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Abstract Ultrasound measurements of the human
carotid artery walls are conventionally obtained by
manually tracing interfaces between tissue layers. In
this study we present a snakes segmentation technique
for detecting the intima-media layer of the far wall of
the common carotid artery (CCA) in longitudinal
ultrasound images, by applying snakes, after normali-
zation, speckle reduction, and normalization and
speckle reduction. The proposed technique utilizes an
improved snake initialization method, and an im-
proved validation of the segmentation method. We
have tested and clinically validated the segmentation
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technique on 100 longitudinal ultrasound images of the
carotid artery based on manual measurements by two
vascular experts, and a set of different evaluation cri-
teria based on statistical measures and univariate sta-
tistical analysis. The results showed that there was no
significant difference between all the snakes segmen-
tation measurements and the manual measurements.
For the normalized despeckled images, better snakes
segmentation results with an intra-observer error of
0.08, a coefficient of variation of 12.5%, best Bland-
Altman plot with smaller differences between experts
(0.01, 0.09 for Expertl and Expert 2, respectively), and
a Hausdorff distance of 5.2, were obtained. Therefore,
the pre-processing of ultrasound images of the carotid
artery with normalization and speckle reduction, fol-
lowed by the snakes segmentation algorithm can be
used successfully in the measurement of IMT comple-
menting the manual measurements. The present results
are an expansion of data published earlier as an ex-
tended abstract in IFMBE Proceedings (Loizou et al.
IEEE Int X Mediterr Conf Medicon Med Biol Eng
POS-03 499:1-4, 2004).

Keywords Snakes - Ultrasound imaging - Speckle
reduction filtering - Normalization - Carotid artery -
Intima media thickness

1 Introduction

The intima media thickness (IMT) of the common
carotid artery (CCA) can serve as an early indicator of
the development of cardiovascular disease, like myo-
cardial infarction and stroke [3, 15]. Previous studies
indicated that increase in the IMT of the CCA is
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directly associated with an increased risk of myocardial
infarction and stroke, especially in elderly adults
without any history of cardiovascular disease [3, 15,
35]. Importantly, increased IMT was demonstrated to
have a strong correlation with the presence of athero-
sclerosis elsewhere in the body and may thus be used as
a descriptive index of individual atherosclerosis [15].
As vascular disease develops, local changes occur in
arterial structure, which thicken the innermost vessel
layers known as intima media complex (IMC). As
disease progresses the IMT initially increases diffusely
along the artery and then becomes more focal, forming
discrete lesions or plaques, which gradually grow and
obstruct blood flow. Furthermore, these plaques can
become unstable and rupture with debris transported
distally by blood to obstruct more distal vessels. This is
particular so if plaques develop internal pools of lipid
covered only by a thin fibrous cap [3, 15]. In this paper
we develop and evaluate a snakes segmentation
method for detecting the IMT in ultrasound imaging of
the carotid artery after normalisation and speckle
reduction filtering.

The use of ultrasound in the diagnosis and assess-
ment of carotid disease is well established because of
its non-invasive nature and the continuing improve-
ments in image quality [3, 15]. It provides a non-inva-
sive method for estimating the IMT of human carotid
arteries and is specially suited to dynamic analysis
owing to its ability to deliver real-time video
sequences. A B-mode ultrasound image shown in
Fig. 1 shows the IMC at the far wall of the carotid
artery, (echo zones Z5-7.6), as a pair of parallel bands,
an echodense and an echolucent. The band Z5 and the
leading edge of the band Z7 (adventitia) denoted as I5
and 17 define the far-wall IMT. With this understand-
ing, the determination of the IMT at the far wall of the
artery becomes equivalent to accurately detecting the
leading echo boundaries IS5 and I7. The lumen-intima
and media-adventitia intensity interface of the far wall

Anatomy Echo Zones
Adventiia 21 P72 2
Media  Z2fEi0iiitiig |2
Intima 73 By

Lumen Diameter Z4

Intima
Media 6
Adventitia Z7 &

Intima-media-
thickness (IMT)

Fig. 1 Tllustration of the intima-media-complex (IMC) of the far
wall of the common carotid artery. The IMC consists of the
intima band (Z5), the media band (Z6) and the far wall

@ Springer

of the carotid artery is preferred for IMT measure-
ments [17, 34]. It has been shown that the definition of
the IMT as shown in Fig. 1 corresponds to the actual
histological IMT [9, 15, 17].

In practice however, detecting the boundaries of the
IMC is often complicated and hindered by the pres-
ence of ultrasound imaging artefacts, such as speckle,
making IMT measurements difficult. Furthermore, the
observation of the IMT becomes more difficult as the
age of patients increases, due to the presence of
acoustic holes (echo-dropouts) in the adventitia layer
[15, 35]. The intimal band may appear as a thin low
contrast structure and therefore it is difficult to reliably
draw boundaries because smoothing can move the
structure edges or make them disappear [24]. Tradi-
tionally, the IMT is measured by manual delineation of
the intima and the adventitia layer [17, 34, 35]. Manual
tracing of the lumen diameter (see Fig. 1 Z4) and the
IMT (see Fig. 1 IS, I7) by human experts requires
substantial experience, it is time consuming and varies
according to the training, experience and the subjective
judgment of the experts. The manual measurements
suffer therefore from considerable inter- and intra-
observer variability [17, 34, 35].

