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Abstract—It is now recognized that prediction of the vulnerable
coronary plaque rupture requires not only an accurate quantification of fibrous cap thickness and necrotic core morphology but also
a precise knowledge of the mechanical properties of plaque components. Indeed, such knowledge would allow a precise evaluation of
the peak cap-stress amplitude, which is known to be a good biomechanical predictor of plaque rupture. Several studies have been
performed to reconstruct a Young’s modulus map from strain elastograms. It seems that the main issue for improving such methods
does not rely on the optimization algorithm itself, but rather on
preconditioning requiring the best estimation of the plaque components’ contours. The present theoretical study was therefore designed to develop: 1) a preconditioning model to extract the plaque
morphology in order to initiate the optimization process, and 2) an
approach combining a dynamic segmentation method with an optimization procedure to highlight the modulogram of the atherosclerotic plaque. This methodology, based on the continuum mechanics
theory prescribing the strain field, was successfully applied to seven
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constructed cap thickness, necrotic core area, calcium area, and the
Young’s moduli of the calcium, necrotic core, and fibrosis were obtained with mean relative errors of 12%, 4% and 1%, 43%, 32%,
and 2%, respectively.
Index Terms—Coronary arteries, elastography, inverse problem,
linear elasticity, modulography, vulnerable plaques.

I. INTRODUCTION

A

THEROSCLEROTIC plaque rupture is a recognized
major cause of acute coronary syndrome [1], [2]. Histological studies [1], [3], [4] have shown that a vulnerable
coronary plaque is typically defined by a large extracellular
necrotic core and a thin fibrous cap infiltrated by macrophages.
Rupture of the cap induces the formation of a thrombus which
may obstruct the coronary artery, causing an acute syndrome
and the patient death.
Several reports revealed that such vulnerable plaques can be
detected clinically by various techniques, including intravascular ultrasound (IVUS) [5], [6], optical coherence tomography
(OCT) [7], [8], computed tomography [9], and magnetic resonance imaging (MRI) [10]. However, usual prediction of rupture
based on imaging of the plaque morphology and composition
[11], [12] still provides rather imprecise and insufficient predictors of risk. The challenge for imaging methods is that prediction of the coronary plaque rupture requires not only an accurate quantification of fibrous cap thickness [13] and necrotic
core morphology [14], but also a precise knowledge of the mechanical properties of the arterial wall and plaque components
at any given stage of the plaque growth and remodeling [11],
[15]–[18]. Indeed, such knowledge can allow a precise evaluation of the thin-cap fibro-atheroma peak stress amplitude, which
appears to be a good biomechanical predictor of plaque rupture
[11], [15].
Unfortunately, analysis of plaque mechanical properties is
difficult due to its heterogeneity. More precisely, establishing
a modulogram of a plaque, i.e., an elasticity map, constitutes a
prerequisite for a reliable computation of intraplaque stresses.
Computation of such modulograms is a challenge that has been
tackled by a rather large diversity of approaches. Based on the
estimation of the strain field inside the atheroma plaque obtained from various ultrasound-based techniques [19]–[22] and
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OCT [23]–[25], several studies have been performed to estimate vascular elasticity maps [20], [22], [26]–[39]. Either direct
approaches [20], [34], [37] or iterative procedures [22], [26],
[28]–[32], [35], [36], [38], [39] were proposed. The iterative
approaches used a central core optimization algorithm to minimize the error between computed and measured strains or displacement fields. In this context, improvement of plaque elasticity reconstruction depends on the performance of the optimization procedure. Thus, several groups [29], [35], [38], [40]
developed robust optimization algorithms for extracting elastic
moduli of plaque components, assuming a known plaque morphology. However, it seems that the main issue for improving
such methods does not mostly rely on the improvement of the
optimization algorithm itself, but rather on the preconditioning
of the algorithm based on the best estimation of the plaque components’ contours, which is the main goal of the current study.
Still few studies have been conducted in this direction [28],
[30]. Recently, Baldewsing et al. [41] developed and used successfully an elegant parametric finite element model (PFEM)
to assess the morphology of a plaque composed of a unique
necrotic core. Interestingly, this approach has been extended
by the same group to the case of multiple necrotic cores: each
core was considered separately and the solution was obtained by
considering the superposition of noncorrelated inverse problems
[28]. Despite its robustness, this PFEM has some limitations. Indeed, this method would not be efficient enough to extract the
real morphology plaque exhibiting several neighboring necrotic
cores and/or calcium inclusions, thus preventing a good diagnosis of plaque vulnerability.
The present theoretical study was therefore designed to determine the modulogram of complex atherosclerotic plaques by
developing an original preconditioning step for the optimization process, and a new approach combining a dynamic watershed segmentation method with the optimization procedure to
extract the morphology and Young’s modulus of each plaque
component. This combined approach, based on the continuum
mechanics theory prescribing the strain field, was successfully
applied to seven coronary lesions of patients imaged in vivo with
IVUS. The robustness and performance of the method was investigated with regard to various factors which may affect prediction of plaque vulnerability.

