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Noninvasive Vascular Modulography Method for
Imaging the Local Elasticity of Atherosclerotic

Plaques: Simulation and In Vitro Vessel
Phantom Study

Jonathan Porée, Boris Chayer, Gilles Soulez, Jacques Ohayon, and Guy Cloutier , Senior Member, IEEE

Abstract— Mechanical and morphological characterization of
atherosclerotic lesions in carotid arteries remains an essential
step for the evaluation of rupture prone plaques and the
prevention of strokes. In this paper, we propose a noninvasive
vascular imaging modulography (NIV-iMod) method, which is
capable of reconstructing a heterogeneous Young’s modulus
distribution of a carotid plaque from the Von Mises strain
elastogram. Elastograms were computed with noninvasive ultra-
sound images using the Lagrangian speckle model estimator
and a dynamic segmentation-optimization procedure to high-
light mechanical heterogeneities. This methodology, based on
continuum mechanics, was validated in silico with finite-element
model strain fields and ultrasound simulations, and in vitro with
polyvinyl alcohol cryogel phantoms based on magnetic resonance
imaging geometries of carotid plaques. In silico, our results
show that the NiV-iMod method: 1) successfully detected and
quantified necrotic core inclusions with high positive predictive
value (PPV) and sensitivity value (SV) of 81±10% and 91±6%;
2) quantified Young’s moduli of necrotic cores, fibrous tissues,
and calcium inclusions with mean values of 32±23, 515±30, and
3160 ± 218 kPa (ground true values are 10, 600, and 5000 kPa);
and 3) overestimated the cap thickness by ∼172 µm. In vitro,
the PPV and SV for detecting soft inclusions were 60±21% and
88 ± 9%, and Young’s modulus mean values of mimicking lipid,
fibrosis, and calcium were 34 ± 19, 193 ± 14, and 649 ± 118 kPa
(ground true values are 25 ± 3, 182 ± 21, and 757 ± 87 kPa).

Index Terms— Carotid plaques, inverse problem, noninvasive
vascular elastography (NIVE), noninvasive vascular
modulography.
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I. INTRODUCTION

ISCHEMIC strokes and myocardial infractions, which are
major causes of death worldwide [1]–[3], are mostly trig-

gered by atherosclerotic plaque rupture [4]. Vulnerable plaques
possess specific biological [5], morphological [6]–[8], and
mechanical [9]–[14] features that need to be assessed to
prevent rupture.

Noninvasive imaging tools such as magnetic resonance
imaging (MRI) [15], computed tomography [16], [17], and
ultrasound [18]–[20] have been developed to evaluate the
morphology (i.e., degree of stenosis, necrotic core area, and
plaque boundary), tissue content (e.g., fiber, lipid, and cal-
cium), and biological processes (e.g., active inflammation)
involved in atherosclerotic plaque progression. However, none
of these methods can provide biomechanical features such as
the plaque rigidity and peak cap stress (i.e., the maximum
stress inside the fibrous cap), which are markers of plaque
stability and vulnerability [11], [14], [21]–[23].

Inspired by the earliest work of Ophir et al. [24], invasive
vascular elastography methods [25]–[27], and noninvasive vas-
cular elastography (NIVE) [28]–[30] methods have success-
fully been developed to provide clinicians with quantitative
measurements of the vessel deformation under physiological
stress (i.e., blood pressure pulsation). Schmitt et al. [31]
reported up to 20% of cumulated strain (in systole) for
normal sections of carotids and 2% for atherosclerotic tissues
containing calcium. Wan et al. [32] and Naim et al. [33] also
reported up to 20% of cumulated strains with about ∼1%
of instantaneous deformation (i.e., between two successive
ultrasound images). According to Holzapfel et al. [34], with
such ranges of deformation for instantaneous image frames
(i.e., with typically <1% deformation), vascular tissues can
be considered linear. Nonlinear behavior can be assessed when
considering cumulated strains.

Hansen et al. [35] recently demonstrated that NIVE
allows differentiation between fibrous and (fibro) atheroma-
tous carotid plaques. A few groups also attempted to use
dynamic elastography (i.e., acoustic radiation force impulse
or supersonic shear imaging) to characterize vascular wall
elasticity [36]–[38]. Such methods could not, however, pro-
vide a direct reading of the vessel wall internal morphology
(i.e., necrotic core, calcium inclusions, and cap thickness),
and elasticity of plaque components, because of the inability
to detect intraplaque heterogeneities. To that end, Young’s
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modulus reconstruction methods of atherosclerotic plaques
(i.e., modulograms) have been proposed.

By considering intravascular ultrasound (IVUS) scans of
coronary arteries, Baldewsing et al. [39], [40] proposed to
match parametric finite-element models (PFEMs) to the radial
strain. In those studies, mechanical heterogeneities were iden-
tified by thresholding the strain distribution (i.e., high strains
corresponding to soft tissues) and by matching parametric
plaque geometries. Such methods, however, are dependent on
the threshold level since it overlooked the internal stress decay
(and thus strain decay) as a function of the radial distance that
is characteristic of cylindrical geometry [41]. To overcome
this problem, Le Floc’h et al. proposed a method based on
continuum mechanics using an approximation of the gradient
elasticity amplitude that is independent of the stress/strain
decay [42]–[44].