Table 1 summarizes various computerized methods
that have been developed for vascular ultrasound
segmentation of the IMC in carotid artery images.
Moreover there are a few known commercial software-
imaging systems supporting IMC segmentation made
available from different research groups [6, 34], which
are based on snakes [6] and on dynamic programming
segmentation [34].

The problems that are associated with the computer-
assisted border tracing segmentation procedures (also
presented in Table 1) are the following: (1) They do
not take into consideration the speckle noise or the
image normalization in the ultrasound image [24]. (2)
They are sensitive to the initial snake contour [6], or
initial seed points, which need to be placed manually

adventitia band (Z7). The IMT complex is defined as the
distance between the blood intima interface line and the media
adventitia interface line. See also [17]
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Table 1 An overview of IMC segmentation techniques in ultrasound imaging of the carotid artery

Segmentation technique Year Input 2D/3D AIC Ul MC IMTpean (mm) N
Dynamic programming [34] with cost function optimization 1997 USC 2D No Yes Yes 0.93 69
Texture based [24] 1997 1IVUS 2D - Yes No  0.68 29
Multiscale dynamic programming [17] 2000 USC 2D No Yes Yes 092 50
Discrete dynamic contour [23] 2000 USC 2D No Yes No - 7
Deformable model [40] 2001 USC 3D Yes Yes Yes - 69
Edge-tracking [29] 2001 USC 2D No Yes Yes 0.78 24
Snakes [6] 2002 USC 2D Yes Yes Yes 0.65 32
Gradient based [30] 2005 USC 2D Yes Yes Yes 0.7 50

US Ultrasound images, USC ultrasound carotid images, /VUS intra vascular ultrasound, AI/C automatic initial contour, Ul user

interaction, M C manual correction possible, IMT,can mean IMT in mm, N number of subjects investigated

[40]. If the initial contour is placed far away from the
boundary of interest then the snake will not be at-
tracted [6]. (3) Some weighting factors that should be
tuned due to the varied characteristics of the ultra-
sound instrumentation must be entered manually or
empirically [24, 34, 37, 40]. Some other weights may be
adjusted by a training procedure, which might be long
and requires experts tracing [17, 23]. (4) The snake is
implemented as a close contour [8, 36, 40] that might
not be that suitable for the IMC segmentation. (5) They
require manual correction after automatic tracing [6,
23, 24, 34]. (6) In a number of cases there was no
ground truth segmentation delineations from experts to
compare to the computer assisted methods [6, 24]. (7)
Different measurement procedures were used between
the manual and the snakes segmentation methodolo-
gies (see Fig. 1, [6, 17, 23, 34]). (8) Different criteria
were used for assessing the performance of the seg-
mentation algorithms [6, 40]. (9) They were evaluated
on a limited number of images, where the intra- and
inter-observer variability could not be assessed [23, 37].

The objective of this paper was to develop, and
evaluate an IMC snakes segmentation method, by uti-
lizing an improved snake initialization method, and an
improved validation of the segmentation method, based
on the Williams and Shah snake [36]. The snakes seg-
mentation method also utilizes image normalization and
speckle reduction in ultrasound images of the carotid
artery trying to overcome some of the above difficulties.
Furthermore, to investigate under what conditions the
snakes segmentation measurements are closer to the
manual segmentation measurements. Preliminary re-
sults of this study were also published in [19].

2 Materials and methods
2.1 Recording of ultrasound images

A total of 100 B-mode longitudinal ultrasound images
of the CCA used for the IMC segmentation, were

acquired by the ATL HDI-3000 ultrasound scanner
(Advanced Technology Laboratories, Seattle, USA).
The ATL HDI-3000 ultrasound scanner is equipped
with 64 elements fine pitch high-resolution, 38 mm
broadband array, a multi element ultrasound scan head
with an operating frequency range of 4-7 MHz, an
acoustic aperture of 10 x 8 mm and a transmission
focal range of 0.8-11 cm. Digital images were resized
using the bicubic method to standard pixel density of
16.66 pixels/mm. This was carried out due to the small
variations in the number of pixels per mm of image
depth (i.e. for deeply situated carotid arteries, image
depth was increased and therefore digital image spatial
resolution would have decreased) and in order to
maintain uniformity in the digital image spatial reso-
lution [14]. The images were logarithmically com-
pressed and were recorded digitally on a magneto
optical drive at size of 768 x 576 pixels with 256 grey
levels.

The images were recorded at the Cyprus Institute of
Neurology and Genetics, in Nicosia, Cyprus, from 42
female and 58 male symptomatic patients aged be-
tween 26 and 95 years old, with a mean age of 54 years.
These subjects were at risk of atherosclerosis and have
already developed clinical symptoms, such as a stroke
or a transient ischemic attack.

2.2 Image normalization

Brightness adjustments of ultrasound images were
carried out in this study based on the method intro-
duced in [9]. It was shown that this method improves
image compatibility by reducing the variability intro-
duced by different gain settings, different operators,
different equipment and facilitates ultrasound tissue
comparability [9, 31]. Algebraic (linear) scaling of the
image was performed by linearly adjusting the image
so that the median grey level value of the blood was
0-5, and the median grey level of the adventitia (artery
wall) was 180-190 [9]. The scale of the grey level of the
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images ranged from 0 to 255. Thus the brightness of all
pixels in the image was readjusted according to the
linear scale defined by selecting the two reference re-
gions. It is noted that a key point to maintaining a high
reproducibility was to ensure that the ultrasound beam
was at right angles to the adventitia, adventitia was
visible adjacent to the plaque and that for image nor-
malization a standard sample consisting of the half of
the width of the brightest area of adventitia was
obtained.