II. MATERIALS AND METHODS
A series of patients underwent coronary IVUS to extract
plaque morphologies that were used to simulate strain elastograms from which the performance of both Young’s modulus
and plaque geometry reconstructions method were tested.
Moreover, two idealized cross-sectional plaque morphologies
were designed to investigate the performance of the proposed
algorithm when approximating the cap thickness value.
A. IVUS Study and Plaque Geometries
1) Patient Population: Arteries were explored in patients referred for percutaneous coronary intervention at the Lyon Cardiology Hospital (Hôpital Cardiologique et Pneumologique de
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Fig. 1. (A) Typical in-vivo intravascular ultrasound image and (B) real contours of one fibrous-cap fibro-atheromatous plaque (Plaque #1, cap thickness
 ). (C) and (D) Two idealized models in which the fibrous cap thickness decreases from 174  to 103  were manually traced by increasing the
initial necrotic core size of Plaque #1.

= 369 m

m

m

Lyon, France) after a first acute coronary syndrome with troponin I elevation. Investigations were approved by the institutional board of the Hospital Cardiology Department and patients
were studied only after giving informed consent.
2) Intravascular Ultrasound Imaging: A dataset of nonruptured vulnerable and stable plaques was obtained from systematic IVUS scans of the three principal coronary arteries following the protocol described by Rioufol et al. [6]. All patients
were examined by IVUS after intracoronary administration of
of nitroglycerine to avoid vasospasms. For each selected
200
vulnerable lesion, the acquired cross-sectional IVUS image corresponded to the site exhibiting the thinner fibroatheroma cap.
IVUS scans were performed with the iLab platform (Boston Scientific, Watertown, MA) equipped with 40 MHz catheters (Atlantis SR Pro 3.6F, Boston Scientific).
3) IVUS Image Analysis: IVUS coronary lesion images were
saved onto a computer for postprocessing (SAMBA PDB 5.01
software, Grenoble, France). Plaque components were characterized by their IVUS aspect: 1) highly hypoechogenic components (or anechogenic zones), suggestive of quasi-cellular tissues (lipid or cellular deposition); 2) homogeneous reflective
components, suggestive of organized or disorganized fibrosis;
or 3) hyperechogenic components (or bright zones), suggestive
of calcium [42]. A manual segmentation procedure using an
image processing software (ImageJ, NIH, Bethesda, MD) was
performed to extract the contours of each plaque component.
4) IVUS Measurements and Definitions: Each cross-sectional IVUS lesion image was quantified for plaque area
,
), lumen area (
,
), necrotic core area
(
,
), cap thickness (
, mm), calcium area
(
,
), and degree of stenosis (
, %) as
(
. Cap thickness was defined as the
shortest distance between the lumen and the necrotic core.
5) Idealized Geometries: From one real nonruptured vulnerable plaque geometry acquired on a patient by IVUS, two idealized models mimicking the plaque evolution by increasing the
and decreasing the
values (Fig. 1) were
initial
designed.
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B. Forward Problem: Spatial Strain Distribution From
Structural Analysis
Static Finite Element (FE) computations were performed on
all real and idealized plaque geometries. The spatial strain distributions were calculated using COMSOL Multiphysics software
(Structural Mechanics Module, version 3.3, COMSOL, France).
The plaque geometries were meshed with approximately 15 000
6-node triangular elements.
1) Boundary Conditions and Material Properties: The FE
models were solved under the assumption of plane strain and a
blood pressure differential of 1 kPa (or 7.5 mmHg) was applied
which corresponds to a realistic pressure gradient occurring between two successive IVUS images recorded during the systolic
phases (i.e., left ventricular isovolumic contraction and ejection
phases). To avoid all kind of rigid body translations and rotations, we considered two opposite nodes where displacement
conditions were prescribed: one node was completely fixed, and
the other one was prevented from displacing in the tangential direction. Everywhere else on the external diameter of the artery,
free boundary conditions were considered.
The fibrosis, calcium and soft necrotic core were modeled as isotropic quasi-incompressible solids (Poisson’s ratio
) with Young’s moduli
,
and
, respectively
[16]. Additional simulations were performed to investigate
the influence of a potential surrounding tissue by considering
an external layer of variable relative thickness (varying from
1.5 to 10) modeled also as a quasi-incompressible isotropic
) with Young’s modulus
medium (Poisson’s ratio
ranging from 1 to 600 kPa. The relative thickness is defined as
the ratio between the radius of the surrounding tissue and the
mean radius of the artery. Except when explicitly mentioned,
computations were performed without surrounding tissue.
2) Intraplaque Strain Distribution: The center of gravity of
the lumen was used as the origin of the cylindrical coordinate
system. The strain fields were interpolated on a regular polar
and an angular
mesh with a given radial step resolution of 36
step resolution corresponding to 256 radial directions, which is
the resolution one can expect from endovascular elastography
[21]. The default catheter position was located at the origin of
the cylindrical system.
Sensitivity study with regard to catheter position—The in
vivo situation shows that the catheter position is often off-centered. The fact that the catheter is not centered may affect