In the context of NIVE of carotid arteries, alternative
methods have been proposed to recover modulograms of the
vascular wall. Hansen et al. [45] used angular compounding
with the model-based elastography method described in [46]
and [47] to recover modulograms from measured displace-
ments on cross-sectional arteries. In their method, however,
the shape and location of mechanical heterogeneities must be
known a priori. In a recent study [48], they suggested to
recover modulograms from axial strain measurements using
NIVE. However, unlike intravascular methods, their approach
requires the knowledge of the internal morphology of the
plaque (i.e., the segmentation of necrotic cores and calcium
inclusions) from a priori MRI measurements.

In this paper, to overcome this problem, we propose a
fully automatic approach [noninvasive vascular imaging mod-
ulography (NIV-iMod)] to compute modulograms from NIVE
measurements without a priori knowledge on the internal
morphology of the plaque. The inverse problem is formulated
as a segmentation/optimization procedure using continuum
mechanics theory. Mechanical heterogeneities are dynami-
caly segmented from the “apparent Young modulus (AYM)
map,” which is defined as the ratio of the Von Mises stress
distribution, modeled using the finite-element (FE) method,
and the measured Von Mises strain. The AYM criterion is
iteratively updated to account for internal stress variations
associated with the internal morphology of the plaque. Unlike
previous methods, this approach only requires the measured
Von Mises strain field, the internal and external contours of
the vascular wall, and the loading condition (i.e., the systemic
blood pressure).

The proposed method was validated, in silico on ten plaque
morphologies, extracted from a previous MRI study [33]
and modeled using the FE method. The robustness and per-
formance of the proposed method were also evaluated on
measured strain elastograms from simulated ultrasound images
and in vitro on polyvinyl alcohol cryogel (PVA-c) vessel
phantoms containing mimicking plaques.

II. MATERIALS AND METHODS

To study the performance of the proposed NIV-iMod
algorithm, cross-sectional images of ten vulnerable plaques

were selected from a series of patients who underwent
high-resolution multicontrast MRI of the internal carotid
artery [33]. Cross-sectional plaque morphologies (i.e., lumen,
necrotic core, and calcium inclusions) were modeled using
an FE model (FEM) software to simulate displacements
and strain elastograms. These geometries were also used to
simulate high-resolution ultrasound images. One of these
geometries was used to build vessel mimicking phantoms for
in vitro validation.

A. MRI Study and Plaque Geometries
1) MRI Acquisitions: Using a 1.5-T MRI unit (Siemens,

Avanto, Erlangen, Germany) and a dedicated custom made
four-element radio frequency (RF) surface coil devel-
oped in-house, cross-sectional images of carotid arteries
were acquired and analyzed following the protocol of
Naim et al. [33]. Each carotid artery was scanned from 1 cm
below to 3 cm above the bifurcation. Ten cross-sectional
images deemed vulnerable according to MRI criteria were
selected (i.e., presence of a thin fibrous cap, or of a large
necrotic core area >25% of the total plaque area, or presence
of neovascularization). Details on MRI plaque vulnerability
analysis can be found in [49].

2) MRI Image Analysis: For each selected image, vessel
contours and tissue components (necrotic core, calcifications,
and fibrous tissue) were manually traced using a segmentation
software program (QPlaque MR 1.0.16, Medis, The Nether-
lands).

3) MRI Measurements and Definitions: Each cross-
sectional MRI image was quantitatively analyzed. Measure-
ments were made for the wall area (Wallarea, mm2); lumen area
(Luarea, mm2); necrotic core area (Ncarea, mm2); calcium area
(Calcarea, mm2); degree of stenosis (Stenosdeg, %), defined as
100 × Wallarea/(Wallarea +Luarea); and cap thickness (Capthick,
mm), defined as the shortest distance between the lumen and
the necrotic core.

B. Forward Problem: Spatial Strain Distribution From
Structural Analysis Using Finite-Element Modeling
and In Vitro Experiments

Static FE computations were performed on all geometries
and three in vitro phantom experiments were conducted based
on the geometry of Plaque #1. For FE simulations, the
spatial displacement and strain distributions were calculated
using COMSOL multiphysics software (Structural Mechanics
Module, version 3.3, COMSOL, France), whereas they were
experimentally measured for phantom (i.e., in silico and in
vitro) validations. Fig. 1 summarizes the successive steps
involved in the forward problem.

1) Boundary Conditions, Material Properties, and Loading
of FE Simulations: The digitized contours extracted from
Qplaque were imported into MATLAB (The MathWorks, Nat-
ick, MA, USA) and then transferred into COMSOL to build
FE models. These models were solved under the assumption
of plane strain and a blood pressure differential of 0.5 kPa
(or 4 mmHg between considered consecutive ultrasound
images) was applied. To simulate free boundary conditions
on the external contour, a very soft (1 Pa) and compressible
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Fig. 1. Flowchart describing the forward problem. (a) Typical T1-weighted
MRI of an internal carotid artery segmented with QPlaque. (b) FEM of the
plaque. (c) Ground truth Von Mises strain field extracted from the FEM.
(d) Blood pressure curve used for the loading. (e) Acoustic model of the
plaque (before and after loading). (f) Simulated ultrasound B-mode images
(before and after loading). (g) Von Mises strain field measured from ultrasound
images using the LSME algorithm.

