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a  b  s  t  r  a  c  t

This  paper  proposes  a  computer-aided  diagnosis  tool  for the  early  detection  of  atherosclerosis.  This
pathology  is  responsible  for major  cardiovascular  diseases,  which  are  the  main  cause  of death  worldwide.
Among  preventive  measures,  the intima-media  thickness  (IMT)  of  the  common  carotid  artery  stands  out
as  early  indicator  of atherosclerosis  and  cardiovascular  risk.  In  particular,  IMT is evaluated  by  means  of
ultrasound  scans.  Usually,  during  the  radiological  examination,  the  specialist  detects  the optimal  mea-
surement  area,  identifies  the layers  of  the arterial  wall  and  manually  marks  pairs  of  points  on  the  image
to  estimate  the  thickness  of  the  artery.  Therefore,  this  manual  procedure  entails  subjectivity  and  vari-
ability  in  the  IMT evaluation.  Instead,  this  article suggests  a fully  automatic  segmentation  technique
for  ultrasound  images  of  the  common  carotid  artery. The  proposed  methodology  is based  on  machine
learning  and  artificial  neural  networks  for the  recognition  of  IMT  intensity  patterns  in  the  images.  For
this  purpose,  a  deep  learning  strategy  has  been  developed  to obtain  abstract  and  efficient  data  repre-
sentations  by  means  of  auto-encoders  with  multiple  hidden  layers.  In particular,  the  considered  deep
architecture  has been  designed  under  the  concept  of  extreme  learning  machine  (ELM).  The  correct  iden-
tification  of  the  arterial  layers  is  achieved  in  a  totally  user-independent  and repeatable  manner,  which
not  only  improves  the  IMT  measurement  in daily  clinical  practice  but  also  facilitates  the  clinical  research.
A database  consisting  of 67 ultrasound  images  has  been  used  in  the  validation  of  the  suggested  system,  in
which  the resulting  automatic  contours  for each  image  have  been  compared  with  the  average  of four  man-
ual segmentations  performed  by  two  different  observers  (ground-truth).  Specifically,  the  IMT  measured
by  the  proposed  algorithm  is 0.625  ±  0.167  mm  (mean  ±  standard  deviation),  whereas  the corresponding
ground-truth  value  is  0.619  ± 0.176  mm.  Thus,  our  method  shows  a difference  between  automatic  and
manual  measures  of  only  5.79  ±  34.42 �m. Furthermore,  different  quantitative  evaluations  reported  in
this  paper  indicate  that this  procedure  outperforms  other  methods  presented  in the literature.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction
Q2

Cardiovascular diseases (CVD) remain the major cause of death
in the world [1]. A large proportion of CVD are caused by an
underlying pathological process known as atherosclerosis. Thus, its
early diagnosis is critical for preventive purposes. Atherosclerosis
involves a progressive thickening of the arterial walls by fat accu-
mulation, which hinders blood flow and reduces the elasticity of
the affected vessels.

The intima-media thickness (IMT) of the common carotid artery
(CCA) is considered as an early and reliable indicator of atheroscle-
rosis [2] and it is extracted from ultrasound scans [3], i.e. by
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means of a non-invasive technique. As can be seen in Fig. 1
(left), blood vessels present three different layers, from inner-
most to outermost: intima, media and adventitia. The IMT  is
defined as the distance from the lumen-intima interface (LII) to
the media-adventitia interface (MAI). The use of different proto-
cols and the variability between observers are recurrent problems
in the IMT  measurement procedure. To ensure the repeatability
and reproducibility of the process, according to the Mannheim
consensus [2], the IMT  should be measured preferably on the far
wall of the CCA within a region free of atherosclerotic lesions
(plaques), where a double-line pattern corresponding to the
intima-media-adventitia layers can be clearly observed (see Fig. 1,
right).

Usually, the IMT  is manually measured by the specialist, who
marks pairs of points corresponding to the LII and MAI  on the ultra-
sound. It is possible to reduce the subjectivity and variability of
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Fig. 1. Diagram of the arterial layers in a transverse section (left) and longitudinal view of the CCA in an ultrasound image (right).

manual approaches and detecting the IMT  throughout the artery
length by means of image segmentation algorithms.

In the last two decades, several solutions have been developed to
perform the carotid wall segmentation in ultrasound images [4,5]
for the IMT  measurement. Most of the proposed methods require
user interaction [6–10]. However, some fully automatic approaches
have already been published [11–17].

