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Assessment of Carotid Artery Plaque Components
With Machine Learning Classification
Using Homodyned-K Parametric
Maps and Elastograms
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Abstract— Quantitative ultrasound (QUS) imaging methods,
including elastography, echogenicity analysis, and speckle statis-
tical modeling, are available from a single ultrasound (US) radio-
frequency data acquisition. Since these US imaging methods
provide complementary quantitative tissue information, char-
acterization of carotid artery plaques may gain from their
combination. Sixty-six patients with symptomatic (n = 26) and
asymptomatic (n = 40) carotid atherosclerotic plaques were
included in the study. Of these, 31 underwent magnetic reso-
nance imaging (MRI) to characterize plaque vulnerability and
quantify plaque components. US radio-frequency data sequence
acquisitions were performed on all patients and were used
to compute noninvasive vascular US elastography and other
QUS features. Additional QUS features were computed from
three types of images: homodyned-K (HK) parametric maps,
Nakagami parametric maps, and log-compressed B-mode images.
The following six classification tasks were performed: detection
of 1) a small area of lipid; 2) a large area of lipid; 3) a large
area of calcification; 4) the presence of a ruptured fibrous cap;
5) differentiation of MRI-based classification of nonvulnerable
carotid plaques from neovascularized or vulnerable ones; and
6) confirmation of symptomatic versus asymptomatic patients.
Feature selection was first applied to reduce the number of
QUS parameters to a maximum of three per classification task.
A random forest machine learning algorithm was then used to
perform classifications. Areas under receiver-operating curves
(AUCs) were computed with a bootstrap method. For all tasks,
statistically significant higher AUCs were achieved with features
based on elastography, HK parametric maps, and B-mode gray
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levels, when compared to elastography alone or other QUS
alone (p < 0.001). For detection of a large area of lipid, the
combination yielding the highest AUC (0.90, 95% CI 0.80-0.92,
p < 0.001) was based on elastography, HK, and B-mode gray-
level features. To detect a large area of calcification, the highest
AUC (0.95, 95% CI 0.94-0.96, p < 0.001) was based on HK and
B-mode gray level features. For other tasks, AUCs varied between
0.79 and 0.97. None of the best combinations contained Nakagami
features. This study shows the added value of combining different
features computed from a single US acquisition with machine
learning to characterize carotid artery plaques.

Index  Terms— Carotid  artery
homodyned-K distribution, machine
ultrasound (QUS), random forest
characterization.

plaque, elastography,
learning, quantitative
classification, tissue

I. INTRODUCTION

TROKE is one of the main causes of long-term disability
and is triggered by carotid atherosclerotic plaque rupture
in approximately 20% of cases [1]. When an atherosclerotic
plaque has a high risk of rupture, it is deemed vulnerable.
Magnetic resonance imaging (MRI) is currently the gold
standard for carotid plaque assessment [2]. This imaging
modality allows identifying intraplaque hemorrhage, plaque
ulceration, plaque neovascularity, fibrous cap thickness, and
the presence of a lipid-rich necrotic core or calcification.
Some of these plaque characteristics, such as a large lipid
core, intraplaque hemorrhage, fibrous cap rupture, and gadolin-
ium contrast enhancement (neovascularization), are associated
with symptomatic carotid artery plaques [3]. Asymptomatic
patients with carotid plaques identified as high risk with MRI
are particularly exposed to future cerebrovascular events [4].
However, MRI is a time constraining and expensive imaging
modality. Moreover, protocols allowing high-resolution carotid
plaque imaging are mainly used for research purposes and are
not widely implemented on commercial MRI scanners [5].
Duplex ultrasound (US) is the first line examination to grade
artery stenosis, whereas computed tomography or MRI is used
to corroborate stenosis grading and evaluate intracranial and
arch extension of atherosclerotic disease before endarterec-
tomy [6]. In addition to stenosis quantification with duplex and
color Doppler imaging, US elastography can evaluate biome-
chanical properties of plaques. Other quantitative US (QUS)
imaging methods aiming at quantifying the microstructure

0885-3010 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0002-4957-4844

494 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 66, NO. 3, MARCH 2019

of biological tissues can also be obtained by processing
a single US radio-frequency data acquisition. As described
next, these US imaging methods may thus provide additional
and complementary quantitative tissue information and have
been investigated for carotid artery plaque assessment. The
underlying hypothesis is that vulnerable plaques differ from
nonvulnerable ones in their tissue biomechanical properties,
morphology, and composition [7].

The strain (deformation), assessed with MRI elastography,
has been found lower in complex carotid artery plaques
[American Heart Association (AHA) stages IV to VIII] than
in simple ones (AHA stages I to III) [8]. Classification of vul-
nerable carotid artery plaques based on combined elastography
and B-mode US imaging had increased sensitivity, specificity,
and accuracy compared with classification based on elastogra-
phy or B-mode imaging alone [9]. US strain indices were also
correlated with cognitive impairment scores in patients who
underwent carotid endarterectomy of plaques with high-grade
stenosis [10]. Texture analysis applied on US strain images of
MRI-detected vulnerable versus stable carotid artery plaques
revealed higher local deformation magnitude and deformation
pattern complexity in vulnerable plaques [11]. US strain
imaging was also able to differentiate between fibrous and
atheromatous carotid artery plaques using high strain index
and area of the inner plaque layer [12]. A recent review of
carotid artery stiffness measurement methods reported that the
presence of plaque and the occurrence of incident stroke are
associated with increased vessel stiffness [13].

Besides strain imaging, QUS has been investigated in the
context of carotid artery plaque assessment, and echolucent
plaques were correlated with an increased risk of stroke [14].
Lipid-like echogenicity in carotid artery plaques was also
associated with higher plaque instability in asymptomatic
patients [15]. Moreover, ultrasonic plaque features were asso-
ciated with unstable plaques validated with histology [16], and
were included with clinical information in a cerebrovascu-
lar risk stratification model for asymptomatic subjects [17].
Recently, gray-scale US features were associated with
histopathology markers of carotid plaque vulnerability [18].
Even though carotid plaque echolucency is associated with
a high risk of stroke, a recent review suggested that
this feature alone is not a powerful enough risk factor
to select asymptomatic stenotic patients for surgery [19].
First- and second-order textural features, based on gray-level
co-occurrence matrix, were correlated with visual classifica-
tion and histological examination of carotid plaques [20].
In [21] and [22], global measures of echogenicity and texture
were proposed to characterize the 3-D echo morphology
of carotid plaques. Parametric echogenicity maps based on
Nakagami m-parameter were first introduced in the pioneer
work of Shankar er al. [23]. This method was then further
refined in [24], based on a coarse-to-fine approach. In [25],
another statistical method based on discrete Fréchet distance
between bimodal gamma distributions was proposed for the
classification of echolucent carotid plaques.

In previous studies [26] and [27], we have proposed elas-
tography parameters to characterize tissue deformation of
carotid artery plaques. We have also developed statistical QUS

parameters based on homodyned-K (HK) modeling that were
related to tissue microstructure in the context of aggregated
red blood cells [28] and breast lesions [29]. In this study,
we hypothesize that the combination of elastography with
other QUS features in a machine learning scheme can charac-
terize plaque components with a higher accuracy than elastog-
raphy or other QUS features alone. Specifically, as a primary
endpoint, noninvasive vascular US elastography (NIVE), HK,
Nakagami, and echogenicity features were combined in a
random forest classifier to evaluate MRI-determined amount of
lipid and calcified plaque components, and to detect a ruptured
fibrous cap. As a secondary endpoint, the proposed method
was also applied to differentiate MRI-categorized nonvulner-
able plaques from neovascularized or vulnerable ones, and to
study patient symptomatology.