(Poisson’s ratio ν = 0.001) layer of 1-mm thickness was
added on the outer layer. The outer contour of this artificial
layer was anchored to prevent rigid body motion during FEM
computation and was not considered in the strain analysis.
The fibrosis, calcium, and soft necrotic core were modeled as
isotropic quasi-incompressible solids (ν = 0.49) with Young’s
moduli Efib = 600 kPa, Ecalc = 5000 kPa, and Enc = 10 kPa,
respectively, as in [12], [42], and [50]. The entire plaque
geometries were meshed with approximately 15 000 six-node
triangular elements. To simulate realistic pulsating conditions,
one geometry (Plaque #1) was also loaded with a systemic
blood pressure waveform (one cardiac cycle) with minima and
maxima at 80 and 120 mmHg (10 and 16 kPa), respectively
(see Fig. 1). This waveform was discretized to simulate an
ultrafast noninvasive ultrasound acquisition at a frame rate
of 500 s−1 [30]. The time step was varied afterward to
evaluate the impact of the loading conditions on the modulus
reconstruction performance (see Fig. 6).

2) Ultrasound Simulation Based on the Displacement Field:
Acoustic models of plaque geometries were created by ran-
domly distributing point scatterers over the cross section of
the vessel wall. To ensure a fully developed speckle, the
scatterer density was chosen at 100 per resolution cell [51].
The displacement field generated by COMSOL was considered
to move scatterers to create the postdeformation acoustic
model of the artery. The Field II simulation program [52]
was used to mimic the 128 elements of the L14-5/38 linear
array probe (Ultrasonix, Analogic Ultrasound, Vancouver,
Canada) characterized by a 7.2-MHz center frequency sampled
at 40 MHz. High-resolution compound plane wave (CPW)
images were simulated using 64 tilted plane wave emissions
(from −15° to 15°) and a time overlap of 30% to mimic
an effective frame rate of 500 s−1. The delay and sum
algorithm [53] was used to reconstruct high-resolution RF
images on a regular Cartesian grid with half wavelength
resolution (∼100 μm × 100 μm). An image depth of 30 mm

was considered and the carotid vessel was positioned at 15-mm
depth. White Gaussian noise was added on RF channel data
prior to beamforming to simulate electronic noise induced by
the acquisition system.

3) In Vitro Polyvinyl Alcohol Cryogel Vessel Phantom Study:
The mimicking arteries were fabricated with the PVA-c tissue
mimicking material. The stiffness of PVA-c increases with
the number of freeze-thaw cycles used for its polymerization.
The preparation protocol followed the methodology described
in [54]. The solution had a concentration of 10% by weight
of polyvinyl alcohol dissolved in pure water and ethanol
homopolymer. The weight percentage of added particles used
as acoustic scatterers (Sigmacell cellulose, type 50, Sigma
Chemical, St. Louis, MO, USA) was 3%. One to three
freezing-thawing cycles were considered, using a specifically
designed temperature-controlled chamber [54]. A mold was
first designed using a 3-D printer (Dimension Elite 3-D printer,
Stratasys, Eden Prairie, MN, USA) and three vessel phantoms
were generated. The first phantom was homogeneous with-
out any inclusion (3 freeze-thaw cycles giving an elasticity
E = 182 ± 21 kPa, as measured by tensile test [54]).
The second phantom had a soft inclusion modeling the
necrotic core geometry of Plaque #1 (1 freeze-thaw cycle with
E = 25 ± 3 kPa [54]). The remaining of the artery had
the same mean elasticity as the first phantom. For the third
phantom, we considered the same geometry as Plaque #1 but
in addition to the soft plaque inclusion, we added polyurethane
hard inclusions. The rigidity of polyurethane was measured at
E = 757 ± 87 kPa with a uniaxial rheometer (Bose Enduratec
ELF 3200, Eden Prairie, MI, USA).

4) Strain Estimation: For both ultrasound simulations and
in vitro experiments performed with the Ultrasonix scan-
ner using the same settings as in the simulations, we used
the Lagrangian speckle model estimator (LSME), with the
assumption of plane strain deformation and tissue incom-
pressibility [30] to compute the 2-D deformation matrix
(�x x,�xz,�zz,�zx) in the (x, z) imaging plane (x stands for
the lateral direction and z for the axial/in-depth direction). The
first step of this method consisted in a local rigid registration
on overlapping measurement windows (MWs) to compensate
for potential translation movement using 2-D ensemble cor-
relation. This step was followed by a least-square estimation
of the optical flow solution using a 2-D deformation model
for each MW. A robust smoothing of the displacement and
strain fields followed each steps (for noise cancelation and
outliers rejection). The size of each MW was 1 mm × 1 mm
in space and a time-ensemble estimation over eight successive
frames (16 ms) was considered, as in [30]. The spatial and
time overlaps of MWs were set to 90% to get high-sampled
elastograms. The Von Mises strain coefficient ε was computed
using the following expression:

εVM =
√

�2
x x + �2

zz − �x x�zz + 3

4
(�xz + �zx). (1)

C. Inverse Problem: Elasticity Reconstruction Method

The vessel wall domain �wall (see Fig. 1) was assumed
to be isotropic, heterogeneous, and quasi-incompressible
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(Poisson’s ratio ν = 0.49), and was described by the linear
elastic Hooke’s law

[σ(�x)] = E(�x)

1 + ν

(
ν

1 − 2ν
Trace[ε(�x)][I ] + [ε(�x)]

)
(2)

where [σ(�x)] and [ε(�x)] are the stress and strain tensors,
respectively, [I ] is the identity matrix, and E the Young’s mod-
ulus, which is an arbitrary function of the position �x = (x, z).
Assuming the incompressibility of the constitutive elements of
the vascular wall, the strain tensor [ε] satisfies the following
equation:

Trace[ε(�x)] = 0. (3)

Substituting (3) into (2) allowed obtaining the following
simplified relation:

[σ(�x)] = E(�x)

1 + ν
[ε(�x)]. (4)

By extension, the Von Mises stress σVM is related to the Von
Mises strain εVM by the same relation.

1) Enhancement of Mechanical Heterogeneities Based on
Continuum Mechanics: Assuming plane strain condition, the
mathematical problem becomes well defined because bound-
ary conditions, at the inner (∂�in

wall) and outer (∂�out
wall) vessel

walls, are given in terms of the imposed stresses. At the outer
limit (∂�out

wall), a zero pressure can be assumed while at the
inner limit (∂�in

wall), a blood pressure gradient �P = 0.5 kPa
was applied, as in [42]

[σ(�x)] · �n = −�P �n on ∂ �in
wall (5)

where �n is the external unit vector normal to the con-
tour ∂�in

wall.
Knowing boundary conditions and assuming at the initial

step (k = 0) that the vessel wall behaves as a mechanically
homogeneous tissue with a Young’s modulus Einit = 600 kPa,
the homogeneous stress tensor field [σ 0] can be computed
using a PFEM implemented in COMSOL. From this initial
stress field, the AYM1 can be defined as

AYMk(�x) = (1 + ν)
σ k−1

VM,PFEM(�x)

εVM,meas(�x)
(6)

where σVM,PFEM = (σ 2
x x + σ 2

zz − σx xσzz + 3σ 2
xz)

1/2 is the
Von Mises stress coefficient computed with the PFEM. The
parameter AYM (see Fig. 2) highlights heterogeneities in
elasticity of the vessel wall components and is further used
as a segmentation criterion. Note that if the real stress is used
in (6) then we have AYM = E(�x).

2) Segmentation of Mechanical Heterogeneities: This step
was performed using a K -means clustering algorithm [55]
applied on AYMk

log (logarithmic scale). Three clusters were
initialized using the expected Young’s moduli of tissue com-
ponents (necrotic core, fibrotic tissue, and calcium with Enc =
10 kPa, Efib = 600 kPa, and Ecalc = 5000 kPa, respectively).
The K -means algorithm provided three (or less) regions
(clusters) with relatively homogeneous elasticity (�nc, �fib,
and �calc), from which the contours of the elasticity hetero-
geneities (see black contours overlaid on the AYM criterion

Fig. 2. Flowchart describing the inverse problem. The PFEM is initialized
with the inner and outer contours of the vessel wall and assumed mechanically
homogeneous (E0 = 600 kPa). The PFEM is solved using an inner pressure
�P = 0.5 kPa to give the homogeneous Von Mises stress field σPFEM.
Equation (6) gives the AYM, which is used as a segmentation criterion of
plaque inclusions. The problem is then iteratively solved updating the Von
Mises stress field σ k

PFEM and AYMK until convergence. A detailed description
is given in Section II-C.

in Fig. 2) were derived and used in the PFEM as precondi-
tioning regions. More clusters could be initialized to provide a
more detailed segmentation of the plaque but at the expense of
computational complexity. In this paper, we only considered
three clusters as the MRI models provided three sets of tissue
components.

3) Young’s Modulus Estimation: At each iteration k of the
reconstruction algorithm, the AYM issued from the previ-
ous iteration (AYMk−1

log ) was segmented using the K -means
clustering algorithm. This procedure provided a partition of
the vessel wall domain �wall into n unconnected inclu-
sions (�1...n) whose respective stiffness’s were assumed uni-
form. The n Young’s moduli were then identified using a
gradient-based optimization procedure (fmincon, Optimiza-
tion Toolbox, MATLAB, release R14, The MathWorks),
which minimized the root mean squared error (RM Swall−error)
between the FE modeled von Mises strain field εk

VM,PFEM and
the measured Von Mises strain field εVM,meas, as given by:

RMSk
wall−error =

√
1

N

∑
ni

[
εVM,meas(ni ) − εk

VM,PFEM(ni )
]2

(7)

where N is the total number of nodes in the wall mesh, and ni

is the node i of the mesh.
One constraint was imposed during the optimization pro-

cedure: unknown Young’s moduli were limited between
1 and 10 000 kPa. A set of Young’s modulus solution
was found acceptable when the gradient-based optimization
reached either a tolerance termination on the maximum strain
�RMSk,l

wall−error = (RMSk,l−1
wall−error − RMSk,l

wall−error) < 5%
(l being the iteration of the optimization procedure) or a
maximum number of iterations of l = 20. To prevent the
optimization to fall into local minima, Young’s moduli En
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TABLE I

DESCRIPTION OF PLAQUE CHARACTERISTICS BASED ON MRI

of all inclusions delimited by �n were initialized, close to the
expected solutions, using the following expression:

E init
n = 1

Nn

∑
ni ∈�n

AYMk−1(ni ) (8)

which gave the average of the AYM criterion, over the region
�n (Nn being the number of nodes inside the region �n).

4) Overall Segmentation/Optimization Procedure: After
optimization, the AYM map was updated (6) using the com-
puted PFEM von Mises stress field, and used in the next
iteration (k+1) of the segmentation to update the internal mor-
phologies of the plaque and the mesh of the PFEM. The overall
segmentation/optimization procedure was stopped when the
RMSwall−error variation between two successive iterations k
and k +1 became negative (RMSk−1

wall−error < RMSk
wall−error) or

when the number of iterations k reached 100. In practice, the
algorithm converged in about 20 iterations. Fig. 2 schematizes
successive steps involved in the proposed iterative inverse
problem approach to identify the elasticity map from the Von
Mises strain field.

III. RESULTS

A. MRI Study

Ten plaques with necrotic cores and calcium inclusions were
identified after MRI image analysis. Table I summarizes their
geometrical features (Capthick, Corearea, Calcarea, Wallarea,
Luarea, Stendeg) used for the validation of the proposed mod-
ulography algorithm.

B. FEM Study

Fig. 3 illustrates the performance of the proposed NIV-iMod
algorithm to recover complex plaque morphologies, with
necrotic cores (Plaques 3 and 8) and calcium inclusions
(Plaques 1 and 2), and to estimate the Young’s modulus of their
components from the FEM strain field. Table II summarizes
the performance of the proposed method on all geometries.

1) Validation of the Optimization Procedure: To validate
the quantification of Young’s moduli without the bias that
estimated contours might introduce, we ran the optimization
part of the algorithm using reference contours, extracted from
MRI, as preconditioning regions. The results are presented
in Table II in columns NIV-iMod Manual. Overall, using real

Fig. 3. Performance of the method to obtain morphologies and modulograms
from FE strain fields. Four strain fields issued from FE models of carotid
plaques (Plaques #1, 2, 3, and 8) were used for this investigation. Column 1:
Von Mises strain field obtained with a blood pressure of 0.5 kPa. Column 2:
evolution of the AYM map and segmentation during the execution of the iter-
ative segmentation/optimization approach. Column 3: final Young’s modulus
map and segmentation of internal components of the plaque. Iterative and
final segmentation contours are displayed in black, while reference contours
are in blue. Quantitative results on the effectiveness of the segmentation and
estimation of Young’s moduli are given in Table II.

FEM strain fields as input, Young’s moduli were consistent
with values of 14 ± 4 kPa for necrotic cores (true value of
10 kPa), 4840 ± 70 kPa for calcium inclusions (5000 kPa),
and 600 ± 6 kPa for fibrosis (600 kPa).

2) Validation of the Segmentation Procedure: To test the
performance of the segmentation algorithm, we compared
computed contours of inclusions to real ones (extracted from
the MRI analysis), 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.”
Overall, whatever the geometry (Plaques #1–10), PPV and
SV indexes for the necrotic cores were greater than 73.5%
and 77.6% with an average of 94.4 ± 7.3% and 87.6 ± 5.1%,
respectively. For calcium inclusions, PPV and SV were greater
than 15.5% and 80.3% with an average of 61.8 ± 32.8%
and 88.5 ± 7.4%.

3) Quantification of the Cap Thickness: The cap thickness
error (Capthick error in μm) was defined as the signed dif-
ference between real and computed ones (a negative error
means an underestimation of the cap thickness). The maximum
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TABLE II

ANALYSIS OF THE PERFORMANCE OF NIV-IMOD. COMPARISON BETWEEN COMPUTED AND MRI PLAQUE MORPHOLOGY INDICES AND YOUNG’S
MODULI ARE PRESENTED. THE ACCURACY OF THE APPROACH WAS INVESTIGATED BY USING THE FEM (FEM STUDY), ULTRASOUND

SIMULATED (FIELD II STUDY), AND REAL (In Vitro STUDY) ULTRASOUND IMAGES. PPV: PREDICTIVE POSITIVE VALUE.
SV: SENSITIVITY VALUE. NIV-IMOD MANUAL: OPTIMIZATION APPROACH WITH KNOWN MRI CONTOURS. NIV-IMOD

AUTO: PROPOSED SEGMENTATION/OPTIMIZATION ITERATIVE APPROACH

absolute error for all plaques was of 228 μm (Plaque #6) with
an absolute average of 77 ± 60 μm.