2.3 Speckle reduction

The leading edge of the adventitia Z7 (I7, and the
Media layer Z6) is affected due to speckle noise and
the attenuation of the probing sound wave by sound
absorbing tissues [1, 19]. The texture is not homoge-
neous, the intensity values vary and the boundary is
incomplete. Therefore it is important to despeckle the
area of interest prior to segmentation.

In this study, a linear scaling filter (Ismv) utilizing the
mean and the variance of a pixel neighbourhood was
used. This filter was introduced by [16], and evaluated
on ultrasound imaging of the carotid artery giving best
results in [18]. The Ismv filter may be described by a
weighted average calculation using sub region statistics
to estimate statistical measurements over 7 x 7 pixel
windows [16, 18]. The filter was applied iteratively five
times on each image as documented in [18].

2.4 Manual measurements and visual perception
evaluation

Although the power Doppler (blood flow image) was
found to be useful for locating the lumen, only the
B-mode image was used when delineating the wall and
lumen boundaries in order to eliminate errors due to
colour artefacts and verberations occurring from the
blood flow image [9, 20, 27]. For the purpose of this
study the vessel wall and lumen are defined as follows:
(1) The lumen is the area through which blood flows
(see Fig. 1, Z4). (2) The lumen appears as a dark
region in a B-mode image (see Fig. 1, region between
interfaces Z3-Z5). (3) The vessel wall is the boundary
separating the intima-blood interface (see Fig. 1
interface Z5). (4) The intima media interface is fre-
quently visible except in cases where artefacts may
obscure visualization of this boundary (see Fig. 1,
interfaces Z5-77). (5) On longitudinal images, the
IMT and the vessel wall are always defined as a pair of
two contours, which may be represented by a cubic
spline.

@ Springer

The two vascular experts delineated manually
(using the mouse) the IMT on 100 longitudinal
ultrasound images of the carotid artery before and
after image normalization (see Sect. 2.2) by selecting
20-40 consecutive points for the adventitia and the
intima at the far wall of the CCA. The manual
delineations were performed using a system imple-
mented in MATLAB from our group. The mea-
surements were performed between 1 and 2 cm
proximal to the bifurcation of the CCA on the far
wall [27] over a distance of 1.5 cm starting at a point
0.5 cm and finishing at a point 2.0 cm proximal to
the carotid bifurcation. The bifurcation of the CCA
was used as a guide and all measurements made
from that region. The IMT was then calculated as
the average of all the measurements. The measuring
points and delineations were saved for comparison
with the snakes segmentation method. Two sets of
measurements were carried out by both experts with
a 12 months interval. All sets of manual segmenta-
tion measurements were performed by the two
experts in a blinded manner, both with respect to
identifying the subject and as to the image
delineation.

2.5 IMT initialization

It is important to place the initial snake contour as
close as possible to the area of interest otherwise the
snake may be trapped in local minima or false edges,
and converge to a wrong location. The initial contour
selection and the convergence are two of the main
limitations of the snake models proposed in the liter-
ature [4, 6, 13, 34, 37, 40].

The initialization procedure proposed in this study
may be described as follows (see Fig. 2):

1. Load the initial B-mode image, and select using the
mouse the area of interest on the image, where the
IMT will be detected. The area may be drawn
around the IMT borders (see Fig. 2a).

2. The selected cropped area is shown in Fig. 2b.

3. Despeckle the selected area by applying the Ismv
filter presented in Sect. 2.3 (see Fig. 2c).

4. Convert the area to binary by image thresholding,
in order to extract edges more easily (see Fig. 2d).
A threshold is calculated from the despeckled
grayscale image according to [26]. The threshold is
chosen so that the intraclass variance [26] of the
thresholded black and white pixels is minimized. It
should be noted that the cropped out area expresses
a bimodal histogram distribution. The threshold is
then applied to all the pixels in the image. Pixels
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Fig. 2 a Original ultrasound
image with selected area,

b cropped area, ¢ despeckled
area, d binary cropped area,
e dilated cropped area,

f dilated area after removal of
small edges, g construction of
the interpolating B-spline,

h detected initial contours for
the adventitia and the intima
layers, i final contours after
the snake deformation. The
IMT ean, is shown with full
line box, the IMT,.x, With a
dashed line box and the

(b) Cropped arca

(a) Ultrasound image with selected area (¢) Despeckled area

IMT 0, With double line box

(d} Binary cropped area

(f) Remove erroncous edges

(EJ Dilated cropped binary area

(g) Interpolating B-spline

(h) Initial snake contours

that have smaller intensity values than this thresh-
old are set to zero, whereas pixels with larger
intensity values are set to one.

Dilate the binary image (from point (4) above) by
a 3 x 3 pixel-structuring element consisting of
ones, which is multiplied with the binary image.
This morphological operation is performed to close
small gaps and form a continuous boundary (see
Fig. 2e).

Remove erroneous small edges that might trap the
snake. This is carried out by labelling connecting
components in the image where the number of
connecting components in a pixel neighbourhood
was chosen to be 8. Small segments that are smaller
than 20 pixels, and do not belong in the boundary
are therefore removed (see Fig. 2f).

