Computerized Medical Imaging and Graphics 33 (2009) 317-324

journal homepage: www.elsevier.com/locate/compmedimag

Computerized Medical Imaging and Graphics

Contents lists available at ScienceDirect

Ultrasound image texture analysis of the intima and media layers of the
common carotid artery and its correlation with age and gender

C.P. Loizou®*, M. Pantziaris®, M.S. Pattichis <4, E. Kyriacou€, C.S. Pattichis®

a Department of Computer Science, School of Sciences, Intercollege, P.O. Box 51604, CY-3507 Limassol, Cyprus
b Cyprus Institute of Neurology and Genetics, Nicosia, Cyprus

¢ Department of Electrical and Computer Engineering, University of New Mexico, Albuquerque, USA

d Department of Radiology, School of Medicine, University of New Mexico, Albuquerque, USA

¢ Department of Computer Science, Frederic University, Limassol, Cyprus

f Department of Computer Science, University of Cyprus, Nicosia, Cyprus

ARTICLE INFO

Article history:

Received 20 January 2009

Received in revised form 16 February 2009
Accepted 20 February 2009

Keywords:

Stroke

Ultrasound image
Texture analysis
Initma-media layer
Carotid artery
Media layer

Intima layer

1. Introduction

ABSTRACT

The intima-media thickness (IMT) of the common carotid artery (CCA) is widely used as an early indicator
of cardiovascular disease (CVD). It was proposed but not thoroughly investigated that the composition
and texture of the media layer (ML) can be used as an indicator for the risk of stroke. In this study, we
investigate the application of texture analysis of the ML of the CCA and how texture is affected by age and
gender. The study was performed on 100 longitudinal-section ultrasound images acquired from asymp-
tomatic subjects at risk of atherosclerosis. The images were separated into three different age groups,
namely below 50, 50-60, and above 60 years old. Furthermore, the images were separated according to
gender. A total of 61 different texture features were extracted from the intima layer (IL), the ML, and the
intima-media complex (IMC). The ML and the IMC were segmented manually by a neurovascular expert
and also automatically by a snakes segmentation system. We have found that male patients tended to
have larger media layer thickness (MLT) values as compared to the MLT of female patients of the same
age. We have found significant differences among texture features extracted from the IL, ML and IMC from
different age groups. Furthermore, for some texture features, we found that they follow trends that corre-
late with a patient’s age. For example, the gray-scale median GSM of the ML falls linearly with increasing
MLT and with increasing age. Our findings suggest that ultrasound image texture analysis of the media
layer has potential as an assessment biomarker for the risk of stroke.

© 20009 Elsevier Ltd. All rights reserved.

die from cerebrovascular disease, mainly from heart attack and
stroke.

As reported by the World Health Organization cardiovascu-
lar disease (CVD; coronary artery disease, cerebrovascular disease
and peripheral artery disease) is the third leading cause of death
and adult disability in the industrial world after heart attack
and cancer [1]. According to [1], 80 million American adults
have one or more types of CVD of whom about half are esti-
mated to be age 65 or older. Of all the deaths caused by CVD
among adults aged 20 and older, an estimated 13 millions are
attributed to coronary heart disease and to stroke, with atheroscle-
rosis as the underlying cause. A recent study by the World
Health Organization estimates that by 2015, 20 million people will
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Atherosclerosis causes enlargement of the arteries and thicken-
ing of the artery walls. Thus, clinically, the intima-media thickness
(IMT) is used as a validated measure for the assessment of
atherosclerosis [2] (see Fig. 1). It was proposed, but not thoroughly
investigated, that not only the IMT but rather the ML (its thickness
and its textural characteristics) may be used for evaluating the risk
that a subject might develop stroke. The objective of this study is to
investigate the application of texture analysis of IL, and ML of the
common carotid artery (CCA), and how texture is affected by age
and gender. Only three studies [3-5] investigated textural changes
of the IMC, but not for the IL and ML separately (that are briefly
presented below).