4) Accuracy of Computed Modulograms (With Estimated
Contours): While Young’s moduli of fibrosis and necrotic
cores were reasonably identified with the proposed algo-
rithm NIV-iMod Auto (means of 587 ± 25 and 15 ± 7 kPa,
respectively, Table II), the stiffness of calcium inclusions
were underestimated (means of 3655 ± 1081 kPa, Table II).
The Young’s modulus of the calcium inclusion of Plaque #7
was particularly difficult to estimate due to its small size
(2149 ± 997 kPa versus 4917 kPa with the reference contour).
On the other hand, using ground true FEM contours, the
algorithm NIV-iMod performed well with estimated Young’s
moduli at 4840 ± 70 kPa for calcium inclusions.

C. Ultrasound Simulation Study

Fig. 4 illustrates the performance of the algorithm on mea-
sured strain fields computed with the LSME using ultrasound
simulations.

1) Impact of Measured Strain Fields on Estimated Young’s
Moduli (With Real Contours): Using measured strain fields
from ultrasound Field II simulations and real inclusion con-
tours, estimated Young’s moduli of soft inclusions were

slightly overestimated at 28 ± 12 kPa (true value = 10 kPa),
while calcium inclusions were significantly underestimated
at 3247 ± 556 kPa (5000 kPa). Fibrosis was also slightly
underestimated (481 ± 72 kPa versus 600 kPa).

2) Accuracy of Computed Modulograms (With Estimated
Contours): While Young’s moduli of fibrosis were reason-
ably identified (516 ± 30 kPa versus 600 kPa), the stiffness
of calcium inclusions was again significantly underestimated
(3160 ± 218 kPa), whereas that of soft inclusions was also
overestimated (32 ± 23 kPa).

3) Performance of the Segmentation Procedure: Using mea-
sured strain fields as input for NIV-iMod Auto, soft inclusions
were well detected (PPV = 81.4 ± 10.1% and SV = 90.5 ±
6.2% with minima at 63.2% and 76.8%, respectively). Hard
inclusions were more difficult to detect (PPV = 45.5 ± 23.5%
and SV = 86.8 ± 4.3% with minima at 12.9% and 80.7%,
respectively). Regarding the cap thickness, the maximum
absolute error was 390 μm (Plaque #5) and average values for
all plaques were 172±98 μm, which is close to the wavelength
of the simulated ultrasound probe (L14-5/38, λ ≈ 200 μm).

4) Influence of Ultrasound RF Noise and Loading Pressure
�P on Computed Modulograms: Fig. 5 illustrates the influ-
ence of added white Gaussian noise on estimated Von Mises
strain fields (first row), AYM map (second row), and computed



PORÉE et al.: SIMULATION AND IN VITRO VESSEL PHANTOM STUDY 1811

Fig. 4. Performance of the method to obtain morphologies and modulograms
from ultrasound measured Von Mises strain fields. Four strain fields issued
from FE models of carotid plaques (Plaques #1, 2, 3, and 8) were used for
this investigation. Column 1: Von Mises strain field measured from ultrasound
simulated images obtained with a blood pressure of 0.5 kPa. Column 2:
evolution of the AYM map and segmentation during the execution of the
iterative segmentation/optimization approach. Column 3: final Young’s mod-
ulus map and segmentation of the internal morphologies. Iterative and final
segmentation contours are displayed in black, while reference contours are
displayed in blue. Quantitative results on the effectiveness of the segmentation
and Young’s modulus estimation are given in Table II.

modulograms (last row, average over ten independent realiza-
tions of noise addition) for an applied pressure �P = 0.5 kPa
between consecutive ultrasound images. As the noise level
increases from 40 to 10 dB, the measured Von Mises strain
field and computed AYM criterion present more and more
artifacts, especially in high stiffness (or low deformation)
regions. As a result, computed modulograms have artefactual
inclusions with random stiffness values (low or high). The
estimated stiffness of the soft inclusion increases and hard
inclusions become more difficult to detect.

Fig. 6 illustrates the impact of the loading pressure on
strain maps, AYM, and computed modulograms for a noise
level of 20 dB. As the pressure gradient increases from 0.1
to 5.2 kPa (0.75–40 mmHg), the Von Mises strain becomes
more contrasted. As a result, the AYM criterion is less noisy,
especially for high stiffness (or low deformation) regions,
and modulograms become more accurate. Fig. 7 shows the
impact of the loading pressure on estimated modulograms.
As the pressure gradient decreases, the inclusion detection

Fig. 5. Sensitivity analysis performed to investigate the influence of
ultrasound noise. Plaque #1 with one necrotic core and four calcium inclusions
was used for this investigation. Randomly distributed white Gaussian noise
was added on simulated RF ultrasound data to reach a signal-to-noise ratio
(SNR) from 40 to 10 dB. Row 1: Von Mises strain field measured using the
LSME for a blood pressure gradient of 0.5 kPa. Row 2: AYM map at the
first iteration of the NIV-iMod algorithm. Row 3: final Young’s modulus map
averaged over ten realizations of random noise addition.