Extract the contour matrix of the above area (see
Fig. 2f) by locating points and their coordinates on
the adventitia (contour) and construct an interpo-
lating B-spline (see Fig. 2g). Sample the interpo-
lating B-spline, in equal distance points, in order to
define a number of snake elements on the contour.
The number of snake points was variable and was

(i) Final snake contours

determined according to the area chosen by the
user (see Fig. 2a). The number of snake points was
estimated by dividing the number of pixels
belonging to the largest size of the area defined in
Fig. 2a, by 30. This will affect that fewer or more
snake points will be defined for a smaller or a
larger area, respectively.

Map the detected contour points from g), on the
B-mode image of Fig. 2a, to form the initial
snake contour for the adventitia (see Fig. 2h).
Displace the initial contour estimate of point g)
for the adventitia, upwards for up to 17 pixels
(1.02 mm) to form the initial snake contour for
the intima layer. This displacement is based on
the observation that the IMT lies between 0.6
and 14 mm (0.6 mm < IMT < 1.4 mm), with a
mean IMT of 1.0 mm [34]. By taking into con-
sideration that the spatial resolution (distance
between 2 pixels) is 0.06 mm, then the IMT is
lying within the range of 10 < IMT < 24 pixels,
with a mean of 17 pixels. Therefore the dis-
placement of the contour, in order to estimate
the intima should be in average 17 pixels
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(1.02 mm) upwards. Figure 2h shows the initial
contour estimation for the adventitia and the
intima layers as they have been detected by the
initialization technique.

Apply the snakes segmentation algorithm (see Sect.
2.6) to extract the final snake contours (see Fig. 2i),
and carry out the IMT measurements.

2.6 IMC segmentation

The snakes segmentation technique implemented in
this study is based on an energy function as defined by
Williams and Shah [36], which is an extension of the
initial snake functional defined by Kass et al. [13]. An
additional image energy term, Ejmage (v) [38], which is
given by the negative gradient of the current contour
point g;; as Eimage (V) = -Vglf, was added to our en-
ergy functional, as also proposed in [39]. For the cal-
culation of the snake parameters, a(s), and fS(s), we
took into consideration the irregular spacing between
the contour points of the snake and were calculated as
proposed in [7]. We have chosen in our study the initial
values of o;(s) = 0.6, fi(s) = 0.4 and y,(s) = 2, to start
the snake deformation, which is consistent with other
studies [6, 33, 39].

The extracted final snake contours (see Fig. 2i),
correspond to the leading echo boundaries 15 and I7.
The distance is computed between the leading echo
boundaries IS and 17, at all points along the arterial
segment of interest moving perpendicularly between
pixel pairs, and then averaged to obtain the mean IMT
(IMT pean)- Also the maximum (IMT,,.x), minimum
(IMT ;) and median (IMTcqian) IMT values, are
calculated, displayed and plotted on the B-mode im-
age. Figure 2i shows the detected IMT can, IMTax
and IMT,,;, values with a double line box, full line box
and a dashed line box, respectively.

2.7 Univariate statistical analysis

In order to investigate how the results of the snakes
segmentation method differ from the manual delinea-
tion results, we used the following evaluation metrics.
We computed the parameters IMTcan, IMTin
IMT, .« and IMTcgian, as well as the intra-observer
error [17, 34] according to the formula se = omtV2, with,
omvT, the standard deviation for each 100 measurements.
We also calculated the coefficient of variation, CV%,
which describes the difference as a percentage of
the pooled mean value with CV% = 1y 100 [17, 34].
The Wilcoxon matched pairs rank sum test was used
in order to identify if for each set of measurements a
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significant difference (S) or not (NS) exists between all
segmented boundaries, at p < 0.05.

Furthermore a variation of the Hausdorff distance,
HD, [5] between two curves was calculated. It reflects
the maximum mismatch (HD = Manual -
Snakes_Segmented between the manual and the
snakes segmented areas, where small values for the
HD are favorable.

These statistical metrics have been computed for the
Williams and Shah snakes segmentation measurements
for the cases, no pre-processing (NP), despeckled (DS),
normalized (N), normalized despeckled (NDS) and for
the manual segmentation measurements, for the cases,
manual no preprocessing (NP) and manual normalized
(N) from both experts, respectively. Additionally, in
order to assess the intra-observer variability between
the two experts, the manual measurements on original
(NP), and normalized (N) images were repeated from
both experts, 1 year after the first measurements.

Bland-Altman plots [2], with 95% confidence
intervals, were also used to further evaluate the
agreement between the Williams and Shah snakes
segmentation and the manual segmentation method.
The plots were investigated for the snakes segmenta-
tion cases, NP, DS, N, NDS, and for the manual seg-
mentation cases from both experts. By using Bland-
Altman plots, the distributions of the differences be-
tween all different cases were computed.

3 Results
3.1 An example of IMC segmentation

Figure 3a shows a longitudinal ultrasound image of the
carotid artery with the manual delineations from the
two experts (Fig. 3b, c), the automatic initial contour
estimation (Fig. 3d), and the Williams and Shah snakes
segmentation results for the cases of no pre-processing
(NP) (Fig. 3e), despeckled (DS) (Fig. 3f), normalized
(N) (Fig. 3g), and normalized despeckled (NDS)
(Fig. 3h). The detected IMT ean, IMThax and IM T,
values, are shown with a double, single and dashed line
boxes, respectively.