the intraplaque strain distribution (called also strain artifact)
and could influence the plaque characterization [43]. To investigate such effects, we simulated the radial strain fields for
four different angular positions of the off-centered catheter
and reconstructed the Young’s modulus repartition from these
perturbed strain fields. The catheter positions were calculated
using an eccentricity of 1 mm (the eccentricity was defined as
the distance between the center of the catheter and the center of
gravity of the lumen in the cross section of interest).
Sensitivity study with regard to noise on input strain
data—To further evaluate the performance of our method, a
default white-noise was added to each FE simulated strain
field used as input. The noise model was based on the work
of Baldewsing et al. [43], who used a normal distribution of
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,
noise with zero mean and a standard deviation of
with
,
and where
is the local value
of the radial strain. To investigate the influence of the white
noise on the stability and convergence of our algorithm, the
was significantly amplified by
default noise field
increasing from 1 to 6. Knowing that this noise was spatially
randomly distributed, we averaged the results obtained from
the reconstruction procedure by performing 15 computations
for each level of noise.
C. Inverse Problem: Elasticity Map
1) Contour Detection Algorithms Based on Continuum Mechanics Theory: Skovoroda’s transform (SkT)—Skovoroda et
al. [44] proposed a mathematical criterion to extract the inclusion contours, knowing the intraplaque strain field and using the
equation of local stress continuity at the interface between inand
clusions and surrounding media with Young’s moduli
, respectively. The detection of each contour point was perover external
formed by estimating the ratio of internal
strain components along an arbitrary direction and in an infinitesimal region. Thus, the location of the maximum ratios highlighted the inclusion contours. The simplified mathematical expression of their criterion [44]—obtained when the material is
assumed incompressible and when only the radial component of
is considered—is given by
the strain tensor
(1)
In this study, we used this criterion to evaluate the improvement provided by the extension of the Sumi’s transform that is
proposed below.
Modified Sumi’s transform (MST)—Assuming that the mechanical properties vary continuously in space and by writing
the local equilibrium equation for isotropic incompressible
media solicited under plane stress condition, Sumi et al. [45]
found a relationship between the vector gradient of the Young
modulus and the strain tensor components. This criterion was
used successfully to reconstruct the rigidity map in the case of a
circular heterogeneity immerged in a continuum medium [45].
However, note that the plane stress condition is not relevant to
model a blood vessel deformation. Therefore, we extended their
approach to elastic media loaded under plane strain condition.
Considering that the plaque is incompressible, we derived the
expression of the Young’s modulus gradient in the following
way.
Assuming linear elasticity, the heterogeneous medium is described by the Hooke’s law
(2)
where
and are the stress and strain tensors, is the identity matrix, the Young’s modulus which is an arbitrary function of the position vector and the Lagrangian multiplier resulting from the incompressibility of the material given by the
following kinematics constraint [46]
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Neglecting gravity and inertial forces, the stress tensor
satisfies the local equilibrium equation
(4)
Substituting (2) and (3) into (4) allowed to obtain the Young’s
modulus gradient through the relationship
(5)
Since the components of the Lagrange multiplier gradient
cannot be measured experimentally, focusing on the second
term of (5) right hand side becomes a priori a natural choice
for highlighting Young’s modulus discontinuity boundaries.
Therefore we introduced the vector defined by
(6)
The successful reconstructions of the inclusions maps validate a posteriori the relevance and efficiency of this expression
for driving the segmentation procedure. Using the equation of
), the two components
incompressibility (i.e., (3) or
,
of may be rewritten in the 2D polar coordinate system
as follows:

Fig. 2. Description of the successive steps performed in our reconstruction algorithm in order to highlight the spatial repartition of the Young modulus. A
detailed description of each step is given in the text.

In practical situations, the radial strain is the most reliable estimate of the strain tensor with current elastography techniques
[19], [47]. Therefore, we simplified our criterion by neglecting
the shear strains. So, the expression of the criterion function
dW is now given, when one considers the abovementioned hypotheses, by

(7a)

(7b)
and
are the tangential and shear components of
where
the strain tensor, respectively.
As a mathematical criterion to extract the inclusion contours,
knowing the intraplaque strain field, the norm of the vector
can be satisfactory used as a criterion function. However, we
chose the following criterion function expression:
(8)
where
is the elementary position vector. Interestingly, this
equation provides direct relationship between dW and the relative variation of the local Young’s modulus.
Indeed, by using (5), (6) and (8), dW may be interestingly
expressed as

(9)
Equation (9) shows that approximation of dW by dE/E will
be all the more accurate since the components of the Lagrange
multiplier gradient become small.

