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Graphical abstract

Abstract

Objectives. The context of the study is the early detection of atherosclerosis. The specific aim of the article is to estimate the longitudinal 
displacements of the carotid artery wall and assess the discriminative power of the estimated motion patterns to distinguish at-risk individuals 
from healthy subjects.

Methods. Motion estimation builds on block matching with a Kalman filter updating the reference-block gray levels, and incorporates a Kalman 
filter controlling the trajectory via a model using cosine decomposition. The estimated motion patterns were normalized and provided as input 
features to a machine-learning-based classifier that automatically assigned healthy or at-risk labels.

Results. Evaluated on 113 subjects, the method successfully estimated all but one trajectory, and classification achieved 70% sensitivity and 
72% specificity.

Conclusions. The proposed method is well suited to estimate 2D (longitudinal and radial) quasi-periodic displacements of the arterial wall in 
ultrasound image sequences. The estimated motion patterns can contribute to discriminate at-risk from healthy subjects.
© 2017 AGBM. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Cardiovascular diseases were the leading cause of mor-
tality worldwide in 2016 [1]. Most of them are related to 
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atherosclerosis. The latter affects the arterial wall and causes 
its thickening and atheromatous deposits evolving into plaques. 
Plaque buildup contributes to increasing bloodstream obstruc-
tion, and may eventually lead to ischaemia or acute events, 
namely myocardial infarction or stroke. These life-threatening 
and possibly debilitating events can be prevented in most cases 
if atherosclerosis is diagnosed at an early stage. Early diagno-
sis requires screening, which is currently based on risk factors 
such as age, gender, hyperglycemia, dyslipidaemia, body mass 
index, intima-media thickness, etc., but these are not sufficient 
to accurately stratify the risk.

Atherosclerosis modifies the mechanical properties of the 
arterial wall [2], therefore investigating the motion of arterial 
tissues during the cardiac cycle is likely to establish new inde-
pendent risk predictors. We developed methods to assess this 
motion, including the cyclic compression of the intima-media 
complex [3], from ultrasound-image sequences, for the purpose 
of indirect detection of changes in artery mechanical proper-
ties. The focus of this article is the carotid-artery longitudinal 
kinetics (LOKI) that corresponds to the shearing motion of the 
artery-wall inner layers in the direction parallel to the blood 
flow.

LOKI has gained an increasing interest during the last 
decade, e.g., see [4–11]. Estimating LOKI is difficult due to 
mostly homogeneous image intensities along the arterial wall 
(Fig. 1). The motion-estimation methods reported in the above-
cited articles rely on a block-matching algorithm adapted to 
track a selected salient speckle pattern. As the appearance of 
such patterns is often subject to alteration during the cardiac 
cycle, due to several degrading factors such as speckle decorre-
lation or out-of-plane motion, several teams proposed to over-
come this additional difficulty by various schemes updating the 
block appearance, the most effective being based on a Kalman 
filter [6,7,10,11]. Furthermore, to increase the robustness of 
the estimation methods, the application of the Kalman frame-
work onto the block displacements was also investigated [12,
10]. The most effective displacement model accounted for the 
expected periodicity of the target motion, and was a piecewise 
combination of tanh and sin2 functions. The investigation of 
Kalman-based LOKI estimation using more generic decompo-
sitions of periodic functions, such as Fourier or cosine series, 
was not reported in the literature.

Based on the estimated motion, a decrease in LOKI mag-
nitude was observed in at-risk patients compared with healthy 
volunteers [5]. An association was also found between the clin-
ical status (at-risk vs. healthy) of the subjects and the motion 
orientation (antegrade, i.e., same as the blood flow, vs. retro-
grade, i.e., towards the heart) at the beginning of the cardiac 
cycle [11]. Nevertheless, potential relationships between the 
shape of the LOKI curves and the clinical status of the subjects 
have not yet been thoroughly investigated.

The aim of this article is to explore the discriminative 
power of the trajectory shape to distinguish at-risk individuals 
from healthy subjects. In this objective, an improved motion-
estimation method is put forward, and a classification scheme 
based on machine learning [13] is subsequently applied. The 
proposed method builds on block matching with Kalman-based 

Fig. 1. Example of longitudinal ultrasound image of the common-carotid artery.

block gray-level update [7], and incorporates a Kalman fil-
ter controlling the trajectory via a periodic model using co-
sine decomposition. To perform an amplitude- and duration-
independent classification and only investigate their specific 
shape, the resulting LOKI curves were normalized and uni-
formly resampled. These samples were finally provided as input 
features to the Adaboost classification algorithm to automati-
cally assign a healthy or at-risk label to each subject.

2. Material and methods

2.1. Participants and image acquisition

Fifty-six healthy volunteers (24 men; mean age ± stan-
dard deviation 37.9 ± 14.1 years), as well as fifty-seven pa-
tients at high cardiovascular risk (34 men; 52.9 ± 7.9 years) 
were involved in this study. All the healthy volunteers were 
cardiovascular-risk factor free, while the high-risk group was 
composed by patients suffering from either metabolic syndrome 
or type 1 or 2 diabetes. Informed consent was obtained from all 
participants. The study fulfilled the requirements of our institu-
tional review board, as well as the ethics committee.

The participants were examined in the supine position. Lon-
gitudinal ultrasound B-mode images of the common carotid 
artery were recorded at 26 frames per second during at least 
two consecutive full cardiac cycles (due to technical limita-
tions, the recorded sequences were not ECG-gated and their 
length was restricted to at most 150 frames). Image acquisi-
tion was performed with a clinical scanner (Siemens, Antares–
Erlangen, Germany) equipped with a linear array transducer 
(7.5–10 MHz). Image sequences thus acquired, representing 
several consecutive cardiac cycles of each participant, were 
digitally stored and transferred to a commercial computer for 
off-line analysis.

2.2. Motion estimation

Fig. 2 schematically represents the main components of the 
proposed method. The initialization consists in interactively se-
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