Fig. 6. Sensitivity analysis performed to investigate the influence of the load-
ing pressure �P . Plaque #1 with one necrotic core and four calcium inclusions
was used for this investigation. Randomly distributed white Gaussian noise
was added on RF ultrasound data to reach an SNR of 20 dB. Row 1: Von
Mises strain field measured using the LSME for a blood pressure gradient
from 0.1 to 5.2 kPa. Row 2: AYM map at the first iteration of the NIV-iMod
algorithm. Row 3: final Young’s modulus map averaged over ten realizations
of random noise addition.

becomes inaccurate (see PPV and SV). At very low pressure,
the contrast becomes insufficient to detect hard inclusions.
Furthermore, the bias on estimated Young’s moduli increases.
At 0.2 kPa, detected necrotic core Young’s moduli are overesti-
mated (61±25 kPa) and calcium inclusions are underestimated
(1911±582 kPa). At 0.1 kPa, calcium inclusions could not be
detected. The pressure loading less influenced the detection of
the cap thickness but more variances are detected at the lowest
pressures.
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Fig. 7. Influence of the loading pressure �P on the performance of the
algorithm. (a) Young’s moduli of necrotic cores (blue line), fibrotic tissues
(black line), and calcium inclusions (red line). (b) Cap thicknesses. (c) PPVs
of necrotic cores (blue line) and calcium inclusions (red line). (d) SVs of
necrotic cores (blue line) and calcium inclusions (red line). Plaque #1 was
used for this investigation. For each pressure loading, ten computations were
performed with randomly distributed noise at 20 dB.

Fig. 8. Performance of the NIV-iMod method to detect soft and hard
inclusions using the experimental ultrasound images acquired on three PVA-c
phantoms modeled from Plaque #1. Column 1: cross sections of the three
PVA-c phantoms. Column 2: ultrasound B-mode images obtained using
CPW imaging. Column 3: cumulated Von Mises strain (over ∼22 frames,
�P ∼ 0.5 kPa) for a total loading pressure �P = 11 kPa (80 mmHg).
Column 4: AYM map at the first initialization (k = 1) of the NIV-iMod
algorithm. Column 5: Young modulus map computed using the optimization
part of the proposed method and manually segmented contour inclusions.
Column 6: Young modulus map computed using the NIV-iMod algorithm.

D. Modulogram Reconstruction of PVA-c Phantoms

Fig. 8 illustrates the performance of the proposed NIV-iMod
algorithm to detect the morphology of the three PVA-c vessel
phantoms mimicking: a healthy vessel (Phantom #1) and
two vulnerable plaques, one with a single soft inclusion
(Phantom #2) and another with a soft inclusion and four hard
inclusions (Phantom #3). Von Mises strain elastograms, AYM
and Young’s modulus maps from manually segmented and

computed contours are presented. To evaluate reproducibility,
three slices along the vessel were acquired independently.
Quantitative results are presented in Table II.

1) Validation of the Automatic Segmentation: The accuracy
of the segmentation was investigated using the cap thickness
error, PPV, and SV metrics using the manual segmentation
(from the photograph in Fig. 8) as reference for vessel
Phantoms #2 and #3. For the second phantom, the soft
inclusion was reasonably detected with PPV = 63 ± 21%,
SV = 84 ± 5%, and a cap thickness error of 196 ±
37 μm (Capthick = 1.5 mm). For the third phantom, the
soft inclusion was also reasonably detected (PPV = 56 ±
24% and SV = 92 ± 11%). Hard inclusions, however,
were more difficult to detect with PPV = 57 ± 3% and
SV = 51 ± 3%. On average (over the 3 acquisitions), only
2 out of the four hard inclusions were detected. The error
on the cap thickness was on the order of the wavelength
(Capthick = 168 ± 257 μm for a wavelength λ ≈ 200 μm).

2) Performance of the Algorithm to Characterize a Healthy
Vessel: The elasticity reconstruction performed on the homo-
geneous Phantom #1 is presented in the top row of Fig. 8.
As expected, the NIV-iMod found neither soft nor hard
inclusions, and estimated averaged Young’s moduli within the
segmented area at 205±9 kPa (expected value E = 182 kPa).
Using reference contours to constraint the algorithm, Young’s
moduli were estimated at 202 ± 9 kPa.

3) Performance of the Algorithm to Characterize a Plaque
With a Complex Morphology: For both vulnerable vessel
models (Phantoms #2 and #3, Fig. 8), Young’s moduli of the
mimicking fibrotic tissue were accurately estimated: 183 ± 18
and 192±7 kPa, respectively (expected value = 182±21 kPa).
Soft inclusions were slightly overestimated and presented
larger variability: 36 ± 27 and 33 ± 14 kPa (expected value =
25 ± 3 kPa). Hard inclusions and their Young’s moduli were
more difficult to detect. When detected, Young’s moduli were
underestimated at 649 ± 118 kPa (expected value = 757 ±
87 kPa).

