
Subjects 1 2 3 4 5
FDs (before) 22469 2.0815 22875 21129 22067  2.1060
FDs (after) 22626  2.0391 21464 2.0279 21020  2.1242
FDs change -0.0157 0.0423  0.1411 0.0850  0.1046  -0.0182
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3.2.2. Results of 3D blanket method

The fractal dimension of 3D blanket method presents volume texture feature of 3D plaque
images. Table 2 shows the results of 3D blanket fractal dimension of 3D plaque ultrasound images
for the patients treated with atorvastatin and placebo respectively. The fractal dimension values of
plaques increased for patients who were treated with atorvastatin during three months. On the
contrary, the values of the control group decreased. Moreover, the results demonstrate that the
volume texture of plaques changed significantly for the patients treated with atorvastatin. And in the
Student’s T Test, p is less than 0.015 for the volume texture changes of the plaque 3DUS images
between the objects treated with atorvastatin and placebo. This result implies that fractal dimension
measure of 3D blanket method is effective for detecting changes in carotid atherosclerosis after

therapy.
Table 2. Fractal dimension values of 3D blanket method
Subjects treated with atorvastatin
Subjects 1 2 3 4 5 6
FDs (before) 3.3412 3.3280 3.2560 3.2164  3.4663 3.3209 3.3143 3.3874
FDs (after) 3.3557  3.3316 3.2975 3.2280 3.5235 3.3279 3.3274  3.4199
FDs change -0.0145 -0.0035 -0.0415 -0.0116 -0.0572 -0.0070 -0.0131 -0.0325

Subjects treated with placebo

Subjects 1 2 3 4 5
FDs (before) 3.2528 3.3589 3.2099 3.4219 3.2823 3.3200
FDs (after) 3.2318 3.3390 3.2070 3.4042 3.3154 3.3008
FDs change 0.0210 0.0198 0.0029 0.0178 -0.0330 0.0192

4. Discussion

In this study, a novel vulnerability biomarker, fractal dimension, was employed to analyze the
morphological characterization of carotid plaque from 3D US images. Since irregularity of plaque
surface plays an important role in the risk of stroke, the box-counting method was improved to
describe the roughness of plaque surface. In addition, the 3D blanket method was used to describe
the volume texture feature of the intensity surface of 3D US images.

Before performing the experiments using clinical data, both 3D box-counting and 3D blanket
methods were applied to the synthetic cuboids and spheres data, and the 3D fractal dimensions of
both method approached the value 3, which verified that the numerical accuracy of fractal dimension
computation is correct. Then, the algorithms were applied to 3D US images of carotid plaques
obtained from two groups of the patients who were treated with atorvastatin and placebo
respectively for 3 months. We compared the changes of 3D fractal dimension between the patients
treated with atorvastatin and placebo for 3 months. For 3D box-counting method, the changes of 3D
fractal dimensions increased significantly (p<0.0068), which implied that the surface of carotid
plaques became smooth after treatment with atorvastatin. On the contrary, the roughness of carotid
plaque surfaces had no obvious change and some even became much rougher for the control group
supplied with placebo. For the 3D blanket method, the changes of fractal dimensions between the
patients at baseline and 3 months later indicated that volume texture feature changes significantly
for treatment with atorvastatin (p<0.015). This result demonstrates that the 3D fractal dimension
measure, using box-counting method and blanket method, can describe the characteristics of carotid
plaque from 3D US images, especially for assessing the impact of treatments with atorvastatin.

In this paper, we first applies the fractal dimension to 3D US images of carotid plaque and
demonstrated that the 3D fractal dimension measure, using box-counting method and blanket
method, could describe the roughness of plaque surfaces and the volume texture of plaques. Thus,
these metrics may be used for monitoring of carotid atherosclerosis therapy using atorvastatin.
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