It is possible to make a classification of techniques according to
the used methodology. In this sense, we can find algorithms based
on edge detection and gradient-based techniques [6,8,9,18], and
other proposals based on dynamic programming [19–24], active
contours [7,14,25–27,13], neural networks [11,12] or in a combi-
nation of techniques [10,16]. There are also techniques based in
statistical modelling [28,17] or in Hough transform [15,29].

This work addresses a fully automated segmentation technique
completely based on machine learning to recognize IMT  intensity
patterns in the carotid ultrasound images. In particular, the devel-
oped system intends to emulate the procedure followed by the
specialist in the manual protocol. That is, firstly, the detection of
the optimal measurement area and, then, the identification of the
arterial wall layers. With this purpose, a deep learning strategy
has been designed to obtain abstract and efficient feature repre-
sentations by means of auto-encoders based on extreme learning
machine (ELM). The proposed method jointly extracts the LII and
MAI  from ultrasound CCA images in a totally user-independent and
repeatable manner. Therefore, it improves the reproducibility and
objectivity of the IMT  evaluation to assist in the early diagnosis of
atherosclerosis.

The remainder of this paper is structured as follows: Section 2.1
describes the dataset of ultrasound CCA images and the manual
segmentations, while Section 2.2 introduces the machine learning
concepts used in this work. In Section 2.3, the proposed segmenta-
tion method is explained in detail. The obtained results are shown
in Section 3. Finally, the main extracted conclusions close the paper.

2. Material and methods

2.1. Image database and manual segmentations

The set of images used in this work consists of 67 ultrasounds
of the CCA taken with a Philips iU22 Ultrasound System using
three different ultrasound transducers or probes, with frequency
ranges of 9–3 MHz, 12–5 MHz  and 17–5 MHz. All of them were
provided by the Radiology Department of Hospital Universitario
Virgen de la Arrixaca (Murcia, Spain). The parameters of the scanner
were adjusted in each case by the radiologist. The spatial reso-
lution of the images ranges from 0.029 to 0.081 mm/pixel, with
mean and standard deviation equal to 0.051 and 0.015 mm/pixel,

respectively. Some blurred and noisy images, affected by intralu-
minal artifacts, and some others with partially visible boundaries
are included in the studied set.

To assess the performance of the proposed segmentation
method, it is necessary to compare the automatic results with some
indication of reference values. In our case, the ground-truth cor-
responds to the average of four manual segmentations for each
ultrasound image. In particular, two  different observers delineated
each image twice, with a mean period of one month between
tracings. Each manual segmentation of a given ultrasound image
includes tracings for the LII and MAI  on the far carotid wall. The
delineations were performed by marking at least 10 points over
the images for each contour, which were subsequently interpo-
lated. Once the four manual contours have been interpolated, the
ground-truth for each IMT  interface (LII and MAI, separately) is
assessed by averaging these in a column-wise manner, i.e., along
the longitudinal axis of the image. Fig. 2 illustrates the process
for the manual segmentations and the definition of the ground-
truth for each contour. Hereinafter, we  will refer to the different
segmentations as:

• MA1: first manual segmentation from observer A.
• MA2: second manual segmentation from observer A.
• MB1: first manual segmentation from observer B.
• MB2: second manual segmentation from observer B.
• GT: ground-truth, average of MA1, MA2, MB1  and MB2.
• AUT: proposed automatic segmentation.

2.2. Machine learning techniques

In the last decade, extreme learning machine (ELM) has
emerged as a powerful tool in the learning process of single-layer
feed-forward networks (SLFN) by providing good generalization
capability at fast learning speed [30]. Given N arbitrary distinct
samples (xn, tn), where xn ∈ R

d is an input vector and tn ∈ R
m its

corresponding target vector, the output of a SLFN with M hidden
neurons and activation function f(·) is given by

yn =
M∑

j=1

�jf (wjxn + bj), n = 1, . . .,  N; (1)

where wj = [wj1, wj2, . . .,  wjd] is the input weight vector connect-
ing the input units and the jth hidden neuron, �j = [ˇj1, ˇj2, . . .,  ˇjm]
is the output weight vector connecting the jth hidden neuron and
the output units, and bj is the bias of the jth hidden neuron. If it
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