(10)
The two partial derivatives of the radial strain component
[(10)] were computed by convoluting the strain field image
with 5 5 Sobel’s masks (procedure imfilter, Image Processing
Toolbox, MATLAB, release R14, The MathWorks). Then,
the amplitude of dW was computed on the defined regular
polar mesh described below to obtain the MST-image. The
contours of each region correspond to the lines where the
amplitude of the criterion function dW was the highest. This
mathematical pre-conditioning procedure was called “Modified
Sumi’s Transform” (MST) and was used to highlight plaque
heterogeneities.
2) Young’s Modulus Reconstruction: Fig. 2 schematizes the
successive steps of the proposed inverse approach to identify the
elasticity map from the radial strain field using a parametric finite element model (PFEM). Based on the obtained MST-field,
a dynamic watershed segmentation (DWS) (procedure watershed, Image Processing Toolbox, MATLAB, release R14, The
MathWorks) combined with an optimization procedure was applied to obtain the modulogram of the studied plaque (Fig. 2).
This combined procedure was named “DWS-O.”
At each iteration of the watershed segmentation procedure
(i.e., for a given number of plaque inclusions ), we assumed
Young’s
that each inclusion had a uniform stiffness. The
moduli were then identified using a gradient-based optimization procedure (procedure fmincon, Optimization Toolbox,
MATLAB, release R14, The MathWorks) which minimized
between the
the root mean squared error
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and the computed

radial strains inside

TABLE I
DESCRIPTION OF PLAQUE CHARACTERISTICS DETECTED BY IVUS

(11)
where is the total number of nodes in the plaque mesh and
the plaque node of the regular polar mesh.
One constraint was imposed during the optimization procedure: the unknown Young’s moduli were ranged between
and
. In this process, a Young’s moduli
set solution was found acceptable when the gradient-based
optimization procedure reached either a tolerance termination
or a maximum number of iterations
value lower than
equal to 30 [27].
More refined segmentations were obtained from the DWS
procedure by increasing the number of plaque inclusions up
. Indeed, we know from plaque
to a maximum value of
morphology studies on vulnerable plaques [4] that this is a
realistic upper boundary. Additionally, from a computational
point of view, we will verify a posteriori (see Section III-D)
that this upper limit is never reached during the optimization
process. The increase of preconditioning sites took into account
smaller changes in Young’s modulus (i.e., smaller values of
the dW-field). So, at the early stage of the DWS procedure,
the most abrupt changes in Young’s modulus were taken into
account and then progressively minor changes were considered.
Thus, when a Young’s moduli set solution has been obtained
for a given number of preconditioning regions, the next iteration of the watershed segmentation procedure was started.
). The
The DWS was initiated with one region (i.e.,
DWS procedure was stopped when the absolute
variation between two successive iterations and
(i.e.,
) became lower than a threshold value of
.
III. RESULTS
A. IVUS Study
Five nonruptured plaques with necrotic cores and calcium inclusions were identified after the extensive IVUS scanning. Distinct and multiple ruptured plaques were observed in each patient, but nonruptured plaques were not systematically found.
Table I summarizes the geometrical features of the five plaques
scanned in vivo and the two idealized plaques mimicking the
thinning of the cap occurring during the growth process.
B. Performance of the Algorithm
Excepted when it is mentioned, all results were derived from
radial strain fields with default noise (i.e., with
). For
clarity reasons, simplified Young’s modulus maps are often presented by grouping together preconditioning regions of close
stiffness. Means and standard deviations of the Young’s moduli
of the grouped regions are given.
1) Validation of the Segmentation Procedure: To test the
performance of the segmentation algorithm, we compared the
computed contours of the plaque constituents to the real ones
by using the following indexes: 1) the positive predictive value