II. METHODOLOGY
A. Database

Atherosclerotic plaques of the internal left or right carotid
artery (with >50% stenosis) were assessed in this study.
A total of 66 patients were recruited: 40 patients presented
carotid artery plaques that were not associated with neurologic
symptoms; 26 patients had a stroke or transient ischemic
event that was related to the studied plaque. For patients
with neurologic symptoms, the ipsilateral carotid side was
chosen, whereas the side with the most severe stenosis was
considered for asymptomatic subjects. This study has received
institutional review board approval. Written informed consent
was obtained from all participants. This population has been
studied in [26], [27], and [30].

B. US Imaging

Plaques of internal carotid arteries were scanned in longi-
tudinal view by an experienced radiologist with an ESS00RP
system (Ultrasonix, Vancouver, Canada), and cine loops of raw
US radio-frequency data sampled at 20 MHz were recorded.
Acquisitions were performed with a linear array transducer
(L14-5/38) characterized by a 7.2-MHz center frequency. The
frame rate ranged between 19 and 25 frames/s and data were
recorded for approximately 10 s.

The carotid artery plaque contours in each image of the US
cine loops were delineated using a semiautomatic segmenta-
tion method [31]. All segmentations were verified by an expe-
rienced radiologist. Elastograms, HK and Nakagami statistical
parametric maps, and echogenicity parameters were computed
from acquired RF data within the segmented carotid artery
plaque region. Reconstructed B-mode sequences were used
for statistical parametric maps and echogenicity measures.

C. MRI Imaging

The study was divided in two phases and subjects from
the second subgroup of 31 participants had an MRI examina-
tion (T2-weighted imaging, proton-density-weighted imaging,
and unenhanced and contrast-enhanced T1-weighted imaging)
[26], [27]. MRI cross-sectional images of the carotid artery
were obtained with a dedicated surface coil. Nine symptomatic
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carotid artery plaques were included in the MRI substudy;
the remaining 22 plaques were asymptomatic. Images were
acquired 1 cm below to 3 cm above the carotid artery bifur-
cation with a voxel size of 0.6 x 0.5 x 3 mm?>. Details on
MRI acquisitions and image analysis can be found in [27].
MRI images were used as a reference method to assess the
lipid and calcium contents of each plaque, the presence of
intraplaque hemorrhage and neovasculature, and status of the
fibrous cap (ruptured, thin, or nonruptured). A plaque was
categorized as vulnerable if it contained either a ruptured
fibrous cap, a intraplaque hemorrhage, neovasculature, or a
thin fibrous cap with a large lipid core (at least one cross-
sectional lipid area above 25%).

Computer-aided manual segmentation of plaque compo-
nents was performed on MRI images with specialized software
(QPlaque MR 1.0.16, Medis, The Netherlands) [32]. Lumen,
vessel, and plaque component contours were traced on each
cross-sectional image to provide area measurements.

D. Elastography Parametric Maps and Selected Biomarkers

Axial strains, axial shear strains, and axial and lateral
translations of a carotid artery plaque were measured locally
within small measurement windows and averaged over the
segmented plaque area. Mechanical motions were induced by
the natural artery pulsation. Axial motion parameters are in
the US beam direction, whereas lateral ones are perpendicular
to it. Strain represents either compression or dilation of plaque
tissue components, whereas shear strain can be viewed as an
angular deformation or change in shape of tissue components,
occurring during the cardiac cycle. Translations correspond to
rigid motion of plaque tissue components. These 2-D defor-
mation maps were computed with a NIVE method [33], [34]
implemented and integrated into imaging software (Visual,
Object Research Systems, Montreal, QC, Canada).

Time-varying curves of these elastograms averaged over the
whole segmented plaque were plotted over time to produce
instantaneous strain, shear strain, and translation curves. The
instantaneous terminology refers to estimates computed from
pairs of consecutive frames in the cine loop. Because ECG
gating was not available, cardiac cycles were manually iden-
tified on these curves. Instantaneous curves were cumulated
over time for each selected cardiac cycle to obtain cumulative
parameter computations. To emphasize localized high motions
presumably attributed to lipid pool deformation of vulnerable
plaques, instantaneous and cumulated curves were also com-
puted by considering only pixels with highest magnitude in
elastograms, as in [27]. In this case, a threshold was used
to select the 25% highest strain, shear strain, and translation
values on each frame.

Specific biomarkers were then extracted from axial strain,
axial shear strain, axial translation, and lateral translation
curves (with or without thresholding). Otherwise specified,
the maximum of these biomarkers was computed from
instantaneous measures. These features are: maximum and
cumulated axial strains (MaxAS and CAS), maximum
and cumulated absolute shear strains (Max|ShS| and C|ShS]),
cumulated axial translation (CAT), cumulated lateral

translation (CLT), and the CAS to CAT ratio [27]. Feature
values were averaged over all complete cardiac cycles of
a cine loop. A total of 14 elastogram features were thus
available as input in the classification model. In detail,
for MRI-determined plaque component and vulnerability
classification tasks, only thresholded translations and axial
strain features, and unthresholded shear strain features were
used to avoid statistical redundancy of parameters, as done
in [27]. On the other hand, for patients’ symptomatology
classification, only unthresholded parameters were used,
as in [30]. Thus, for each task, 7 out of 14 elastography
features were used in the input vector, according to the task.

E. Other QUS Parametric Maps and Selected Biomarkers

Prior to estimation of HK parameters, pixels within the pre-
viously delineated plaque were classified with an unsupervised
method into a maximum of three labels, since carotid artery
plaques may present three distinct main constituents (i.e., lipid,
calcium, and fibrosis). Thus, a segmentation algorithm based
on a Markov random field model [35] was used with each label
representing a distinct probability density function of the echo
envelope (without log compression) of the radio-frequency
data within the plaque. The probability density functions for
this task were modeled as Nakagami distributions, as done
previously for US echo-envelope characterization [36], and
were estimated with the expectation—maximization algorithm
adapted to US images [37]. Nakagami distributions were
estimated for each cine loop and the pixels classification
algorithm was applied to each image of the US cine loop.
An example of a B-mode image of a segmented carotid artery
plaque is displayed in Fig. 1(a). Fig. 1(b) shows pixel labeling
(classification) within the plaque; in this case, two classes
of pixels were found by the algorithm based on Nakagami
modeling.

Based on the assumption that the echo envelope is
distributed locally according to a single HK, ¢, o,
and a defining this distribution were estimated locally
based on log-moment statistics [38]. HK estimations were
performed within local sliding windows of size 2 x 2 mm?
(52 x 13 pixels?), with center position sweeping the segmented
plaque region with a step of four pixels axially and one pixel
laterally. To estimate parameters from a single HK distribution,
only pixels corresponding to the same (Nakagami) probability
density function of the echo envelope (i.e., with the same label
as that of the center of the sliding window) were used [28];
Fig. 1(c) presents an estimation window for HK (and
Nakagami m-parameter, see below), and those pixels with
the same label as the center pixel of the estimation window
are shown. (Other pixels correspond to the B-mode image
of the plaque.) The HK parameters yielded three metrics
considered in [39]: the mean intensity x4 = &> + 202a, the
reciprocal 1/a, and the coherent-to-diffuse signals ratio k. The
mean intensity x is akin to B-mode echogenicity; we actually
considered its normalization wu, by the maximal intensity
within the plaque. a is the scatterer clustering parameter; a
greater value indicates a greater acoustical homogeneity within
the scattering medium. It was more convenient numerically to
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Fig. 1. (a) Example of a segmented carotid artery plaque superimposed on a reconstructed B-mode image with a pixel size of 38.5 x 149.6 ymz. Segmentation
was performed on radio-frequency-based reconstructed B-mode images but under the visual guidance of a second scan performed with an HDI 5000 system
(color duplex mode, L7-4 probe, Philips Healthcare). (b) Plaque pixel labeling into two classes. (c) Schematic representation of a clipped sliding estimation
window of 2 x 2 mm? (white rectangle). The pixels with same label as the center pixel of the estimation window (corresponding to a single probability density
function) are represented in yellow; the other label is not displayed. QUS HK and Nakagami parameters associated with the center pixel of the window were

estimated using only the yellow pixels inside the window.

consider the reciprocal of «, rather than « itself, since a per-
fectly homogenous scattering medium would have an infinite
value, whereas 1/ = 0. We also selected a fourth parameter,
the diffuse-to-total signal powers ratio 1/(x + 1), considered
in [28]. A greater value of k or x reveals the presence of a
coherent echo component, due possibly to periodic alignment
of scatterers or specular reflection [39], or highly structured
spatial organization of scatterers [28]. In contrast, a low
value of these two parameters is an indicator of randomly
positioned scatterers within the scattering medium.