As shown in Fig. 1, the intima layer (IL) is a thin layer, the
thickness of which increases with age, from a single cell layer
at birth to 250 wm at the age of 40 for non-diseased individuals
[6]. In ultrasound images, the media layer (ML) is characterized
by an echolucent region, predominantly composed of smooth
muscle cells, enclosed by the intima and adventitia layers (see
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Fig. 1. (a) Illustration of the intima-media complex (IMC) of the far wall of the (b) common carotid artery and the automatic IMC segmentation [9,10,16]. The media layer (ML)
is defined as the layer (band) between the intima-media and the media-adventitia interface (band Z6), (c) extracted IMC, (d) extracted media layer (ML) and (e) extracted

intima layer (IL).

Fig. 1, band Z6) [2,7]. Earlier research [8] showed that the media
layer thickness (MLT) does not change significantly with age
(125 wm<MLT <350 wm). In a recent study by our group, the
median (IQR) of intima layer thickness (ILT), MLT, and IMT were
computed from 100 ultrasound images of 42 female and 58 male
asymptomatic subjects aged between 26 and 95 years old, with a
mean age of 54 years to be as follows 0.43 mm (0.12),0.23 mm (0.18),
and 0.66 mm (0.18) respectively [9,10].

In [3] a method has been presented for quantifying the reflec-
tivity of the ML of the distal CCA. It was shown that the GSM of the
IM layer is the earliest change representing atherosclerotic disease
in the arterial wall that can currently be imaged in vivo. This may
be the first marker of atherosclerosis and may precede the devel-
opment of a significant increase in IMT. This would enable earlier
identification of high-risk individuals based on the analysis of the
CCA artery wall textural characteristics. In [4], the early structural
changes of the CCA in familial hypercholesterolemia were investi-
gated. It was shown that textural characteristics extracted from the
IMC were significantly different between patients with and without
hypercholesterolemia. In [5], the authors reported on the proper-
ties of the GSM of the IMC from a random sample of 1016 subjects
aged exactly 70. They found that the GSM of the IMC of the CCA is
closely related to the echogenecity in overt carotid plaques.

While there are several earlier studies suggesting that the insta-
bility of the carotid atheromatous plaques can be characterized
from B-mode ultrasound images [7,11], we have not found any other
studies reported in the literature where the ML textural character-
istics have been shown to be associated with the risk of stroke.
While in [7] and [11], the echogenecity in atherosclerotic carotid
plaques was evaluated through the gray-scale median (GSM) there
are very few attempts made to characterize the IL, the ML and the
intima-media complex (IMC) with a similar gray scale image inten-
sity analysis. It is evident from the visual inspections of the IMC in
the CCA that a great variation in echogenecity does exist. However,
the usefulness of this information has not yet been studied.

In [11], the morphology of atherosclerotic carotid plaque was
investigated based on the textural characteristic extracted from 230
ultrasound images of carotid plaque, where it was shown that it is
possible to identify a group of patients, symptomatic or asymp-
tomatic, at risk of stroke based on these texture features. It was

further documented in [12], that carotid endarterectomy in asymp-
tomatic individuals with stenosis grater than 70% reduces the risk of
stroke from 2% per year to 1% per year. In another study [ 13] the rela-
tionship of the IMT in the CCA and atherosclerosis was investigated
on 182 symptomatic patients (mean age 67 years). It was shown that
the IMT was correlated to age, male gender, ischemic heart disease,
and presence of plaque or stenosis in any of the carotid bifurca-
tions. In a recent study [14], where the alterations of the CCA with
age in ultrasound images were investigated, it was shown that the
diastolic and systolic lumen diameters are increasing with age. This
reduces wall stress as the elasticity of the wall decreases with age.

We propose to study changes in textural characteristics that can
be associated with disease progression for different age groups.
Here, we note that for fully developed plaques in the CCA, tex-
ture features derived from statistical, model based, and Fourier
based methods, have been used to characterize and classify carotid
atheromatous plaques from B-mode ultrasound images [11].

The objective of our study is to investigate whether textural char-
acteristics extracted from the IL, the ML, and the IMC of the CCA,
segmented manually by an expert and automatically by a snake’s
segmentation system [9,10] can be associated with the increase in
age gender or MLT. Ultimately, texture feature characteristics that
vary with age, gender or MLT might be used to assess the risk of
stroke.