The manual measurements are given for each ex-
pert, in cases when manual measurements were carried
out, without normalization (NP) and with normaliza-
tion (N). The Williams and Shah snakes segmentation
measurements are given for the NP, DS, N and NDS
cases, and were in most of the cases, higher than the
manual measurements, except in the N case for both
experts. The observed standard deviation, sd, values
for the IMT ,can, was for the first expert NP (0.14), N
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Fig. 3 a Original longitudinal
ultrasound image of the
carotid artery, b manual
delineation from Expert 1,

¢ manual delineation from
Expert 2, d initial contour
estimation, and the
segmentation results of the
IMC for, e no pre-processing
(NP), f despeckled (DS),

g normalized (N), and

h normalized despeckled
(NDS) images. The detected
IMT mean, IMThax and IMT i
are shown with a single,
dashed and double line boxes,
respectively

(0.11), for the second expert NP (0.12), N (0.15), and
for the snakes segmentation NP (0.24), DS (0.20), N
(0.17) and NDS (0.19), respectively. The results in
Fig. 3 showed, that the IMT was detected in all snakes
segmentation measurements but with variations be-
tween experts and methods.

3.2 Univariate statistical analysis

Table 2 tabulates the first set of manual and the Wil-
liams and Shah snakes segmentation results for 100
longitudinal ultrasound images of the carotid artery,
for the IMT can, IMTin, IMT o and IMT cgian, With
their sd, se and CV%. The IMT,,can + sd results for
Expert 1 were, 0.67 + 0.16 mm, 0.68 = 0.17 mm, and
for Expert 2 were, 0.65 + 0.18 mm, 0.61 + 0.17 mm on
the NP and N images, respectively. The IMT yea, + sd
snakes segmentation results were 0.7 x+ 0.14,
0.69 = 0.13, 0.67 = 0.13 and 0.68 = 0.12 mm, for the
NP, DS, N and NDS, images respectively.

The middle part of Table 2 presents the second set
of manual measurements for the 100 images of the
carotid artery made by the two experts 12 months after
the first set of measurements were made. This was

carried out in order to assess the intra-observer vari-
ability for the same expert. It is shown that the mea-
surements made by Expert 2 are generally smaller
giving a thinner IMT. Furthermore, the sd, the se and
the CV %, for the measurements made by Expert 2 are
also smaller.

Table 3 presents the results for the Wilcoxon rank
sum test for all manual segmentation, measurements. It
is shown that the measurements made by the two ex-
perts on the N images are mostly NS, whereas the
measurements on the NP images before normalization
demonstrated a higher number of significant difference
measurements. More specifically, the manual mea-
surements of Expert 1 at time 0 versus time 12 months
were S, whereas the measurements of Expert 1 at time
0 versus Expert 2 at time 12 months were S for the NP
and NS for N. The measurements of Expert 2 at time 0
versus the measurements of Expert 1 and Expert 2 at
12 months and the measurements of Expert 1 versus
Expert 2 at time 12 months were all NS.

Table 4 shows the results of the Wilcoxon rank sum
test, and a variation of the HD between Expert 1 and
Expert 2 and the snakes segmentation measurements.
The Wilcoxon rank sum test, which is displayed in the
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Automated

First set manual Ex-

pert 2

Automated

Wilcoxon ranksum test and HD

First set manual Ex-

pert 1

Table 4 Tests and measures computed on 100 ultrasound images of the carotid artery from Expert 1 and Expert 2 and the snakes segmentation measurements

NDS

DS

NP

NP

NDS

DS

NP

NP

NP

NS (0.07) NS (0.09)

NS (0.45) NS (0.56) NS (0.64) NS (0.9) NS (0.06) NS (0.1)

First set manual Expert 1, NP

NS (0.08) NS (0.07) NS (0.1) NS (0.16)

40

NS (0.90) NS (0.79) NS (0.30) NS (0.55) N

13.3

N

Expert 2

NS (0.87) NS (0.33) NS (0.53)

46.2 86.2 -
81

41

NS (0.87) NS (0.33) NS (0.53) NP

13.8
8.6
9.9
4.7

27.1

NP

NS (0.41) NS (0.55)

5.2
23.7

NS (0.45) NS (0.69) DS

5.2
23.7

21.9
34

DS
N

Automated

NS (0.69)

5

62.5 19
13

22.5

NS (0.41) N

5

19
13

18.5

NDS 27.7 67.7

18.5

NDS 8.6

NP No pre-processing, N normalized, DS despeckled, NDS normalized despeckled, The p value is also shown in parentheses (S Significant difference at p < 0.05, NS non

Left and right columns upper triangle: Wilcoxon ranksum test with the p value shown in parentheses. Left and right columns lower triangle: Variation of the Hausdorff distance
significant difference at p > 0.05)

(*10~ mm). Bolded values show best performance

upper triangle of the left and right columns of Table 4,
showed that NS difference existed between the Wil-
liams and Shah snakes segmentation measurements
and the manual measurements from Expert 1 and
Expert 2, respectively. The NS difference between the
two methods showed that the manual measurements
may be replaced by the snakes segmentation mea-
surements with confidence. The HD displayed in the
left and right columns lower triangle of Table 4,
showed that minimum mismatches were obtained for
Expert 1, between the N-Manual first set NP (3.4),
NDS-Manual first set N (4.7), NDS-N (5), DS-NP (5.2),
NDS-Manual first set NP and DS-Manual first set N
(8.6), and for Expert 2 between the NDS-N (5), and
DS-NP (5.2) respectively.