Based on this procedure, four HK parametric maps
[un, Va, k, 1/(xx + 1)] were produced on each frame of a
US cine loop. This approach of estimating echo envelope
statistical parameters on clipped sliding windows was also
applied to obtain Nakagami m parametric maps. Indeed,
the label maps, previously computed for HK parameter esti-
mation, were also used to select pixels corresponding to
a single probability density function of the echo envelope
within each window, for Nakagami m-parameter estimation.
Biomarkers could then be extracted from the above five
parametric images. Specifically, mean and interquartile
range (IQR) of each map were computed for a total of 10
QUS features. Values were averaged out over all frames of a
cine loop. QUS computation was performed using C++ and
MATLAB R2010 (MathWorks, Natick, MA, USA) computer
programs.

In addition, four classical features based solely on
echogenicity were also computed [17]. They were obtained
from gray-level intensity of reconstructed compressed B-mode
images, after normalization of gray levels between 0 and 190,
as proposed in [17]. The value “0”corresponded to the lowest
gray level in a 3-mm-thick region adjacent to the plaque
in the lumen, and the value “190” was assigned to the
highest gray level in a 3-mm-thick region adjacent to the
plaque in the adventitia and surrounding tissues. The 3-mm
regions were bounded by the lumen and plaque contours and
by these same contours shifted axially (by 3 mm) toward
the lumen and adventitia, respectively. Computed features
were the mean gray level (MGL), coefficient of variation

TABLE I

L1ST OF FEATURES EXTRACTED FROM QUS AND ELASTOGRAM
PARAMETRIC MAPS. FOR QUS, THE TYPE OF EACH PARAMETER
IS INDICATED IN ITALIC (HK—HOMODYNED-K;
NAKAGAMI; AND ECHOGENICITY)

QuUS Description Elastogram Description
features features

Hn Avg Average of u, (HK) MaxAS  Maximal axial strain (%)

1/o Avg Average of 1/a (HK) | CAS Cumulated axial strain (%)

k Avg Average of k (HK) Max|ShS| Maximal shear strain

magnitude (%)

1/(xe+1) Average of 1/(k+1) C|ShS]| Cumulated shear strain

Avg (HK) magnitude (%)

14, IQR Inter-quartile range CAT Cumulated axial translation
(IQR) of u, (HK) (mm)

1/a IQR IQR of //a (HK) CLT Cumulated lateral

translation (mm)
kIQR IQR of k (HK) CASCAT Cumulated axial strain to
axial translation ratio
1/(x+1) IQR of 1/(x+1) (HK) | MaxASt Thresholded maximal axial

IQR strain (%)

m Avg Average of m CASr Thresholded cumulated
(Nakagami) axial strain (%)

m IQR IQR of m (Nakagami) | Max|ShS|r Thresholded maximal shear

strain magnitude (%)

MGL Mean gray level value | C|ShS|y  Thresholded cumulated
(0-190 intensity scale) shear strain magnitude (%)
(echogenicity)

CVGL Coefficient of variation| CATr Thresholded cumulated
of gray level value axial translation (mm)
(echogenicity)

PLGL Percentage of low gray | CLTr Thresholded cumulated
level value lateral translation (mm)
(echogenicity)

PHGL Percentage of high gray| CASCAT Thresholded cumulated
level value axial strain to axial
(echogenicity) translation ratio

of gray levels (CVGLs), percentage of low intensity gray
levels (PLGLs) (i.e., <75), and percentage of high intensity
gray levels (PHGLs) (i.e., >150). These four echogenicity
features were computed over all carotid artery plaque pixels of
a cine loop, for a total of 14 QUS features, besides elastogram
features. All features considered in the selection process of the
machine learning strategy are summarized in Table I.
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F. Random Forest Classification

A random forest classifier [40], [41] consists of multiple
decision trees, each tree selecting a class according to an
input vector of features. The random forest classifier then
outputs the class that is attributed by the individual decision
trees, with highest frequency. Random forests are not prone to
overfitting and have a small number of parameters to adjust
during training [40].

Random forest classification was thus used to assess the
presence of plaque vulnerability, lipid content, calcium con-
tent, fibrous cap status, and to confirm the relation with
symptomology (i.e., to differentiate patients that had a stroke
or transient ischemic event from asymptomatic ones). Lipid
and calcium contents were separated into categories: two
classes for lipid and one for calcium. Six classification tasks
were thus defined. All tests were performed with package
“RandomForest” version 4.6-12 for R [42].

Overall, 14 elastography and 14 B-mode QUS features
were chosen as potential input for classification. The first
step of the classification process was to select a limited
number of features to reduce data dimensionality, and conse-
quently decrease the training time and the generalization error
(due to less overfitting). Feature selection was based on the
G-mean = ./sensitivity x specificity. This index is recom-
mended as an evaluation measure in the case of imbalanced
data [43]. The G-mean was evaluated for all possible combi-
nations of 3 or less features among the 28 proposed ones. The
40 combinations of features with highest G-mean values were
selected for training and testing classifiers. Receiver-operating
characteristic (ROC) curves were generated for each of these
40 selected feature combinations, as described as follows.
For the feature selection step, the number of trees in random
forests was set to 3000.

To evaluate classification based on retained combinations
of features, a bootstrap technique was chosen due to the
small data set (i.e., n = 31 for the subgroup with available
MRI analysis, or n = 66 for the entire database). The
“0.632+4” bootstrap method evaluates the training and cross-
validation errors, and then weights them so as to predict
the generalization error [44]. The training error typically
underestimates the generalization error, while the latter is
typically overestimated with the leave-one-out cross-validation
used in statistical learning [45, ch. 7]. This bootstrap method
was selected because it showed low bias and mean squared
error for classification tree schemes applied to small data sets
of 40 and 80 samples, in the case of low data dimensionality
(less than 10 features) [46]. Stratified “0.632+" bootstrap sam-
ples were generated to construct ROC curves. The sampling
proportion of each class varied from O to 1, with a step of 1/39,
for a total of 40 strata. For each stratification step of ROC
curves, 1000 bootstrap samples were drawn, and classification
sensitivity and specificity were evaluated. With such cross-
validation method, each test set consists of patients data
excluded from the bootstrap sample. The area under the ROC
curve (AUC) was computed with the trapezoidal method to
evaluate the accuracy of tested classification schemes. Finally,
since the size of each random forest tree can be limited to a
maximum number of terminal nodes (MTNs), this parameter

TABLE 11
POPULATION CHARACTERISTICS; VALUES ARE MEAN &+ SD

Clinical All MRI Non MRI p-
parameters subjects subgroup subgroup | value
(N=66) (N=31) (N=35)
Male (number) * 47 (711%) 22 (71%) 25 (71%) | 0.817
Age® 70+ 8 69 +8 71+9 0.456
Stenosis (%) 73+ 14 73+12 74+ 15 0.620
SBP (mm Hg) ° 135+ 16 134+17 136+ 14 | 0.503
DBP (mm Hg) " 71£10 69 £10 73£10 0.116

SBP: systolic blood pressure, DBP: diastolic blood pressure.
* Pearson’s Chi Square test with Yates correction for continuity.
® Student t-test.

was used to achieve the lowest complexity of classifiers. ROC
curves were thus constructed for each MTN varying between
2 and 20 and increasing by steps of 2; classifiers with the
highest ROC AUC were selected. In the case of a tie in ROC
values, the lowest MTN was chosen. The AUC could then be
computed for each of these 40 ROC curves. The combination
of features with maximal AUC was reported in this paper. For
ROC computations, the number of trees in random forests was
set to 1000.