The paper is organized as follows. In Section 2, we provide mate-
rials and methods for the current study. Results are given in Section
3. We provide discussion in Section 4, and give concluding remarks
in Section 5. To the best of our knowledge no other study carried out
IL and ML ultrasound textural measurements for investigating their
relationship with the increase of age, and the risk of stroke based
on their textural characteristics. We do note that the best known
(related) results were presented in [12,15], where it was shown that
IMT increases linearly with age.

2. Materials and methods
2.1. Recording of ultrasound images

A total of 100 B-mode longitudinal ultrasound images of the
CCA were recorded using the ATL HDI-3000 ultrasound scanner
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(Advanced Technology Laboratories, Seattle, USA). For the record-
ings, a linear probe (L74) at a recording frequency of 7 MHz was
used. Assuming a sound velocity propagation of 1550 m/s and 1
cycle per pulse, we thus have an effective spatial pulse width
of 0.22 mm with an axial system resolution of 0.11 mm [16]. We
use bicubic spline interpolation to resize all images to a standard
pixel density of 16.66 pixels/mm (with a resulting pixel width of
0.06 mm).

The images were recorded at the Cyprus Institute of Neurology
and genetics, in Nicosia, Cyprus, from 42 female and 58 male asymp-
tomatic patients. Overall, patient’s ages varied between 26 and 95
years old, with a mean age of 54 years. The images were partitioned
into three different age groups. In the first group, we included 27
images from patients who were younger than 50 years old. In the
second group, we had 36 patients who were 50-60 years old. In the
third group, we included 37 patients who were older then 60 years
old.

The subjects were at risk of atherosclerosis but they had not
developed clinical symptoms, such as a stroke or a transient
ischemic attack. Furthermore, the images were normalized as
described in [17].

2.2. Manual measurements

A neurovascular expert manually segmented (using the mouse)
the IL, ML layer [9,10] and the IMC [16] on each image after image
normalization by selecting 20-40 consecutive points for the adven-
titia, media and intima at the far wall. The measurements were
performed between 1 and 2 cm proximal to the bifurcation of the
CCA, on the far wall [2], over a distance of 1.5cm. The bifurca-
tion of the CCA was used as a guide and all measurements were
made with reference to that region. The IMT, MLT and the ILT were
then calculated as the average of all vertical measurements taken
at the interpolated perpendicular distances between these struc-
tures. The measuring points and delineations were saved for further
comparison. All sets of manual segmentation measurements were
performed by the expert in a blinded manner, both with respect to
identifying the subject and as to the image automated segmenta-
tion.

2.3. IL, ML and IMC snake segmentations

All images were automatically segmented to identify the IL, ML
and IMC regions. Automatic segmentation was carried out after
image normalization using the snakes segmentation system pro-
posed and evaluated on ultrasound images of the CCA in [9,10]
and [16]. The segmentation system is based on the Williams and
Shah method [18]. Using the definitions given in Fig. 1, we first
segment the IMC [16] by extracting the I5 (lumen-intima inter-
face)and the I7 boundaries (media-adventitia interface). The upper
side of the ML (see Fig. 1, Z6) was then estimated by deforming
the lumen-intima interface (boundary I5) by 0.36 mm (6 pixels)
downwards and then deformed by the snakes segmentation algo-
rithm proposed in [16] in order to fit to the media boundary. This
displacement of 0.36 mm is based on the observation that the man-
ual mean IMT lies between 0.54 mm (minimum of IMTean) and
0.88 mm (maximum of IMTmpean), with a mean IMT of 0.71 mm
[16]. By taking into consideration that the spatial resolution (dis-
tance between two pixels) is 0.06 mm, then the IMT is lying within
the range of 0.54-0.88 mm (9<IMT <15 pixels), with a mean of
0.71 mm (12 pixels). Therefore the displacement of the contour, in
order to estimate the media should be on average 0.36 mm (6 pix-
els x 0.06 mm) downwards, which is half of the size of the IMT (the
distance between I5 and 17, where 17 is the media-adventitia inter-
face).In order to achieve standardization in extracting the thickness
and texture measures from the IL, ML and IMC segments with simi-

lar dimensions, the following procedure was carried out. A region of
interest of 9.6 mm (160 pixels) in length was first extracted. This was
done by estimating the center of the IMC area and then selecting
4.8 mm (80 pixels) left and 4.8 mm (80 pixels) right of the cen-
ter of the segmented IMC. Selection of the same ML length from
each image is important in order to be able to extract comparable
measurements between images and subject groups.