Figure 4 presents the histogram distributions for the
IMT,can values for all 100 ultrasound images of the
carotid artery for the cases, manual (first set of manual
measurements from both experts on the original, NP,
and normalized, N, images), and automated (NP, DS,
N and NDS) measurements respectively. Statistical
tests performed showed that all the histograms of the
IMT can can be fitted to a Rician distribution. The
IMT manual measurements showed a high variability
between the first and the second set of measurements
for each expert and between them.

Figure 5 illustrates a Bland-Altman plot between
the first set of manual normalized measurements of
Expert 1 (N) and the NDS segmentation methods. For
both experts the best plots were obtained for the NDS
images where the difference with the segmentation
method for the manual measurements + the standard
deviation of Expert 1, was —0.01 + 0.24 and -0.01 to 0.25
(see also Fig. 5), and for the manual normalized mea-
surements of Expert 2, was 0.09 + 0.3 and 0.09 — 0.13.

Figure 6 presents the results of the IMT ., values
versus age using regression analysis. It is shown that
the IMT ean increases almost linearly with increasing
age. Furthermore, it is shown that the IMT ..y, at the
age of 60.5 is 0.67 mm. Figure 6 also shows that the
confidence interval limits for the IMTcan,
are +0.24 mm. Furthermore, it is shown in this study
that the values of the IMT in a normal carotid artery
may vary between 0.4 and 1.0 mm, depending on age,
and this is also consistent with other studies [11].

4 Discussion
The objective of this paper was to develop, and eval-
uate an IMC snakes segmentation method, by utilizing

an improved snake initialization method, and an im-
proved validation of the segmentation method, based

@ Springer



44

Med Bio Eng Comput (2007) 45:35-49

Fig. 4 Histograms of the
IMT,ean Values for the: a
manual first set of 15 Y
measurements from Expert 1
(NP), b manual normalized
first set of measurements
from Expert 1 (N), ¢ manual
first set of measurements
from Expert 2 (NP), d manual
normalized first set of
measurements from Expert 2 %
(N), e no pre-processing '
(NP), f despeckle (DS), g
normalized (N), and h
normalized despeckled
(NDS), images
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on the Williams and Shah snake. The snake segmen-
tation method also utilizes image normalization and
speckle reduction in ultrasound images of the carotid
artery. Furthermore, to investigate under what condi-
tions the snakes segmentation measurements are closer
to the manual segmentation measurements.

The study showed (see Table 2) that the manual
IMT measurements have a larger range of values
whereas the snakes segmentation measurements were
more concentrated for all cases NP, DS, N, NDS.
Similar IMT findings were also reported in [12, 34].

Initial contour estimation was proposed in this work
where some of the limitations of this method were
outlined in Sect. 2.5. Cheng et al. [6] proposed an IMT
segmentation method where the starting and endpoints
of the snake must be defined by the user. A dynamic
programming segmentation method using a cost func-
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tion proposed in [17], utilized an initial contour esti-
mation method for segmenting transversal carotid
artery images. Initial contour estimation was also
proposed in [23], which was derived from the entropy
image using an initial circle matching procedure. In
[40] a geometrically deformable model was initialized
by manually placing a seed point in the centre of the
lumen for segmenting the lumen in 3D carotid artery
images. In all of these studies as well as in the present
study, the significance of the initial contour placement
was not investigated in order to estimate how this
influences the final segmentation result.

To the best of our knowledge no other study carried
out ultrasound image normalization, as described in
this study, prior to segmentation of the IMT. However,
in [24], histogram equalization was performed on car-
otid artery ultrasound images for increasing the image
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contrast. The normalization method used in this study
was documented to be helpful in the manual contour
extraction [21] as well as the snakes segmentation of
the IMT [19]. Moreover, this method increased the
classification accuracy of different plaque types as as-
sessed by the experts [25].

In this paper speckle reduction filtering was used as
a pre-processing step based on our previous work [18]
where it was shown that this improves the image
quality and the visual evaluation of the image [21].
Speckle reduction filtering of the carotid artery was

also applied in [1], where it was also shown that this
improves the image quality and visual interpretation of
the experts. More, specifically, in [18], it was shown
that image normalization followed by speckle reduc-
tion filtering produces better quality images, whereas
the reverse (speckle reduction filtering followed by
normalization) might produce distorted edges. The
preferred method is to apply first normalization and
then speckle reduction filtering for better results.
Speckle reduction filtering of the carotid was also
proposed by [19-21] where it was shown that this im-
proves the image quality and the visual evaluation of
the image. However, in other segmentation studies for
extracting the carotid artery plaque borders in IVUS
imaging, speckle was used as useful information [5, 6,
23, 24, 32, 34, 37, 40].