(PPV), defined as the ratio between the “true positive area” and
the union of the “true positive area” with the “false positive area”
and 2) the sensitivity value (SV), defined as the ratio between
the “true positive area” and the union of the “true positive area”
with the “false negative area” (this last union is also the real
area) [48]. Whatever the considered plaque (i.e., Plaque #1–7),
the indexes PPV and SV were always greater than 81% and 89%
for necrotic cores contours, and greater than 79% and 81% for
calcium inclusions contours, respectively. Thus, these high indexes values indicate a good agreement between real and computed contours (data not shown).
2) Detection of Soft Inclusions: Fig. 3 shows elasticity maps
obtained for vulnerable plaques with one (Plaque #4) and two
necrotic cores (Plaque #5), respectively. The combined MST
and DWS-O procedures were successfully used to estimate the
Young’s modulus distribution with an optimum number of iterand 4, respectively). The quite complex shapes of
ations (
the different necrotic cores were also accurately reconstructed.
However, the error made on necrotic core Young’s moduli appears to be larger for plaques with several neighboring soft cores
(Fig. 3, Plaque #5) than for those with only one soft inclusion
(Fig. 3, Plaque #4).
and
: Fig. 4
3) Quantification of
illustrates the performance of our algorithm to detect
three vulnerable lesions with values
equal to 369
/1.604
, 174
/2.290
and
/2.370
, respectively. Our results show that
103
and
were well estimated with maximum
relative errors lower than 1% (Plaque #1) and 16% (Plaque #2),
respectively.
4) Detection of Calcium Inclusions: For both plaque morphologies (Plaques #6 and 7) with necrotic cores and calcium
inclusions presented in Fig. 5, the combined MST and DWS-O
procedures reconstructed successfully the elasticity maps with
an optimum number of unknown Young’s moduli of 4 and
5, respectively. The proposed algorithm detected accurately
all inclusion contours. However, the elasticity of the calcified
medium appears to be underestimated by almost a factor two.
C. Influences of Artifact Measurements On Young’s Modulus
Reconstruction
1) Influence of White Noise: Figs. 6 and 7 highlight the robustness of the algorithm when increasing the white noise level.
The influence of noise was studied on a vulnerable plaque with
equals to 103
(Plaque #3). According to these
a
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Fig. 3. Performance of the method to detect vulnerable plaques. Plaques #4 and 5 with one and two necrotic cores, respectively, were used for this investigation.
Column 1: IVUS images and plaque morphologies. Column 2: Perturbed radial strain fields obtained with blood pressure of 1 kPa and a default white noise
( = 1). Column 3: Spatial derivative fields of the Young’s modulus resulting from the modified Sumi’s transform (MST) procedure. Column 4: Evolution of
the Young’s modulus (YM) map obtained during the execution of the combined dynamic Watershed Segmentation and optimization procedure (DWS-O). Column
) and necrotic cores areas (Core
). In parenthesizes are given the target
5: Final Young’s Modulus maps and resulting estimations of cap-thickness (Cap
values, and the targeted fibrosis and the necrotic cores Young’s moduli were 600 and 10 kPa, respectively.

Fig. 4. Performance of the method to detect cap thickness. Plaques #1–3 were
used for these simulations. Column 1: Perturbed radial strain fields obtained
with blood pressure of 1 kPa and a default white noise. Column 2: Spatial derivative fields of the Young’s modulus resulting from the modified Sumi’s transform
(MST) procedure. Column 3: Evolution of the Young’s modulus (YM) map obtained during the execution of the combined dynamic watershed segmentation
and optimization procedure (DWS-O). Column 4: Final Young’s Modulus maps
) and necrotic cores areas
and resulting estimations of cap-thickness (Cap
). In parenthesizes are given the target values, and the targeted fibrosis
(Core
and the necrotic cores Young’s moduli were 600 kPa and 10 kPa, respectively.

figures, the algorithm still gave reasonable results when introducing significant white noise amplitude
. The mean
number of preconditioning regions found at the end of the identification procedure increased with noise amplitude: from 3.5
to 6.2 with a noise six times
with a default white noise
higher
(Fig. 6). At high level of noise, the
was underestimated by approximately 15% [Fig. 7(a)] while the
varied slightly (lower than 5%) [Fig. 7(b)]. The core
Young’s modulus amplitude was more sensitive to noise than
the Young’s modulus of fibrosis [Fig. 7(c) and (d)].
2) Influence of Catheter Position on Young’s Modulus Reconstruction: The influence of the catheter position was investigated on a vulnerable plaque morphology with one necrotic

equals to 103
(Plaque #3). Very simcore and a
ilar stiffness maps were found when considering distinct strain
fields simulated with different catheter positions and with stan(Fig. 8). The
, the necrotic core and
dard noise
fibrosis Young’s moduli were estimated with less than 2%, 17%,
and 2% of error, respectively. Nevertheless, when the catheter
was
was located near the necrotic core [Fig. 8(a)]. The
overestimated by 58%. The shape of the soft inclusion was also
influenced by the catheter position but with a limited impact on
the final Young’s modulus reconstruction.
3) Influence of Surrounding Tissue: Simulations analyzing
the influence of the surrounding tissue were performed on
one vulnerable plaque geometry (Plaque #3). The surrounding
tissue was modeled as an external layer with constant Young’s
modulus of 300 kPa and relative thickness ranging from 1.5 to
10. We found that the thickness of the surrounding tissue leads
to an overestimation of the computed stiffness of the fibrosis
(maximal relative error of 45%). Conversely, the stiffness of
the necrotic core was underestimated (maximal relative error of
). These maximal relative errors were obtained as soon
as the relative thickness of the external layer reaches a critical
value equal approximately to 2.5. This ratio is indeed the value
considered in our simulations investigating the effects of the
external layer stiffness. The existence of such a threshold is
commonly reported and interpreted as a limit of validity for
semi-infinite medium approximation considered in elasticity
problems involving two interacting solids [49].
Regarding the effect of the surrounding tissue stiffness, we
found that whatever the Young’s modulus considered (varying
from 1 to 600 kPa), the algorithm identified reasonably the
and
vulnerable plaque morphology (
, for targets equal to 103
and
, respectively). The reconstructed Young’s moduli
2.370
of the fibrosis and of the necrotic core respectively increased
and decreased with the stiffening of the surrounding medium
(Fig. 9). Indeed, when the surrounding tissue stiffness was at
the maximum of 600 kPa, the identified Young’s modulus of the
fibrosis was overestimated by 66%, while that of the necrotic
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Fig. 5. Performance of the method to detect plaques with calcium inclusions. Plaques #6 and 7 with necrotic cores and calcium inclusions were used for this
investigation. Column 1: IVUS images and plaque morphologies. Column 2: Perturbed radial strain fields obtained with blood pressure of 1 kPa and a default
white noise. Column 3: Spatial derivative fields of the Young’s modulus resulting from the modified Sumi’s transform (MST) procedure. Column 4: Evolution of
the Young’s modulus (YM) map obtained during the execution of the combined dynamic Watershed Segmentation and optimization procedure (DWS-O). Column
) and necrotic cores areas (Core
). In parenthesizes are given the target
5: Final Young’s modulus maps and resulting estimations of cap-thickness (Cap
values, and the targeted fibrosis, necrotic cores and calcium Young’s moduli were 600 kPa, 10 kPa and 5000 kPa, respectively.