G. Other Statistical Analyses

Other statistical analyses were also performed using R
statistical software (R Foundation, Vienna, Austria) and
MATLAB 2010 (The MathWorks Inc., Natick, MA, USA).
Correlation between elastogram components and B-mode QUS
parametric maps were determined to investigate any coreg-
istered spatial relation between these two different types of
information. Pixel-to-pixel correlation of each QUS map g,
Va, k, 1/(x + 1), or m with each elastogram map of axial
strain, axial shear strain, axial and lateral translations were
computed. Relationships (correlations) between echogenicity
(MGL, CVGL, PLGL, PHGL) and elastograms could not
be established because echogenicity metrics were determined
from all pixels of the cine loop; no images were produced.
Correlation coefficients were assessed on each frame of a US
cine loop. The average and maximal correlation coefficients
over all frames of the cine loop were then computed. Mean
values of these quantities over all subjects are reported.
Confidence intervals (CI, confidence level of 95%) for the
ROC AUC measurements were estimated with the nonpara-
metric jackknife method [47]. The Wilcoxon signed rank test
was used to detect statistically significant difference between
ROC AUCs.

III. RESULTS
A. Database

Following MRI imaging, 12 plaques were categorized as
nonvulnerable and 19 as vulnerable or neovascularized. Lipid
was found in 17 plaques and calcium in 27; there were five
cases of ruptured fibrous cap and two cases of intraplaque
hemorrhage. Table II reports clinical parameters of the popu-
lation and the MRI and non-MRI subgroups. Supplementary
clinical parameters derived from clinical and MRI exami-
nations can be found in [27, Table 1] and [30, Table 1].
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TABLE III
CORRELATION COEFFICIENTS (R) BETWEEN ELASTOGRAPHY AND HOMODYNED-K PARAMETRIC MAPS
A 1o k 1(x+1)
Avg Max p Avg Max p Avg Max p Avg Max p
(RD (RD (RD (RD (RD (RD (RD (RD
Axial strain 0.14 0.44 0.044 0.10 0.34 0.068 0.14 0.43 0.049 0.13 0.40 0.051
Axial shear 0.16 0.47 0.040 0.11 0.36 0.061 0.16 0.50 0.039 0.15 0.46 0.045
strain
Axial 0.17 0.47 0.035 0.11 0.38 0.061 0.17 0.51 0.038 0.15 0.47 0.043
translation
Lateral 0.14 0.48 0.048 0.10 0.35 0.073 0.14 0.46 0.049 0.12 0.42 0.054
translation
Avg(|R|): for each plaque, absolute value of the correlation coefficient between parametric maps, averaged over all frames of a cine-loop
(n=66 subjects).
Max(|R|): for each plaque, maximum absolute value of the correlation coefficient between parametric maps, over all frames of a cine-loop
(n=66 subjects).
. Maximum lipid area histogram TABLE IV
§ CORRELATION COEFFICIENTS (R) BETWEEN ELASTOGRAPHY AND
g NAKAGAMI ECHO-ENVELOPE STATISTICS m PARAMETRIC MAPS
g 10
= m
E Avg(R) | Max(R) [ p
< s Axial strain 0.11 0.37 0.057
5 Axial shear strain 0.14 0.43 0.049
5 Axial translation 0.14 0.45 0.046
z Lateral translation | 0.12 042 ] 0.060
voe N BB %W A See Table 2 for the definition of parameters.
aximum lipid area percentage (%)
. Maximum calcium area histogram
o
g, strain features were computed from instantaneous elastograms
5 (not shown).
® 3
2 Pixel-to-Pixel Correlation Between Elastograms and
g B-Mode-Based QUS Statistical Parametric Maps: Correlation
3z, coefficients between elastograms and HK parametric maps
: for the whole database are shown in Table III. Instantaneous
o a5 s 75 w0 ms o ws w0 ms % ows elastogram components were correlated with HK parametric
Maximum calcium area percentage (%) .. . . . .
maps. Statistically significant correlation coefficients were
Fig. 2. Histograms of maximum lipid and calcium areas in carotid artery ~found between elastography and w,, k, and 1/(x + 1)

plaques. Lipid and calcium areas were measured from MRI 3-D examinations.

Fig. 2 shows the histogram of maximum lipid and calcium
areas. Thresholds to categorize maximum lipid and calcium
areas were determined based on these histograms. Two thresh-
olds of 10% and 25% were thus chosen for lipid content,
resulting in 15 and 7 plaques, respectively, having a maximum
lipid area (over several MRI slices of a volume) greater than
10% and 25%, respectively. A single threshold was chosen
for calcium, yielding 18 plaques with a maximum calcium
area greater than 10%. Classification based on the presence
of intraplaque hemorrhage was not attempted due to a sample
size of two.

Examples of parametric maps that were used to compute
classification features are shown for a carotid artery plaque
in Figs. 3-5 (HK parameters in Fig. 3, Nakagami m statistics
in Fig. 4, and cumulated elastograms in Fig. 5). As men-
tioned earlier, the average and IQR of the parametric maps
in Figs. 3 and 4 were computed as HK and Nakagami features
(see Table I). Cumulated and thresholded cumulated elastog-
raphy features were computed from elastograms, as displayed
in Fig. 5. Recall that maximum axial strain and axial shear

parametric maps; however, average correlation values were
low. Parameter 1/ had no coregistered spatial correspondence.

Table IV shows correlation coefficients between instanta-
neous elastogram and Nakagami echo-envelope statistics m
parametric maps. Statistically significant correlations were
found with the axial shear strain and axial translation. Again,
average correlation coefficients were low.

B. Classification Results

Six classification tasks were defined: detection of: 1) a
small area of lipid; 2) a large area of lipid; 3) a large
area of calcification; 4) presence of a ruptured fibrous cap;
5) differentiation of nonvulnerable carotid plaques from
neovascularized or vulnerable ones; and 6) differentiation of
symptomatic from asymptomatic patients. A schematic repre-
sentation of a random forest that was used to detect a large
area of calcification is shown in Fig. 6. To evaluate the added
value of combining elastography with B-mode QUS features,
different sets of inputs were used for each classification
task: 1) elastography, HK, and B-mode gray-level features;
2) elastography, Nakagami, and B-mode gray level features;
3) elastography features alone; 4) HK and B-mode gray-level
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Examples of HK parametric images of a plaque on the near and far walls of the carotid artery superimposed on a longitudinal B-mode image.

(a) Parametric map of the mean intensity . (b) 1/a parametric map (in logarithmic scale)—a lower value of 1/a indicates a greater acoustical homogeneity
within the plaque. (c) k parametric map. (d) 1/(x + 1) parametric map—a greater value of k or x reveals the presence of a coherent component. uj, o, k and
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Fig. 4.  Example of QUS Nakagami m parametric map of a plaque on
the near and far walls of the carotid artery superimposed on a longitudinal
B-mode image. m is dimensionless.

features; and 5) Nakagami and B-mode gray level features.
For each task and each set of inputs, 40 combinations of
features were selected and their ROC curves were constructed;
the ROC curve with the highest AUC was kept.

Table V shows results of the six classification tasks and
five sets of inputs. For each classification task, the statistically
significant highest AUC is marked in bold. Gold standard
was established with MRI imaging for the first five tasks
(n = 31). The gold standard for the last task was based on
patient symptoms (n = 66).

IV. DISCUSSION

In this study, elastography and QUS were combined to
detect plaque components such as lipid, calcium, and ruptured

fibrous cap, and to identify vulnerable and symptomatic carotid
artery plaques. These tasks were performed with random forest
machine learning classifications. The goal was to evaluate the
classification gain associated with the combination of different
QUS features rather than to identify precise features to be used
for carotid plaque characterization, as this objective would
require larger data sets.