The smaller CV% (12.5%), as well as the smaller se
(0.08), in Table 2, for the NDS images, showed that the
Williams and Shah snakes segmentation method, is
more reproducible when performed on the NDS ima-
ges. The manual measurements reported in this study
(0.67, 0.68, 0.65 and 0.61 mm for Expert 1 and Expert 2
with, N, and without, NP, normalisation) were smaller
than the snakes segmented, and this finding was also
reported in other studies. Specifically, the manual
versus the snakes segmented IMT measurements re-
ported in other studies were (0.88 vs. 0.93 mm) [17],
(0.88 vs. 0.92 mm) [34], and (0.63 vs. 0.72 mm) [12].
For both experts the Williams and Shah snakes seg-
mentation method gave higher values for the IMT
compared with the manual measurements as shown in
Table 2. There is a large variation in the IMT mea-
surements between the studies reported above and this
study. This is due to the fact that the sample of images
used in this study was mainly taken from symptomatic
patients at the early stages of the atherosclerosis
disease.

The CV%, of this study when compared to other
studies [5, 12, 17, 34] was higher for the manual mea-
surements, but lower for the snakes segmentation
measurements, which were performed on the NDS
images. Specifically in [12], a CV% = 14% was re-
ported for the manual measurements made on 30
ultrasound longitudinal images of the carotid artery,
whereas a CV% = 12.8%, was reported for the active
contour snakes segmentation measurements improved
by multi-resolution analysis. Selzer et al. [29] per-
formed a study for measuring automatically the IMT
on 24 healthy randomly selected subjects and reported
a CV% of 4.03 and 3.46% for the IMT measured at
maximum and minimum diameter of the carotid artery
respectively. In another study Stein et al. [30], devel-
oped and tested a gradient based semi-automated
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border detection technique on 50 carotid artery ultra-
sound images and reported a CV% for 5.4 and 3.4%
for the manual and the automated methods respec-
tively. In the studies reported above, i.e. [5, 12, 17, 29,
30, 36, 37, 40] no despeckle filtering and image nor-
malization was carried out as performed in this study.

The results from Table 2 showed that high intra
observer variabilities occur when manual measure-
ments are made. It is documented in the literature that
measurements of the se, can be used as clinically useful
standard to measure the performance of image seg-
mentation algorithms [5]. There are some results given
in the literature for the intra observer variability for
the IMC segmentation performed in carotid artery
images. Specifically, in [32] the IMT ,can + sd results of
Expert 1 and Expert 2 were 0.87 +£0.12 and
0.90 + 0.2 mm, respectively. In this study for the sec-
ond set of measurements the results of Expert 1 and
Expert 2 were 0.85+0.11 and 0.85+ 0.17 mm,
respectively. It should be noted that direct comparisons
between different studies, are difficult, due to the
dependence on the measurement protocol, number
and type of patients, tissue to be segmented and image
quality.

Table 3 showed that the manual measurements of
Expert 1 at time 0 versus time 12 months were S,
whereas the measurements of Expert 1 at time 0 versus
Expert 2 at time 12 months were S for the NP and NS
for N. The measurements of Expert 2 at time O versus
the measurements of Expert 1 and Expert 2 at
12 months and the measurements of Expert 1 versus
Expert 2 at time 12 months were all NS. Most of the
manual measurements were NS after normalization.

Table 4 showed that NS differences between the
manual and the Williams and Shah snakes segmenta-
tion method for all manual and automated segmenta-
tion cases (NP, DS, N, NDS) were found using the
Wilcoxon rank sum test. The smallest HD, (see Ta-
ble 4), was found between the N-Manual first set NP
(3.4), NDS-Manual first set N (4.7), NDS-N (5) and
DS-NP (5.2) images, which showed the minimum
mismatches between these measurements.

Bland-Altman plots showed (see also Fig. 5) that
while all but only a few of the data points lie within two
sigma (20), of the mean, there was a large spread in the
data points. Specifically, for both experts the best plots
were obtained for the NDS images, whereas the dif-
ference between the segmentation method and the first
time manual normalized measurements of Expert 1,
was 0.01 mm, and for the second time manual nor-
malized measurements of Expert 2, was 0.09 mm.
There was also a negative bias, estimated by the mean
difference, which showed that on average the snakes
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segmentation algorithm overestimates the area relative
to normal delineation. The Bland-Altman plots
showed that, the best plot was obtained for the NDS
images, with smaller differences between experts. The
test also showed that the relative differences in IMT
values remained constant in all cases, as the IMT in-
creased from 0.4 mm, the lowest, to 1.0 mm, the
highest value. Although there was some variability in
the measurements of IMT with limits of agreement
that ranged from —0.25 to 0.24 mm, with almost all
points within these limits. The lower variability was
observed for the first time NP manual measurements of
Expert 1 and NDS images and for the first time N
manual measurements of Expert 1 and NDS images. In
[11] the IMT in carotid artery images of sheep was
recorded with two different methods, namely by so-
nomicrometry and by a computerized device. The
Bland-Altman plots showed that the difference be-
tween both methods followed a Gaussian distribution
and the computerized measurements were higher than
those of the sonomicrometry. In [30] the limits of
agreement reported in IMT measurements between an
experience reader and the automated system devel-
oped, were better than in this study and ranged from —
0.06 to 0.1 mm. The Bland—-Altman test was also used
in [10] to compare the results of manual and automated
detection in myocardial borders, and the segmented
border values between manual and automated detec-
tion in brachial ultrasound images [28]. Furthermore,
the Bland—Altman plot was used in [22], where 24
carotid ultrasound images were analyzed by two ex-
perts for validating the results of IMT measurements
using a newly developed system by comparing them
with those obtained using previous methods and
showed no evidence of bias between the two methods.