2.4. Texture analysis

In order to estimate textural characteristics extracted from the
IL, ML and the IMC, a total of 61 different texture features were
extracted both from the manual and the automated segmented
regions of interest where only the most significant are presented.
The following texture feature set algorithms were used: (i) sta-
tistical features [9,10]: (a) mean, (b) variance, (c) median value,
(d) skewness, (e) kurtosis, (f) energy and (g) entropy. (ii) Spatial
gray level dependence matrices (SGLDM) as proposed by Haralick
et al. [19]: (a) angular second moment, (b) contrast, (c) correla-
tion, (d) sum of squares variance, (e) inverse difference moment,
(f) sum average, (g) sum variance, (h) sum entropy, (i) entropy,
(j) difference variance, (k) difference entropy, and (1) information
measures of correlation. For a chosen distance d (in this work d=1
was used) and for angles 6=0°, 45°, 90°, and 135°, we computed
four values for each of the above texture measures. (iii) Gray level
difference statistics (GLDS) [20]: (a) homogeneity, (b) contrast, (c)
energy, (d) entropy, and (e) mean. The above features were cal-
culated for displacements §=(0, 1), (1, 1), (1, 0), (1, —1), where
8=(Ax,Ay), and their mean values were taken. (iv) Neighborhood
gray tone difference matrix (NGTDM) [21]: (a) coarseness, (b) con-
trast, (c) busyness, (d) complexity, and (e) strength. (v) Statistical
feature matrix (SFM) [22]: (a) coarseness, (b) contrast, (c¢) periodic-
ity, and (d) roughness. (vi) Laws texture energy measures (LTEM)
[22]: LL-texture energy from LL kernel, EE-texture energy from
EE-kernel, SS-texture energy from SS-kernel, LE-average texture
energy from LE and EL kernels, ES-average texture energy from
ES and SE kernels, and LS-average texture energy from LS and SL
kernels. (vii) Fractal dimension texture analysis (FDTA) [22]: the
hurst coefficients for dimensions 4, 3 and 2 were computed. (viii)
Fourier power spectrum (FPS) [22]: (a) radial sum and (b) angular
sum.

2.5. Statistical analysis

The Mann-Whitney rank sum test (for independent samples of
different sizes) was used in order to identify if there are significant
differences (SD) or not (NS) between the extracted features. For
significant differences, we require p <0.05, and compare between
age groups and between male and female patients. Similarly, for
comparing independent samples from equal populations, we use
the Wilcoxon rank sum test. We use the Wilcoxon rank sum test
to detect texture feature differences between the IL, ML, and IMC,
for both manual and automated segmentations. We use regres-
sion analysis to investigate the relationship between the gray-scale
median (GSM) and age, between the GSM and MLT and between
MLT and male and female patients.

3. Results

Table 1 presents the median and inter quartile range (IQR) of
selected texture features extracted from the automated IL, ML, and
IMC segmentations of the 100 ultrasound images investigated. From
Table 1, we can see that most of the texture features extracted from
the ML exhibit lower median and IQR values when compared with
those extracted from the IL and IMC (e.g., mean, GSM, STD, contrast,
ASM, coarseness).
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Table 1
Texture features (median (IQR)) for the IL, ML, AND IMC using automated
segmentations.

Table 3
Texture characteristics of IL versus ML based on the texture feature values given in
Table 1.