To identify possible correspondence between QUS cellular
metrics and plaque mechanical properties, pixel-to-pixel
correlations were computed between all parametric images of
acquired US cine loops. This task also aimed at identifying
possible redundant information because it is preferred
in machine learning to use uncorrelated features [48].
Statistically significant associations were found as listed
in Tables III and IV. However, the highest statistically
significant correlation coefficient was 0.17 on average, thus
indicating low redundancy. All parametric maps were hence
kept in this study.

Feature selection was performed before random forest clas-
sification, due to a high number of features compared to the
data set size. The maximum number of retained features was
empirically set to 3; combinations of four features have also
been tested using the same feature selection method but they
resulted in lower AUCs (data not shown). Fig. 7 shows the
training and generalization AUC-ROC with increasing number
of features in the random forest for a given classification task
(maximum calcium area > 10%). As expected, the training
AUC:s increase and remain high with an increasing number
of features, while the generalization AUCs (computed with
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TABLE V

CLASSIFICATION RESULTS TO DETECT: 1) A MAXIMUM LIPID AREA > 10%; 2) A MAXIMUM LIPID AREA > 25%; 3) A MAXIMUM

CAROTID ARTERY PLAQUES; AND 6) SYMPTOMATIC CAROTID ARTERY PLAQUES

CALCIUM AREA > 10%; 4) THE PRESENCE OF A RUPTURED FIBROUS CAP; 5) VULNERABLE OR NEOVASCULARIZED

Lipid area >10% | Lipid area>25% Calcium area > Ruptured fibrous Plaque Presence of
(15 of 31) (7 of 31) 10% cap vulnerability symptoms
(18 of 31) (50f31) (19 of 31) (22 of 66)
Elasto + HK + 0.79 [0.77-0.83] 0.90 [0.80-0.92] 0.95 [0.94-0.96] 0.97 [0.95-0.98] 0.91 [0.89-0.93] 0.83 [0.81-0.84]
echogenicity
Max|ShS|+ PHGL | Max|ShS|+MGL + | CASCAT;+PLGL | MaxASt+PLGL + CLTr+CVGL + Max|ShS| + MaxAS
+MGL k Avg + 1/a IQR 1/(x+1) IQR 1/(+1) Avg + CVGL
Elasto + 0.79 [0.77-0.82] 0.89 [0.79-0.90] 0.90 [0.89-0.93] 0.97 [0.95-0.98] 0.90 [0.89-0.92] 0.83 [0.81-0.84]
Nakagami + (p=1.00) (p<0.001) (p<0.001) (NA) (p=0.26)
echogenicity CASt + Max|ShS]| Max|ShS| + PHGL CLTr+PLGL + MaxASt + PLGL MaxASt + CLTy + Max|ShS| + MaxAS
+ PHGL +mIQR MGL CVGL + CVGL
Elasto only 0.67 [0.56-0.68] 0.88 [0.85-0.91] 0.78 [0.74-0.80] 0.89[0.87-0.91] 0.86 [0.84-0.89] 0.79 [0.78-0.82]
(p<0.001) (p<0.001) (p<0.001) (p<0.001) (p<0.001) (p<0.001)
MaxASt + CLTr CASCAT: + MaxASt + CLTr MaxASt + CATr CATy+CLTr + Max|ShS| + C|ShS| +
Max|ShS| CASCATy MaxAS
HK + 0.78 [0.76-0.82] 0.83 [0.81-0.83] 0.94 [0.86-0.95] 0.92 [0.89-0.95] 0.80 [0.77-0.84] 0.69 [0.61-0.70]
echogenicity (p=0.022) (p<0.001) (p<0.001) (p<0.001) (p<0.001) (p<0.001)
MGL + CVGL + PHGL + l/a Avg PLGL + 1/a IQR + PLGL + PHGL + CVGL + PHGL MGL + g, IQR +
PHGL l/a Avg kIQR 1, Avg
Nakagami + 0.78 [0.76-0.82] 0.84 [0.81-0.88] 0.89 [0.88-0.91] 0.92 [0.89-0.95] 0.80 [0.77-0.84] 0.67 [0.66-0.69]
echogenicity (p=0.020) (p<0.001) (p<0.001) (p<0.001) (p<0.001) (p<0.001)
MGL + PHGL PHGL +m Avg PLGL + PHGL + PLGL + PHGL CVGL + PHGL PHGL +m Avg
m IQR

AUCs are shown with 95% confidence intervals.

Sets of input features for training were: Elasto for elastogram features; HK for homodyned-K parameters, Nakagami parameters; and echogenicity for B-mode
gray level features. The feature combination that resulted in the highest AUC is shown with feature names given in Table 1.

For each of these tasks, the AUC in bold is the highest for a given task (i.e., same column); p-values are for multiple comparisons with the highest AUC (for a
given task) using Wilcoxon rank sum tests, after Holm—Bonferroni correction; there is no p-value for the highest AUC.

overfitting conditions in this study. However, with a larger
database, combinations of more than three features would
certainly be relevant.

bootstraps) reach a maximum with three features. In view
of the sample size, overfitting could explain lower AUCs
for classifications with more than three features. We avoided
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Fig. 6. Schematic representation of a random forest to detect a large
area of calcification. The first and last trees are shown. The final decision
is O (negative) or 1 (positive).
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Fig. 7.  Training and generalization AUC-ROC for different number of
features in the random forest. AUC-ROC computed for the classification task
to detect a large area of calcification.

Plaque components have been previously investigated as
predictors of cardiovascular events. They provide stroke risk
stratification in patients [2]. A systematic literature review
has shown that the presence on carotid plaque MRI of
a thin/ruptured fibrous cap, a lipid-rich necrotic core, and
intraplaque hemorrhage are associated with increased risk
of future stroke or transient ischemic attack [49]. Moreover,
carotid artery plaque fibrous cap status and lipid content were
strongly associated with cardiovascular events (myocardial
infarction, ischemic stroke, acute coronary syndrome, coronary
revascularization, and cerebrovascular revascularization) [50].
Calcium is also known to be a stabilizing component of a
plaque [51] but large calcification volume was, however, asso-
ciated with intraplaque hemorrhage but less lipid content [52].

AUC:s of all classification tasks with different sets of input
features were reported in Table V. In all cases, statistically
significant higher AUCs (p < 0.001) were achieved with
a combination of features among elastography, HK, and
B-mode gray-level ones (Table V, lines 1 and 2), when
compared to elastography alone (Table V, line 3) or QUS
alone (Table V, lines 4 and 5). All combinations of inputs
yielding the highest AUCs contained elastography features;

four out of six combinations of inputs contained HK features;
all combinations also contained B-mode gray level features.
The Nakagami m-parameter was not selected in any input
combination providing the highest AUC-ROC, likely because
of its redundancy with HK features [53]. For the classification
task of detecting a maximum lipid area > 10%, different
combinations of features provided similar AUC-ROC.
For the task of detecting ruptured fibrous caps and vulnerable
or neovascularized plaques, a combination without HK
features was not statistically significantly different from the
combination containing an HK feature. These results are in
agreement with a preliminary version of this study where
neural network classification based solely on elastograms
yielded a specificity of 67% for a sensitivity of 83%; whereas
with combined QUS features of different types, the specificity
was raised to 79% for the same sensitivity [54].

The lowest AUCs were obtained in the case of detection
of a maximum lipid area > 10% (0.79 with 95% CI of
0.77-0.82), and identification of patients with symptomatic
carotid artery plaque (0.83 with 95% CI of 0.81-0.84). For
all other classification tasks, AUCs greater than 0.90 were
obtained: 0.90 (95% CI of 0.80-0.92) for detecting a max-
imum lipid area > 25%; 0.95 (95% CI of 0.94-0.96) for a
maximum calcium area > 10%; 0.97 (95% CI of 0.95-0.98)
for a ruptured fibrous cap; and 0.91 (95% CI of 0.89-0.93)
for identifying vulnerable or neovascularized carotid artery
plaques.