Some limitations of the proposed method include
the presence of acoustic shadowing together with
strong speckle noise, which hinders the visual and
automatic analysis in ultrasound images. Such images,
with bad visual perception, were neither included in
this study nor were they delineated by the experts [9,
14, 18-21, 25, 35]. We have also excluded from our
segmentation experiments images with extensive
echolucency and calcification. This problem is inher-
ent to ultrasound and could be only resolved by using
other techniques, like MRI [25]. Backscattered ultra-
sound is also angle dependent. During the recording
of the images a standard recording technique was
used to adjust the position of the probe so that the
ultrasound beam was at right angles to the arterial
wall. This improved the IMC visualization. Moreover,
the new spatial compound imaging technique might
optimize further carotid plaque imaging [21, 25, 35].



Med Bio Eng Comput (2007) 45:35-49

47

Furthermore, the estimation and positioning of the
initial snake contour may sometimes result to seg-
mentation errors. This should be placed as close as
possible to the area of interest otherwise it may be
trapped into local minima or false edges and converge
to a wrong location. In the present study in less than
5% of the cases the positioning of the initial snake
contour was not calculated correctly. For these cases
the user of the proposed system may run the snake
initialisation procedure again in order to estimate the
correct initial snake contour. Furthermore, only ves-
sels without atherosclerotic plaques were segmented
in this study. The applicability of the proposed snakes
border detection in cases where the IMT is larger
than 1.4 mm, (see Sect. 2.5 point 8), is not possible.
That is because for larger IMT a different initializa-
tion procedure, based on plaque segmentation, should
be followed as proposed in [20], where the initial
contour estimation procedure presented in this study,
fails to accurately detect the correct plaque border
boundaries.

In this study images recorded from the ATL HDI-
3000 scanner were used, although in a recent study [21]
it was shown that the ATL HDI-5000 scanner produced
better quality images. The reason for using the HDI-
3000 images was that because, a complete dataset from
the HDI-5000 scanner as well as all IMT measurements
were not available, as this scanner was only recently
installed. The HDI-3000 dataset was complete and in-
cluded all patients data, as well as repeated IMT mea-
surements. Additionally, despeckle filtering on N
images was not applied in this study, for the manual
measurements and the experts only delineated the IMT
on the NP and N images. The primary interest of the
experts was to investigate the usefulness of normaliza-
tion in manual delineation. It is therefore our intention
to investigate the usefulness of normalisation and de-
speckling in manual delineation in a future study.

Finally the two experts made some comments for
the use of the proposed snake-based IMT segmenta-
tion technique and these are summarized below. They
were both satisfied from the results, and the easiness of
the automated IMT segmentation. The system pro-
duced reproducible measurements for both experts and
the time of delineation is considerably shorter when
compared to the manual. Furthermore, the interaction
with the system is minimal. The experts have to select
the region of interest and manual correction was re-
quired in less than 5% of the cases. More specifically,
they were satisfied because the speckle could be re-
duced prior to the application of the snakes algorithm
and thus the visual interpretation as well as the auto-
mated performance of the algorithm could be

improved. In conclusion they both stated that the sys-
tem may be used to complement the manual mea-
surements and they were happy to have a system that
could reproducibly delineate IMT.

5 Concluding remarks

The IMC snakes segmentation method presented in
this paper utilizes and improved snakes initialization
and an improved validation of the segmentation
method by using despeckle filtering and image nor-
malization. The most important finding of this study is
that there was no significant difference of the IMT
measurements between the manual and the snakes
segmentation measurements. However, when normal-
ization and speckle reduction filtering is applied on
ultrasound images of the carotid artery prior to IMT
segmentation, the automated NDS measurements are
closer to the manual measurements, based on the
Bland Altman test, the HD, the CV% and the intra-
observer variability.

Furthermore it is noted that better manual seg-
mentation results were also obtained with lower sd, se,
CV%, (see Table 2), and good Bland-Altman plot (see
Fig. 5), on the manual first set N images when com-
pared with the manual first set NP segmentation
results.

The analytical approach of Bland Altman as used in
this study, is more appropriate for the evaluation of the
consistency of a new method of measurements com-
pared with an established method. Through the use of
this approach it was shown that, between the manual
first set N measurements and the NDS a small dis-
crepancy, of around 0.05 mm was reported. On this
basis the two methods, (manual and snakes segmen-
tation), can be considered interchangeable. However,
because the repeatability of the manual measurements,
(intra-observer variability), was larger than this of the
Williams and Shah snakes segmentation measure-
ments, we conclude that the replacement of the manual
with the snakes segmentation system is possible.

Therefore, the pre-processing of ultrasound images
of the carotid artery with normalization and speckle
reduction, followed by the snakes initialisation and
the Williams and Shah segmentation algorithm can be
used successfully in the measurement of IMT com-
plementing the manual measurements. It should be
furthermore noted that both the manual and the
snakes segmentation measurements were performed
on linear segments of the carotid artery, because in
the clinical praxis the experts are delineating the IMT
only in those parts of the vessel where there are no
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significant artefacts, signal drop outs and structure
irregularities. The validity of the measurements of the
proposed methodology can always be easily assessed
by the vascular expert. This methodology will be
further evaluated on ultrasound images of the carotid
collected on a large-scale epidemiological study by
our group as well as for the segmentation and mea-
surement of curved segments of the bifurcation or
bulb of the carotid artery.
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