Fig. 6. Sensitivity analysis performed to investigate the influence of the white
noise on Young’s modulus (YM) maps. Plaque #3 was used for this study. Row
1: Input radial strain elastograms simulated with different level of white noise
ranging from equal 1 to 6. Row 2: Resulting Young’s modulus maps obtained
with our algorithm.

core was underestimated by 33%. However, if the surrounding
tissue stiffness was added as an unknown stiffness parameter to
reconstruct, the algorithm successfully identified the Young’s
, for a target equals
moduli of the fibrosis (
, for a
to 600 kPa) and of the necrotic core (
target equals to 10 kPa). Thus, the surrounding tissue stiffness
could also be identified with a maximum relative error of less
than 8% (Fig. 9).
D. Comparison Between the MST and the SKT Preconditioning
Procedures
The algorithm can use different image transforms during the
preprocessing step. In this section we compare the performance
of the DWS-O procedure when using MST or Skovoroda’s

Fig. 7. Influence of white noise amplitude on estimations of cap thickness
(Cap
), necrotic core area (Core
) and Young’s moduli of the necrotic
core (E
) and fibrosis (E
). Plaque #3 was used for this investigation. Knowing that the noise was spatially randomly distributed, we performed
15 computations for each amplitude of noise and present the mean values
the standard deviations. The target values are the dashed lines. A: Influence of
value. B: Influence of noise on Core
value. C: Influence
noise on Cap
of noise on E
value. D: Influence of noise on E
value.

6

transform (SkT). Both image transforms were used to reconstruct the elasticity maps from a known strain field with
. This comparison was performed on
standard noise
two plaque morphologies (Plaques #3 and #7).
For simulations performed with Plaque #3 that had only
one soft heterogeneity, results found with both methods were
similar [Fig. 10(a)]. However, for more complex lesions with
two necrotic cores and one calcified inclusion as Plaque #7, the
MST approach appeared more accurate and efficient. Indeed,
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Fig. 8. Influence of the catheter position on the reconstruction of the Young’s
modulus (YM) maps. The simulated radial strain fields were computed for four
different catheter positions. Plaque #3 was used for these simulations.
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Fig. 10. Elasticity reconstructions based on the Skovoroda transform (SkT)
procedure. A) Simulation performed with Plaque #3. B) Simulation performed
with Plaque #7. Final Young’s Modulus maps and resulting estimations of cap), necrotic cores areas (Core
) and calcium inclusion
thickness (Cap
). In parenthesizes are given the target values, and the targeted
areas (Cal
fibrosis, necrotic cores, and calcium Young’s moduli were 600 kPa, 10 kPa, and
5000 kPa, respectively.

Fig. 11. Variation of the rms error as a function of the number n of preconditioning regions and cumulated iteration number of the gradient-based optimization procedure, during the reconstruction of the Young modulus map. Plaque
# 7 was used for these simulations. MST: Modified Sumi’s transform. SkT:
Skovoroda’s transform.
Fig. 9. Influence of the surrounding tissue rigidity on the identification of the
necrotic core and fibrosis stiffness. Plaque #3 was used for these simulations.
Identified fibrosis (A), necrotic core (B), and (C) surrounding tissue Young’s
moduli as a function of the surrounding tissue stiffness which was used to simulate the input strain elastogram.