The proposed method was able to detect a ruptured fibrous
cap even if US imaging does not have the resolution to perform
visually this task. Since an active inflammatory reaction is
associated with ruptured plaques [55], we hypothesize that
changes in plaque tissue microstructure and composition,
which are related to ruptured fibrous caps, could be detected
by the proposed machine learning classification method.

Carotid artery plaque characterization was also previously
addressed with US imaging methods. Lipid core and calcium
assessment was investigated with acoustic radiation force
impulse US imaging, yielding AUCs of 0.89 and 0.86 for
identification of soft and stiff plaque components, respec-
tively [56]. Vulnerable and stable plaques were also classified,
based on strain features, with an AUC of 0.85 [57]. In another
study, (fibro)atheromatous plaques were distinguished from
fibrous ones with an AUC of 0.80, also based on strain
features [12]. Previously, we have used elastograms to identify
vulnerable or neovascularized carotid artery plaques with an
AUC value of 0.89 [27]; a lower AUC with elastography alone
(the same parameters as in [24]) was obtained in this study
(AUC = 0.86), but this may be explained by the lack of
cross-validation in our previous report. We have also used US
elastography and echogenicity combined with a principal com-
ponents analysis (PCA), which allowed discriminating symp-
tomatic versus asymptomatic patients with an AUC of 0.78
(with a single threshold classifier of the PCA variable) [30].
Better performance was obtained in the current report using
the random forest classification algorithm (AUC = 0.83).

Machine learning algorithms have been used previously to
predict stroke using echogenicity features of carotid artery
plaques with an AUC of 0.80 [58] and to predict the evolution
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of coronary artery plaque using intravascular US virtual
histology with classification performance (G-mean) between
77% and 86% depending of the initial plaque types [59].
Both studies used support vector machine classification.
Imbalanced data sets in which one class is considerably
outweighed may be associated with an overall acceptable
accuracy, though with poor performance over the smallest
class, by simply ignoring this class. Three tasks had imbal-
anced data sets: detection of a maximum lipid area > 25%
(7 out of 31); detection of a ruptured fibrous cap (5 out
of 31); and identification of patients with symptomatic carotid
artery plaque (26 out of 66). Precision-recall curve (PRC)
was suggested as an alternative to ROC curve for classi-
fier performance evaluation in the case of imbalanced data
sets [60], [61]. PRC curves turned out to be the most informa-
tive tool to compare classifiers when the event rate is low [61].
PRC curves were thus computed for the three classification
tasks with imbalanced data sets for all combinations of input
features (data not shown). For task #2 in Table V (detection
of a maximum lipid area > 25%), the highest AUC-PRC
were obtained for inputs Elasto + HK + echogenicity and
Elasto 4+ Nakagami + echogenicity (lines 1 and 2 in Table V).
There was no statistically significant difference between the
AUC-PRC of these two input combinations; AUC-PRC corre-
sponding to lines 1 and 2 in Table V were 0.76 (95% CI
0.68-0.81) and 0.76 (95% CI 0.67-0.81), respectively. For
task #4 (detection of a ruptured fibrous cap), the highest
AUC-PRC was obtained with the input Elasto + HK +
echogenicity (line 1); the HK + echogenicity features thus
increased the AUC-PRC (0.88, 95% CI 0.79-0.91 compared
to 0.82, 95% CI 0.72-0.86), while there was no added
value to the AUC-ROC associated with this feature selec-
tion. For identification of patients with symptomatic carotid
artery plaque (task #6), the highest AUC-PRC was similar to
AUC-ROC (0.80, 95% CI 0.77-0.81); i.e., the combination of
elastography, echogenicity, HK, or Nakagami features.

A. Study Limitations

In machine learning, large data sets usually ensure more
reproducible results. In this study, results were based on
populations of 31 and 66 patients. (We selected one carotid
side per patient to avoid paired data.) Moreover, ruptured
fibrous caps were observed in only five cases. Selected elas-
tography and QUS features used for carotid artery plaque
characterization could thus change if the proposed classifi-
cation scheme is applied to a larger sample size. To improve
the robustness of conclusion, the “0.632-+" bootstrap method
was selected and confidence intervals were provided. Adding
additional samples would reduce these intervals but may not
necessarily raise the classification performance. Nevertheless,
to confirm the findings of this study, particularly in the case
of imbalanced data sets, a larger study population would be
necessary.

To conclude, this study has shown the advantage of using a
machine learning strategy to combine different features from
the same US acquisitions for the task of identifying carotid
artery plaque components of vulnerability.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 66, NO. 3, MARCH 2019

REFERENCES

R. C. Pasternak et al., “Atherosclerotic vascular disease confer-
ence writing group I: Epidemiology,” Circulation, vol. 109, no. 21,
pp. 2605-2612, 2004.

'W. Brinjikji, J. Huston, III, A. A. Rabinstein, G.-M. Kim, A. Lerman,
and G. Lanzino, “Contemporary carotid imaging: From degree of steno-
sis to plaque vulnerability,” J. Neurosurg., vol. 124, no. 1, pp. 2742,
2016.

A. Millon et al., “High-resolution magnetic resonance imaging of carotid
atherosclerosis identifies vulnerable carotid plaques,” J. Vascular Surg.,
vol. 57, no. 4, pp. 1046-1051.e2, 2013.

L. Esposito-Bauer et al., “MRI plaque imaging detects carotid plaques
with a high risk for future cerebrovascular events in asymptomatic
patients,” PLoS ONE, vol. 8, no. 7, p. €67927, 2013.

W. S. Kerwin, Z. Miller, and C. Yuan, “Imaging of the high-risk carotid
plaque: Magnetic resonance imaging,” Seminars Vascular Surg., vol. 30,
no. 1, pp. 54-61, 2017.

A. R. Naylor et al., “Editor’s choice—Management of atherosclerotic
carotid and vertebral artery disease: 2017 clinical practice guidelines
of the European society for vascular surgery (ESVS),” Eur. J. Vascular
Endovascular Surg., vol. 55, no. 1, pp. 3-81, 2018.

J. L. Fleg et al., “Detection of high-risk atherosclerotic plaque: Report
of the NHLBI working group on current status and future directions,”
JACC, Cardiovascular Imag., vol. 5, no. 9, pp. 941-955, 2012.

H. Beaussier et al., “Mechanical and structural characteristics of carotid
plaques by combined analysis with echotracking system and MR imag-
ing,” JACC, Cardiovascular Imag., vol. 4, no. 5, pp. 468-477, 2011.
F. Liu, Q. Yong, Q. Zhang, P. Liu, and Y. Yang, “Real-time tissue
elastography for the detection of vulnerable carotid plaques in patients
undergoing endarterectomy: A pilot study,” Ultrasound Med. Biol.,
vol. 41, no. 3, pp. 705-712, Mar. 2015.

X. Wang et al., “Classification of symptomatic and asymptomatic
patients with and without cognitive decline using non-invasive carotid
plaque strain indices as biomarkers,” Ultrasound Med. Biol., vol. 42,
no. 4, pp. 909-918, 2016.

C. Huang et al., “Non-invasive identification of vulnerable atheroscle-
rotic plaques using texture analysis in ultrasound carotid elastography:
An in vivo feasibility study validated by magnetic resonance imaging,”
Ultrasound Med. Biol., vol. 43, no. 4, pp. 817-830, 2017.

H. H. Hansen, G. J. de Borst, M. L. Bots, F. L. Moll, G. Pasterkamp, and
C. L. de Korte, “Validation of noninvasive in vivo compound ultrasound
strain imaging using histologic plaque vulnerability features,” Stroke,
vol. 47, no. 11, pp. 2770-2775, 2016.

M. E. Boesen, D. Singh, B. K. Menon, and R. Frayne, “A systematic
literature review of the effect of carotid atherosclerosis on local vessel
stiffness and elasticity,” Atherosclerosis, vol. 243, no. 1, pp. 211-222,
2015.