IL ML IMC
Mean 35(19.3) 21(25) 33(22)
GSM 35(18.5) 28(18) 30(21.3)
STD 16(6.6) 14(7) 16(5.7)
Contrast 52(75) 28(32) 61(57)
DV 16(27.8) 81(56) 32(32)
Complexity 1704(3175) 6041(6762) 4166 (5888)
ASM 0.09 (0.04) 0.002 (0.003) 0.003 (0.002)
Coarseness 20(14.5) 13(11) 24(11.3)
SS-TEL 38(33) 78(53) 56(38)
Entropy 5.7 (1.15) 6(1.2) 6.6 (0.7)
Roughness 2.46(0.187) 2.2 (0.100) 2.238(0.079)
Periodicity 0.8 (0.07) 0.9 (0.06) 0.8 (0.2)

IQR, inter-quartile-range; GSM, gray-scale median; STD, standard deviation; DV,
difference variance; ASM, angular second moment; SS-TEL, SS-texture energy laws.

In Table 2, we use the Wilcoxon rank sum test to compare
selected texture features extracted from automated and manual
segmentations. We can see similar results for both manual and
automated segmentations. However we note that there are differ-
ences. To avoid issues associated with segmentation differences,
we are only interested in textural features that give significant
differences for both manual and automated segmentations. For bet-
ter visualization, we put these features in bold face (see Table 2).
Between the IL and the ML, we have significant differences in 10
out of 11 features. Between IL and IMC, we have six texture features
with significant differences. Similarly, we have eight texture fea-
tures that exhibit significant differences between the IL and the ML
in Table 3. We refer to Table 1 for a summary of the texture feature
values.

Table 4 presents the Mann-Whitney rank sum test performed
on selected texture features extracted from the automated IL, ML
and IMC segmentations for the three different age groups. It is
shown that some of the texture features (GSM, STD, DV, complex-
ity, coarseness and SS-TEL) exhibit significantly different values
between different age groups.

Fig. 2 presents box plots of the GSM texture features for the three
different age groups. These measurements were extracted using the
automated IL/ML/IMC segmentations.

Fig. 3 presents plots of the patient’s GSM as a function of age
and MLT. We use regression analysis to estimate linear relation-
ships between GSM and age and between the GSM and the MLT. As
afunction of age (see Fig. 3a) the GSM has an estimated slope of 57.4
(S.E. of 13.7), with a correlation coefficient of p = 0.12. We estimated
an F-ratio of 0.62 at a significance level of p =0.43. The results pro-
vide quantitative evidence of a linear relationship between the GSM

Table 2

Corresponding features IL ML

from Table 1

Mean, GSM Brighter Darker

Contrast, ASM Higher contrast Less contrast
Complexity, entropy Low complexity High complexity

Coarseness More coarse, i.e. large areas Less coarse, i.e. less
with small gray tone local uniformity in
variations intensity

Roughness Slightly rougher Smoother

Periodicity Less periodical, more More periodical, more
heterogeneous homogeneous

of the ML and the age of a subject. We present the plot of the GSM
versus the MLT in Fig. 3b. Here, we are using manual measurements
to estimate the MLT (also see Fig. 4).

In Table 5, we compare textural differences associated with
differences in gender. We present the results from applying
the Mann-Whitney rank sum test on selected texture features
extracted from the automated IL, ML, and IMC segmentations for
the male and female patients. We note that many significant dif-
ferences were found between textural features associated with the
IMC.

We present plots of the GSM as a function of the MLT in Fig. 4.
For the male subjects, we had a slope of 50.82 (S.E. of 22.23), an
axis intercept of 63.83 (S.E. of 6.98) and a correlation coefficient
of p=-0.29. We estimated an F-ratio of 5.22 at a significance level
of p=0.026. The results provide evidence of a linear relationship
between the age of male subjects and the MLT. It is shown that
the GSM of the male subjects at an MLT of 0.3 mm is 60. Similarly,
Fig. 4b presents the results for the female subjects. Here, we have
a lower slope value of 18.92 (S.E. of 23.83) with an axis intercept
of 45.06 (S.E. of 6.69) and a correlation coefficient of p=0.13. The
results gave an F-ratio of 0.63 at a significance level of p=0.43. At a
thickness of 0.3 mm the GSM was found to be 45.