by using the SkT preconditioning procedure, the necrotic core
Young’s modulus was dramatically overestimated by a factor
of 14, the calcium stiffness was largely underestimated by 74%
was underestimated by 61% [Fig. 10(b)].
while the
Reconstructing the Young’s modulus distribution using the
MST was more successful (Fig. 5, Plaque #7). Indeed, the
errors made on the elasticity map and geometrical plaque
feature estimations remained reasonable. However, for both
methods, the relative errors made on the Young’s modulus of
the calcified inclusion were still important.
as a
Fig. 11 shows the evolution of the
function of the number of preconditioning regions within the
DWS-O procedure for the simulation performed with Plaque
preconditioning
#7. We forced the algorithm to run up to
regions. When using the MST procedure, the
decreased rapidly and reached a stable minimum value after
only
iterations. At this stage, all components and

contours were accurately identified. On the contrary, when
decreased at a
using the SkT procedure, the
lower rate, and after
iterations, it became acceptable
but mechanical properties and boundaries of the plaque heterogeneities were not well defined. Note that, even after
iterations, the SkT procedure was found not efficient enough
for the characterization of such complex plaques (Fig. 11).
IV. DISCUSSION
Characterizing the mechanical properties of vulnerable
plaque components is a major issue, as it could lead to the
development of specific treatment strategies for the prevention
of acute thrombotic events [50]. In spite of the fact that mechanical strain fields can be approximated and measured in vivo
quite reasonably, thanks to endovascular elastography methods
[19]–[22], determination of plaque elastic Young’s moduli,
plaque inclusions and cap thickness remain difficult to assess
for complex plaque morphologies.
A priori information was shown to be imperatively needed to
constrain the resolution of the inverse problem when using iterative approaches so that a unique reconstructed rigidity map
could be found from the strain/displacement fields [28], [51],
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[52]. To constrain the optimization algorithm, Chandran et al.
[30] identified equi-rigidity regions before their iterative procedure. Other groups [29], [35], [38] used medical images to
directly derive the plaque morphology so that the geometry of
the components was already known before the reconstruction
process. Aglyamov [26] used concentric circles representing
the different layers of a vein subjected to thrombosis, whereas
Baldewsing [27] used nonconcentric circles to model the plaque
inclusions. An elegant method using adaptive Bezier curves [41]
was considered to take into account more complex necrotic core
geometries. In this last work, the curves were iteratively modified by using a PFEM. Following the spirit of this group, we designed a PFEM which originally reinitializes automatically and
dynamically the inverse problem by progressively detecting all
plaque constituents. With regard to other techniques, two major
advantages can be stated.
1) We do not need to add any geometrical parameters (like
Bezier curves) into our PFEM to adjust the shapes of the
plaque inclusions during the optimization procedure as the
initial plaque geometry obtained with the combined MST/
DWS-O procedure is close to the real plaque morphology.
2) The case of heterogeneous plaques with several soft and/or
hard inclusions can be reconstructed by a unique procedure
which takes into account the mechanical interactions between the different plaque heterogeneities.
In the current study, the original PFEM was successfully
tested and validated on several plaque morphologies acquired
from patients who underwent coronary IVUS. Interestingly,
this preliminary work which presents the theoretical framework of our approach has shown that the developed coupled
MST/DWS-O procedure is efficient and robust for the detection of sites of heterogeneity as well as for the estimation of
the cap thickness and modulogram even for complex plaque
morphologies constituted of several soft and hard inclusions.
A. Successful Characterization of Complex Plaque
Morphologies
1) Lesions With Single and Multiple Necrotic Cores: For
simple vulnerable plaques with one necrotic core, the MST together with the DWS-O procedures were able to spatially constrain the inverse problem using a small number of regions of
uniform Young’s moduli. Indeed, the MST gave enough information to the DWS-O to segment the necrotic core at the first
iteration, leading to a fast reconstruction of the rigidity map.
Let us notice that by comparison, for similar plaques with a thin
cap and one necrotic core, a previous study used five additional
geometric parameters to adjust the shape of the soft inclusion
[41]. As the geometry of the necrotic core was directly identified by the MST combined with the DWS-O, the optimization
of its shape was not necessary. Our algorithm also appeared to
be efficient in cases of plaques with several necrotic cores and
the mechanical interaction between all cores was taken into account, which constitutes another original feature of our method.
2) Is This Algorithm Adapted to Detect Vulnerable Plaques?:
Devoted to further clinical studies, the algorithm seems able to
amplitudes and
detect quite reasonably small
during simulations of plaque growth. These parameters are

IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. 28, NO. 7, JULY 2009

known to be the major clinical criteria for predicting plaque
vulnerability [3]. For the atheroma lesion with the highest
degree of vulnerability considered in this study (Plaque #3
of 103
), the algorithm was still able
which had a
even with an important level
to detect accurately the
of noise (Fig. 6). Note that this performance was directly linked
used in our polar mesh
with the radial resolution of 36
grid, which was adapted to the resolution of the Lagrangian
Speckle Model Estimator method developed by Maurice et al.
that can be detected with such a
[21]. Thus, the lower
method is in the order of the radial resolution of the input strain
elastogram.
3) Is This Algorithm Adapted to Detect Calcium Inclusions?: Several groups outlined that calcium inclusions in the
fibrous cap could play an important role in the mechanical
stress/strain distributions and in some instance could increase
the vulnerability of the plaque [5], [53]–[57]. Therefore, we
investigated the performance of our algorithm to also detect
calcified inclusions within heterogeneous plaques. The proposed algorithm successfully identified all calcium inclusions.
However, because of noise that stands in regions of small
strain amplitudes, the estimated Young’s moduli were largely
underestimated but remained high enough as to reveal presence
of rigid heterogeneities (Fig. 5).
4) Do We Need to Model the Surrounding Tissue?: In most
vascular modulography methods, the surrounding tissue is
omitted. It was shown for homogeneous monolayer cases [20]
that the stiffness of the surrounding tissue affects the strain
distribution within the arterial wall. We confirmed this study
by showing that the identified stiffness of the fibrosis was
overestimated by almost 66% when the surrounding tissue
stiffness was close to the stiffness of the fibrosis itself. So we
must be aware that potential hard surrounding tissue may bias
the plaque stiffness by increasing it up to a factor of two if the
surrounding tissue is not considered. Interestingly, the stiffness
of the soft core seemed to be not significantly affected by such
additional medium. Thus, the parametric finite element model
(PFEM) would be more performing for clinical applications
if we consider also the Young’s modulus of the surrounding
tissue as an additional unknown. However, this would impose
the knowledge of the external layer thickness, which appears to
be a real challenge today with the IVUS technique.
5) Performance of the Algorithm When Using Also the Shear
Strain as Input Elastograms: Interestingly, Maurice et al. [21]
showed that the shear strain field could be evaluated using intravascular elastography (IVE). Therefore, the performance of
the proposed algorithm is discussed for Plaque #3 when using
both the radial strain and the shear strain as the input elastograms. The MST criterion dW was calculated using (7a) and
(7b), and the RMS error was computed using the shear strain
and the radial strain fields. Reconstructed
,
,
Young’s moduli of the necrotic core and fibrosis were found
(relative error of
), 2.321
(relaequal to: 87
), 10.1 kPa (relative error of
) and
tive error of
(relative error of less than
), respectively. Thus,
in this case, the reconstruction of the stiffness map and plaque
morphology appeared slightly improved (lower than 2%) when
considering also the shear strain elastogram.
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B. Study Limitations
Several limitations deserve to be pointed out at this stage,
even if the present study does highlight original and potentially
promising concepts for improving vulnerable plaque identification from strain measurements.
1) In order to take into account the 2-D aspect of the IVUS
image acquisition, our structural analysis was performed
in two dimensions, assuming plane strain condition. Such
an assumption is, however, reasonable insofar as plaque
length is large with regard to the radial dimension [58].
2) A gradient based descent algorithm was used in the optimization process. However, more efficient algorithms
could be selected [35], [59]–[62], which would give better
results in term of calculation time.
3) In all the FE simulations, static loading conditions were
also applied. These conditions did not consider the pulsatile nature of physiological blood pressure. Thus, the
time-dependent viscoelastic effects due to the cyclic
loading imposed by blood flow in the arteries [63], [64]
were not taken into account, nor were the anisotropic
nonlinear elastic components of the plaque’s mechanical
behavior [65], [66]. However, it is legitimate to neglect
such nonlinear effects when a small blood pressure differential is used. Assuming isotropic constituents allows us to
reconstruct only the homogenized Young’s modulus map,
which interestingly appears to be sufficient to highlight
vulnerable plaques.
4) The influence of residual strains [66]–[68], generated by
remodeling and plaque growth processes, have been ignored in this study. Taking them into account would probably bias the plaque morphology by introducing virtual regions in the plaque that would be interpreted abusively as
additional soft or rigid heterogeneities.
5) Only simulated input strain elastograms based on real
plaque morphologies were used in this study. This should,
however, be seen in the light of our aim, which was as
a first step to present the theoretical framework and test
the performances of the proposed vascular elastography
algorithm.
C. Relevance for Other Clinical Applications
Several additional processes are known to be involved in
the plaque rupture mechanism, including plaque erosion [1],
tissue degradation due to macrophages [1], [3], and biological
activities responsible for the cellular inflammatory reaction
[1], [69]–[73]. Indeed, many studies of structural variations
of the fibrous cap and necrotic core were reported, namely
those focusing on inflammatory processes aggravating plaque
vulnerability and those on statin treatment enhancing plaque
stability [50]. It has been shown that the peak cap-stress amplitude—a predictor of plaque rupture—varies exponentially
not only with
but also with the Young’s modulus of
the necrotic core [16]. This shows how very slight structural
changes can tilt a vulnerable plaque from stability to instability
or vice versa. Such small changes may either “precipitate”
rupture or, conversely, “stabilize” a vulnerable plaque. Swings
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of this sort could only be observed in clinical setting with such
modulography methods.
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