M.-L. M. Grgnholdt, B. G. Nordestgaard, T. V. Schroeder, S. Vorstrup,
and H. Sillesen, “Ultrasonic echolucent carotid plaques predict future
strokes,” Circulation, vol. 104, no. 1, pp. 68-73, 2001.

H. Hashimoto, M. Tagaya, H. Niki, and H. Etani, “Computer-assisted
analysis of heterogeneity on B-mode imaging predicts instability of
asymptomatic carotid plaque,” Cerebrovascular Diseases, vol. 28,
pp. 357-364, Sep. 2009.

R. J. Doonan et al., “Plaque echodensity and textural features are
associated with histologic carotid plaque instability,” J. Vascular Surg.,
vol. 64, no. 3, pp. 671-677.e8, 2016.

A. N. Nicolaides et al., “Asymptomatic internal carotid artery stenosis
and cerebrovascular risk stratification,” J. Vascular Surg., vol. 52, no. 6,
pp. 1486-1496.e5, 2010.

C. C. Mitchell et al., “Histopathologic validation of grayscale carotid
plaque characteristics related to plaque vulnerability,” Ultrasound Med.
Biol., vol. 43, no. 1, pp. 129-137, 2017.

A. Gupta et al., “Plaque echolucency and stroke risk in asymptomatic
carotid stenosis: A systematic review and meta-analysis,” Stroke, vol. 46,
pp. 91-97, Jan. 2015.

J. E. Wilhjelm, M. L. Gronholdt, B. Wiebe, S. K. Jespersen,
L. K. Hansen, and H. Sillesen, “Quantitative analysis of ultrasound B-
mode images of carotid atherosclerotic plaque: Correlation with visual
classification and histological examination,” IEEE Trans. Med. Imag.,
vol. 17, no. 6, pp. 910-922, Dec. 1998.

J. C. R. Seabra, L. M. Pedro, J. F. e Fernandes, and J. M. Sanches,
“A 3-D ultrasound-based framework to characterize the echo morphol-
ogy of carotid plaques,” IEEE Trans. Biomed. Eng., vol. 56, no. 5,
pp. 1442-1453, May 2009.



ROY-CARDINAL et al.: ASSESSMENT OF CAROTID ARTERY PLAQUE COMPONENTS

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

[32]

(33]

[34]

[35]

[36]

(37]

(38]

[39]

[40]

[41]

[42]
[43]

[44]

[45]

J. C. R. Seabra and J. M. Sanches, “A 3D graph-cut based algorithm for
evaluating carotid plaque echogenicity and texture,” in Recent Advances
in Biomedical Engineering. Rijeka, Croatia: InTech, 2009.

P. M. Shankar, F. Forsberg, and L. Lown, “Statistical modeling of
atherosclerotic plaque in carotid B mode images—A feasibility study,”
Ultrasound Med. Biol., vol. 29, no. 9, pp. 1305-1309, 2003.

M. Han, J. Wan, Y. Zhao, X. Zhou, and M. Wan, “Nakagami-m
parametric imaging for atherosclerotic plaque characterization using
the coarse-to-fine method,” Ultrasound Med. Biol., vol. 43, no. 6,
pp. 1275-1289, 2017.

X. Huang et al., “Identification of ultrasonic echolucent carotid plaques
using discrete Fréchet distance between bimodal gamma distributions,”
IEEE Trans. Biomed. Eng., vol. 65, no. 5, pp. 949-955, May 2018.

C. Naim et al., “Characterisation of carotid plaques with ultrasound
elastography: Feasibility and correlation with high-resolution magnetic
resonance imaging,” Eur. Radiol., vol. 23, no. 7, pp. 2030-2041, 2013.
M.-H. Roy Cardinal et al., “Carotid artery plaque vulnerability assess-
ment using noninvasive ultrasound elastography: Validation with MRI,”
Amer. J. Roentgenol., vol. 209, no. 1, pp. 142-151, 2017.

F. Destrempes, E. Franceschini, F. T. H. Yu, and G. Cloutier, “Unifying
concepts of statistical and spectral quantitative ultrasound techniques,”
IEEE Trans. Med. Imag., vol. 35, no. 2, pp. 488-500, Feb. 2016.

I. Trop et al., “The added value of statistical modeling of backscatter
properties in the management of breast lesions at US,” Radiology,
vol. 275, no. 3, pp. 666-674, 2015.

G. Cloutier, M. H. Roy Cardinal, Y. Ju, M.-E. Giroux, S. Lanthier, and
G. Soulez, “Carotid plaque vulnerability assessment using ultrasound
elastography and echogenicity analysis,” Amer. J. Roentgenol., to be
published.

F. Destrempes, J. Meunier, M.-F. Giroux, G. Soulez, and G. Cloutier,
“Segmentation of plaques in sequences of ultrasonic B-mode images
of carotid arteries based on motion estimation and a Bayesian model,”
IEEE Trans. Biomed. Eng., vol. 58, no. 8, pp. 2202-2211, Aug. 2011.
R. J. van der Geest et al., “Advanced three-dimensional postprocessing
in computed tomographic and magnetic resonance angiography,” in
Cardiovascular Imaging, V. Ho and G. Reddy, Eds. St. Louis, MO,
USA: Elsevier, 2011, pp. 1128-1143.

R. L. Maurice, M. Daronat, J. Ohayon, E. Stoyanova, F. S. Foster, and
G. Cloutier, “Non-invasive high-frequency vascular ultrasound elastog-
raphy,” Phys. Med. Biol., vol. 50, no. 7, pp. 1611-1628, 2005.

E. Mercure et al., “A compensative model for the angle-dependence
of motion estimates in noninvasive vascular elastography,” Med. Phys.,
vol. 38, no. 2, pp. 727-735, 2011.

J. Marroquin, S. Mitter, and T. Poggio, “Probabilistic solution of ill-
posed problems in computational vision,” J. Amer. Stat. Assoc., vol. 82,
no. 397, pp. 76-89, 1987.

P. M. Shankar, “A general statistical model for ultrasonic backscattering
from tissues,” IEEE Trans. Ultrason., Ferroelectr., Freq. Control, vol. 47,
no. 3, pp. 727-736, May 2000.

F. Destrempes, J. Meunier, M.-F. Giroux, G. Soulez, and G. Cloutier,
“Segmentation in ultrasonic B-mode images of healthy carotid arteries
using mixtures of Nakagami distributions and stochastic optimization,”
IEEE Trans. Med. Imag., vol. 28, no. 2, pp. 215-229, Feb. 2009.

F. Destrempes, J. Porée, and G. Cloutier, “Estimation method of the
homodyned K-distribution based on the mean intensity and two log-
moments,” SIAM J. Imag. Sci., vol. 6, no. 3, pp. 1499-1530, 2013.

V. Dutt and J. F. Greenleaf, “Ultrasound echo envelope analysis using
a homodyned K distribution signal model,” Ultrason. Imag., vol. 16,
no. 4, pp. 265-287, 1994.

L. Breiman, “Random forests,” Mach. Learn., vol. 45, no. 1, pp. 5-32,
2001.

T. K. Ho, “The random subspace method for constructing decision
forests,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 20, no. 8,
pp. 832-844, Aug. 1998.

A. Liaw and M. Wiener, “Classification and regression by randomforest,”
R News, vol. 2, no. 3, pp. 18-22, 2002.

H. He and E. A. Garcia, “Learning from imbalanced data,” IEEE Trans.
Knowl. Data Eng., vol. 21, no. 9, pp. 1263-1284, Sep. 2009.

B. Efron and R. Tibshirani, “Improvements on cross-validation: The
6324 bootstrap method,” J. Amer. Stat. Assoc., vol. 92, no. 438,
pp. 548-560, 1997.

J. Friedman, T. Hastie, and R. Tibshirani, The Elements of Statistical
Learning (Springer Series in Statistics), vol. 1. New York, NY, USA:
Springer-Verlag, 2001.