We have also found that that there are some texture features
(DV, entropy) which increase linearly with age, while others (GSM)
decrease linearly for all measurements of the IL, ML and IMC. The
correlation coefficients were estimated as: (a) p=0.13 between
GSM of ML and IL, (b) p=0.18 between GSM of IMC and MT and (c)
p=0.04 between the GSM of IMC and IL. The strongest relationship
is between the GSM of MLT and IMC.

4. Discussion

It was found (see Table 3) that the ML is less dark, has less con-
trast, is more periodic and is less coarse compared to IL. We have

Wilcoxon rank sum comparison tests performed on texture features (first column) extracted from The IL, ML, and IMC using manual (M) automated (A) segmentations. In
bold face, we have the texture features identified by the automated segmentation method that also exhibit significant differences for manual segmentation.

Manual (M) Automated (A)

IL-ML IL-IMC ML-IMC IL-ML IL-IMC ML-IMC
Mean S(0.01) NS (0.5) S(0.001) $(0.02) NS (0.81) S (0.004)
GSM NS (0.39) NS (0.62) S(0.001) NS (0.3) NS (0.45) S (0.04)
Stand. dev. S(0.01) S(0.001) S (0.001) S (0.001) NS (0.1) $(0.001)
Contrast S (0.001) $(0.001) S(0.001) $(0.001) NS (0.23) $(0.001)
Diff. var. S(0.001) S(0.001) S(0.01) $(0.001) $(0.007) NS (0.09)
Complexity S (0.001) S(0.001) S (0.04) S (0.001) S (0.001) NS (0.09)
ASM NS (0.3) $(0.001) NS (0.13) S (0.004) $(0.001) $(0.001)
Coarseness S (0.001) $(0.021) S(0.001) S (0.001) S (0.005) S (0.001)
SS-TEL S (0.009) S (0.009) NS (0.13) $(0.001) $(0.02) NS (0.18)
Entropy S (0.017) $(0.001) NS (0.85) S (0.001) $(0.001) S (0.008)
Periodicity S(0.001) NS (0.92) S(0.001) S (0.001) NS (0.07) $(0.02)

IL, intima layer; ML, media layer; IMC, intima-media complex. The p-value is shown in parentheses (S =significantly different at p <0.05, NS = non-significantly different at

p>0.05).
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Table 4

Statistical comparisons between texture features extracted from the IL, ML, and IMC for different age groups. Here we use automated (first row) and manual (second
row) segmentations. Statistical comparisons were based on the Mann-Whitney rank sum test for the three different age groups. Automated and manual IL, ML, and IMC

segmentation measurements in mm (last row).