[40]

[47]

[48]

[49]

(501

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

503

A. M. Molinaro, R. Simon, and R. M. Pfeiffer, “Prediction error esti-
mation: A comparison of resampling methods,” Bioinformatics, vol. 21,
no. 15, pp. 3301-3307, 2005.

E. R. DeLong, D. M. DeLong, and D. L. Clarke-Pearson, “Comparing
the areas under two or more correlated receiver operating character-
istic curves: A nonparametric approach,” Biometrics, vol. 44, no. 3,
pp. 837-845, 1988.

I. Guyon and A. Elisseeff, “An introduction to variable and feature
selection,” J. Mach. Learn. Res., vol. 3, pp. 1157-1182, Jan. 2003.

A. Gupta et al., “Carotid plaque MRI and stroke risk: A systematic
review and meta-analysis,” Stroke, vol. 44, no. 11, pp. 3071-3077, 2013.
J. Sun et al., “Carotid plaque lipid content and fibrous cap status predict
systemic CV outcomes: The MRI substudy in AIM-HIGH,” JACC,
Cardiovascular Imag., vol. 10, no. 3, pp. 241-249, 2017.

K. R. Nandalur, A. D. Hardie, P. Raghavan, M. J. Schipper, E. Baskurt,
and C. M. Kramer, “Composition of the stable carotid plaque,” Stroke,
vol. 38, no. 3, pp. 935-940, 2007.

Q. J. van den Bouwhuijsen et al, “Coexistence of calcification,
intraplaque hemorrhage and lipid core within the asymptomatic
atherosclerotic carotid plaque: The rotterdam study,” Cerebrovascular
Diseases, vol. 39, nos. 5-6, pp. 319-324, 2015.

F. Destrempes and G. Cloutier, “A critical review and uniformized
representation of statistical distributions modeling the ultrasound echo
envelope,” Ultrasound Med. Biol., vol. 36, no. 7, pp. 1037-1051, 2010.
M. H. Roy-Cardinal, F. Destrempes, G. Soulez, and G. Cloutier, “Homo-
dyned K-distribution parametric maps combined with elastograms
for carotid artery plaque assessment,” in Proc. IEEE Int. Ultrason.
Symp. (1US), Sep. 2016, pp. 1-4.

A. C. van der Wal, A. E. Becker, C. M. van der Loos, and P. K. Das, “Site
of intimal rupture or erosion of thrombosed coronary atherosclerotic
plaques is characterized by an inflammatory process irrespective of
the dominant plaque morphology,” Circulation, vol. 89, pp. 3644,
Jan. 1994.

T. J. Czernuszewicz et al., “Performance of acoustic radiation
force impulse ultrasound imaging for carotid plaque characteriza-
tion with histologic validation,” J. Vascular Surg., vol. 66, no. 6,
pp. 1749-1757.e3, 2017.

C. Huang et al., “Ultrasound-based carotid elastography for detection
of vulnerable atherosclerotic plaques validated by magnetic resonance
imaging,” Ultrasound Med. Biol., vol. 42, no. 2, pp. 365-377, 2016.
E. C. Kyriacou et al., “Prediction of high-risk asymptomatic carotid
plaques based on ultrasonic image features,” IEEE Trans. Inf. Technol.
Biomed., vol. 16, no. 5, pp. 966-973, Sep. 2012.

L. Zhang, A. Wahle, Z. Chen, J. J. Lopez, T. Kovarnik, and M. Sonka,
“Predicting locations of high-risk plaques in coronary arteries in patients
receiving statin therapy,” IEEE Trans. Med. Imag., vol. 37, no. 1,
pp.- 151-161, Jan. 2018.

J. Davis and M. Goadrich, “The relationship between precision-recall
and ROC curves,” in Proc. 23rd Int. Conf. Mach. Learn., 20006,
pp. 233-240.

T. Saito and M. Rehmsmeier, “The precision-recall plot is more informa-
tive than the ROC plot when evaluating binary classifiers on imbalanced
datasets,” PLoS ONE, vol. 10, no. 3, p. e0118432, 2015.

Marie-Hélene Roy-Cardinal received the B.Eng.
degree in computer engineering from the Ecole
Polytechnique of Montreal, Montreal, QC, Canada,
in 2001, and the Ph.D. degree in biomedical engi-
neering from the University of Montreal, Montreal,
in 2008.

Since 2009, she has been a Research Associate
with the Laboratory of Biorheology and Med-
ical Ultrasonics, University of Montreal Hospital
Research Center, Montreal. Her current research
interests include intravascular ultrasound imaging,

segmentation applied to ultrasound imaging, tissue characterization with
ultrasound elastography and quantitative ultrasound, and machine learning
applied to ultrasound imaging.



504 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 66, NO. 3, MARCH 2019

Francois Destrempes received the B.Sc. degree
in mathematics from the University of Montreal,
Montreal, QC, Canada, in 1985, the Ph.D. degree
in mathematics from Cornell University, Ithaca, NY,
USA, in 1990, and the Ph.D. degree in computer
science from the University of Montreal in 2006.

He was a Post-Doctoral Fellow with the Centre de
recherches mathématiques, University of Montreal
from 1990 to 1992. He was a Lecturer at Concordia
University, Montreal, and an Assistant Professor of
mathematics at the University of Ottawa, Ottawa,
ON, Canada, the University of Toronto, Toronto, ON, Canada, and the
University of Alberta, Edmonton, AB, Canada. He was a Post-Doctoral Fellow
at the Laboratory of Biorheology and Medical Ultrasonics, University of
Montreal Hospital Research Center, Montreal. Since 2008, he has been a
Research Associate with the Laboratory of Biorheology and Medical Ultra-
sonics, University of Montreal Hospital Research Center. He has authored or
coauthored 33 articles and two book chapters. His current research interests
include ultrasound imaging, segmentation of ultrasound imaging, quantitative
ultrasound, and machine learning.

Gilles Soulez is currently a Vascular and Interven-
tional Radiologist with the University of Montreal
Hospital, Montreal, QC, Canada. He is a Professor of
radiology and the Chair of the Department of Radi-
ology, Radio-Oncology and Nuclear Medicine with
the University of Montreal, Montreal. His research
program conducted at the University of Montreal
Hospital Research Center is exclusively dedicated
to vascular and interventional radiology with a par-
ticular interest in the field of vascular ultrasound

- elastography to characterize vascular vulnerability,
aneurysm endovascular repair, peripheral vascular disease, and advanced
image guidance for interventional radiology procedures.

Guy Cloutier (S’89-M’90-SM’07) received the
B.Eng. degree from the Université du Québec a
Trois-Rivieres, Trois-Rivieres, QC, Canada, in 1984,
and the M.Sc. and Ph.D. degrees from the Ecole
Polytechnique de Montréal, Montreal, QC, Canada,
in 1986 and 1990, respectively.
From 1990 to 1992, he was a Post-Doctoral Fellow
) at The Pennsylvania State University, State College,
' " PA, USA, with Prof. K. Kirk Shung. He is currently
‘ the Director of the Laboratory of Biorheology and
Medical Ultrasonics with the University of Montreal
Hospital Research Center (www.lbum-crchum.com), Montreal, a Professor
with the Department of Radiology, Radio-Oncology and Nuclear Medicine,
and a member of the Institute of Biomedical Engineering with the University
of Montreal, Montreal. He has authored close to 200 peer-reviewed articles in
these fields and holds 10 active patents. His research interests are in quanti-
tative ultrasound imaging, quasi-static and dynamic ultrasound elastography,
development of multiphysics imaging methods, and biomechanical modeling.
Dr. Cloutier licensed three technologies and was a recipient of the National
Scientist Award of the Fonds de la Recherche en Santé du Québec from
2004 to 2009. He is an Associate Editor of the IEEE TRANSACTIONS ON
ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL and Plos
One, an Invited Associate Editor of Medical Physics, and a member of the
editorial board of Current Medical Imaging Reviews, and was a member of the
international advisory editorial board of Ultrasound in Medicine and Biology
for 15 years.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