IL ML IMC
<50 50-60 >60 <50 50-60 >60 <50 50-60 >60
Automated and manual segmentation measurements
GSM
<50 NS (0.3) NS (0.3) S (0.01) S (0.003) NS (0.08) S (0.03)
NS (0.23) NS (0.23) $(0.02) S (0.03) NS (0.43) $(0.03)
50-60 NS (0.22) NS (0.25) NS (0.22)
NS (0.11) S (0.01) NS (0.26)
STD
<50 NS (0.36) $(0.01) NS (0.55) S (0.04) NS (0.65) $(0.03)
NS (0.33) S (0.03) NS (0.09) S (0.004) NS (0.23) S(0.04)
50-60 NS (0.11) NS (0.08) NS (0.06)
NS (0.3) NS (0.07) NS (0.3)
Contrast
<50 NS (0.92) $(0.001) NS (0.7) NS (0.8) NS (0.3) NS (0.25)
NS (0.56 NS (0.01) NS (0.26) NS (0.76) $(0.04) NS (0.06)
50-60 NS (0.55) NS (0.55) S(0.22)
NS (0.3) NS (0.22) S(0.5)
DV
<50 NS (0.33) NS (0.87) NS (0.18) S (0.01) NS (0.55) S (0.04)
NS (0.45) NS (0.73) NS (0.19) NS (0.63) $(0.03) $(0.02)
50-60 NS (0.8) NS (0.44) NS (0.17)
NS (0.67) NS (0.44) NS (0.7)
Complexity
<50 NS (0.97) S (0.0001) NS (0.56) S (0.005) NS (0.55) NS (0.33)
NS (0.78) NS (0.13) NS (0.7) NS (0.09) NS (0.1) NS (0.1)
50-60 NS (0.05) NS (0.35) NS (0.42)
NS (0.07) NS (0.87) NS (0.65)
Coarseness
<50 NS (0.19) NS (0.08) NS (0.56) S (0.004) NS (0.4) NS (0.3)
NS (0.37) NS (0.3) NS (0.5) S (0.01) NS (0.5) NS (0.4)
50-60 NS (0.7) S (0.003) NS (0.2)
NS (0.6) $(0.01) NS (0.08)
SS-TEL
<50 NS (0.07) NS (0.14) $(0.008) $(0.0001) NS (0.83) NS (0.71)
NS (0.24) NS (0.22) S (0.02) S (0.04) NS (0.78) NS (0.25)
50-60 NS (0.06) NS (0.09) NS (0.27)
NS (0.2) NS (0.11) NS (0.09)
Entropy
<50 NS (0.65) NS (0.9) NS (0.34) NS (0.08) NS (0.83) $(0.02)
NS (0.59 NS (0.7) NS (0.9) NS (0.3) S(0.81) S (0.04)
50-60 NS (0.88) NS (0.36) NS (0.27)
NS (0.5) NS (0.7) NS (0.4)
Thickness (mm) 0.42+0.10 0.42+0.10 0.42+0.10 0.19+£0.11 0.26+0.10 0.32+0.13 0.61+0.11 0.68+0.10 0.74+0.13
0.41 +0.05 0.43+0.12 0.46+0.08 0.17 +£0.09 0.26+0.08 0.31+0.12 0.59+0.13 0.74+0.18 0.82+0.15

IL, intima layer; ML, media layer; IMC, intima-media complex. The p-value is shown in parentheses (S=significant difference at p <0.05, NS =non significant difference at

p>0.05).

found a decrease of ML GSM with increasing age, as well as decrease
with thickness (MLT), that can be attributed to the fact that, at the
initial stages of atherosclerosis disease there is an increased concen-
tration of lipids and hyperplasia of muscle fibers in the ML, which
produces hypoechoic (echolucent) structures. It was also shown
that the GSM of male patients is brighter than that of the female
patients.

Similar to [13] we have also found that the IMT is generally larger
in men than in women. Furthermore, in agreement with [12,15], we
have also found that the IMT increases linearly with age.

In [23] increased IMT has been found in young adults with
childhood-onset chronic kidney disease (CKD). The disease stage at
which these patients first develop abnormalities of arterial texture
is unknown. It was also shown that in 55 children with stages 2-4

CKD, thickening of IMT occurs early in the course of disease and is
most prominently marked in dialyzed patients. Furthermore, mor-
phologic alterations were found in both muscular and elastic type
arteries as early as in the second decade of life. The degree of thick-
ening depends on the degree of renal dysfunction. The authors also
found that 61% of children with stages 2-4 CKD had IMT equal to or
exceeding the 95th percentile for age.

It was shown in [3] that the GSM of the IM layer is the earli-
est change representing atherosclerotic disease in the arterial wall
that can currently be imaged in vivo. This may be the first marker
of atherosclerosis and may precede the development of significant
increase in IMT. This would enable earlier identification of high-risk
individuals based on the analysis of the CCA artery wall textural
characteristics.
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Fig. 2. Box plots of the gray-scale-median (GSM) texture feature extracted from IL, ML and IMC. Here we are using automated segmentations. In our description we let IQR
denote the inter-quartile distance. From left to right, for the first three plots we have: L50IL for the IL for patients younger than 50 (IQR=22), 50-60 IL for the IL for patients
from 50 to 60 years old (IQR =18.4), and G60IL for the IL for patients who are older than 60 years old (IQR = 15.4). For the next three plots (middle), we have the same age groups
for the ML and IQR values of 16, 19.5 and 23.7 respectively. The last three plots (leftmost) show the GSM values for the IMC with IQR values 13.6, 25.2 and 16.9 respectively.
In each plot we display the median, lower, and upper quartiles and confidence interval around the median of the GSM. Straight lines connect the nearest observations with
1.5 of the inter-quartile range (IQR) of the lower and upper quartiles. Unfilled rectangles indicate possible outliers with values beyond the ends of the 1.5x IQR.
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Table 5

Statistical texture differences associated with gender. We used the Mann-Whitney
rank sum to compare differences between male and female patients. The IL, ML, and
IMC were automatically segmented. P-values are shown in parentheses.

Texture features Automated
IL ML IMC

Mean NS (0.62) NS (0.71) S (0.04)
Median (GSM) NS (0.67) NS (0.51) S (0.04)
Stand. dev. NS (0.46) NS (0.81) $(0.03)
Contrast NS (0.24) NS (0.85) NS (0.83)
Difference var. NS (0.57) NS (0.52) NS (0.92)
Complexity NS (0.30 NS (0.55) NS (0.23)
ASM NS (0.63) NS (0.70) NS (0.14)
Coarseness NS(0.61 NS (0.21) NS (0.11)
SS-Text.E.L1 NS (0.57) NS (0.34) NS (0.17)
Entropy NS (0.37) NS (0.48) $(0.03)
Periodicity NS (0.33) NS (0.45) NS (0.7)
Diff. entropy NS (0.12) S (0.04) S (0.04)
Sum variance NS (0.8) NS (0.78) S (0.04)
Sum entropy NS (0.4) NS (0.67) S (0.02)
Business NS (0.5) NS (0.77) S (0.04)
Radial sum NS (0.86) NS (0.17) $(0.03)

(S=significant difference at p <0.05, NS = non significant difference at p > 0.05).

In [4], the texture features of 12 subjects (28 +2 years) with
familial hypercholesterolemia (FCH) and without CVD, before and
3 months after treatment with atorvastatin were investigated,
where the entropy and the ASM were extracted from the IMC
band. Before treatment of atorvastatin significantly higher entropy
(normal: 0.082 +0.02 vs FCH: 0.57 £0.12) and lower ASM (nor-
mal: 0.01 £0.0011 vs FCH: 0.004 £ 0.0001 ) values were found when
compared to the normal tissue.

While IMT is an established measure of the vascular wall disease
[2], GSM is less commonly used while other features have not been
used before. GSM analysis has previously mainly been performed
on plaques and then found to be related to histological features
of the plaque, such as the elastin and calcium content, as well as
to the size of the lipid-rich necrotic core [24]. However, the histo-
logical correlate to variation in the ML texture features has to be
evaluated and the prognosis impact of these new variables has to
be investigated. It has also been observed that there is an increase
in the granularity in association with atherosclerotic disease [25]. A
granular IMC indicates more advanced atherosclerosis, which may
precede the development of significant IMT thickening.

5. Concluding remarks

In summary, our analysis showed that: (a) there are significant
differences between some texture features extracted from the IL,
ML and IMC (mean, gray scale median (GSM), standard deviation,
contrast, difference variance, periodicity), (b) some of the texture
features can be associated with the increase (difference variance,
entropy) or decrease (GSM) of patient’s age, (c) the GSM of the ML
falls linearly with increasing ML thickness (MLT) and with increas-
ing age, (d) the GSM of male subjects is larger than that of female
subjects (see Fig. 4), and (e) male and female subjects may be bet-
ter distinguished using texture features extracted form the IMC (see
Table 5).

Future work will investigate whether it is possible to identify a
group of patients at risk of atherosclerosis based on their texture
features extracted from the IL, ML, and the IMC of high-resolution
ultrasound images of the CCA. It may also be possible to identify
and differentiate those individuals into high and low risk groups
according to their cardiovascular risk before the development of
plaques. The proposed methodology may also be applied to a group
of people, which already developed plaques in order to study the
contribution of the ML texture features to cardiovascular risk. Both

groups of patients may benefit by prognosing and managing future
cardiovascular events. Another possible future application of the
proposed methodology is that it can be used to investigate possible
effects of statins or other drugs in texture feature changes of the ML
of the CCA.
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