IV. DISCUSSION

Quantifying biomechanical properties and internal mor-
phologies of an atherosclerotic vascular wall could be of great
interest for monitoring its remodeling and for the prevention of
stroke [4], [5]. Arterial strain can be measured with relatively
good accuracy using either endovascular elastography (EVE)
or NIVE. However, the determination of plaque components
(i.e., necrotic core, calcium inclusions, and fibrotic tissues),
internal morphology (degree of stenosis, fibrous cap thick-
ness, and necrotic core area), and their mechanical prop-
erties (Young’s moduli) remain challenging because of the
unknown stress distribution. A few studies [40], [44], based
on EVE have successfully addressed this problem of solving
the mechanical inverse problem, but in vivo reports have
yet to come. Using NIVE, few methods have also been
proposed to recover the Young modulus distribution of carotid
plaques [45], [48]. However, those methods require the manual
segmentation of tissue components from an adjacent modality
(i.e., MRI), which remain a limitation for clinical application.
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In this paper, we provided a robust solution for the recon-
struction of the internal plaque morphology and Young’s mod-
ulus based on NIVE. The modulography approach (NIV-iMod)
combines a PFEM driven by a dynamic K -means segmenta-
tion method, for the detection of mechanical heterogeneities
and the estimation of their Young’s moduli. The NIV-iMod
algorithm was successfully evaluated on FEM strain fields
and strain elastograms computed from simulated and in vitro
ultrasound images.

A. Performance of the Algorithm on FE Strain Fields
Using realistic models of rupture prone plaques, it was

shown that the proposed inverse problem was very efficient
in predicting the intraplaque Young’s moduli from the Von
Mises strain distributions and known contours (see NIV-iMod
Manual in Table II), which confirms the stability of the
proposed FE model. The dynamic segmentation approach
based on the AYM criterion was found very efficient to
detect mechanical heterogeneities (see NIV-iMod Auto in
Table II). Unlike EVE-based modulography methods proposed
by Baldewsing et al. [40] and later by Le Floc’h et al. [42]
where the detection of inclusions was solely based on radial
strains or their spatial derivatives, the proposed segmentation
includes the stress distribution, which is iteratively updated
by the PFEM. The internal segmentation thus evolves toward
the final morphology in a few iterations (see Figs. 3 and 4).
Our method allows describing complex morphologies with soft
(high strain) and hard (low strain) inclusions without prior
knowledge on their number, shape or localization. Because of
the interdependency in modulus assessment, an overestimation
of the soft component modulus resulted in an underestimation
of the modulus of harder constituents.

B. Performance of the Algorithm on Measured Strain Fields
Using measured strain fields from ultrasound simulations

and reference contours as preconditioning regions, it was
found that the inverse problem overestimates Young’s mod-
uli of soft inclusions and underestimates those of calcium
inclusions (see Section III-C1). This can be attributed to the
inherent smoothing of the strain estimator. As it evaluates the
local strain using MWs (MWs = 1 mm × 1 mm), the LSME
tends to homogenize strains, decreasing the natural strain
variations and thus introduces a bias. This naturally affects the
segmentation/optimization procedure in terms of detectability
(see Section III-C2) and quantification of Young’s moduli
(see Section III-C3). Adding noise on RF data, as expected,
did not improve the results. Noise creates artefactual strain
behavior, which is interpreted as mechanical heterogeneities
by the algorithm.

The detectability and quantification of hard inclusions
were particularly problematic because the low strain level
approached the noise level (see Fig. 5). However, as long
as the loading pressure remains sufficient to create suffi-
cient contrast in the measured strain field their detectability
and quantification can be ensured (see Fig. 6). Overall, the
algorithm was found robust, both in terms of detection and
quantification. In vitro experiments confirmed the feasibility
of such approach. As in the simulations, the detectability of

hard inclusions was found more difficult. However, regarding
soft inclusions, the detectability and quantification were found
promising. Considering the importance of characterizing the
lipid pool for vulnerable plaque detection, this reinforces the
interest of the proposed method.

C. Can the Proposed Method Detect Vulnerable Plaques?
Rupture prone atherosclerotic plaques or vulnerable plaques

possess specific morphological and biomechanical markers
such as a large necrotic core covered by a thin fibrous cap,
macrophage infiltration, and calcium inclusions [56]. Specific
features like fibrous cap thickness and peak cap stress were
shown to be markers of vulnerability [12]. A cap thickness
below 50 μm, under physiological loading conditions (blood
pressure), leads to peak cap stress above 300 kPa, which
is the collagen rupturing threshold [6]. Using the proposed
NIV-iMod method, we were able to measure cap thickness in
the order of 1 mm with an average error of 77 ± 60 μm
from real strain fields (see FEM study in Table II), and
172 ± 98 μm for realistic ultrasound simulations (see Field II
study in Table II), which is larger than the targeted thickness
threshold. However, considering the resolution of the imaging
system (the ultrasound wavelength ≈200 μm), those results
are acceptable. Using higher frequency external probes, one
may probably increase the sensitivity of the cap thickness
measurement. A precise measurement of the vulnerable cap
thickness (Cth ≈ 50 μm) would, however, require high
resolution invasive imaging techniques, as high-frequency 60
or 80 MHz IVUS or optical coherence tomography.

Peak cap stress is also highly dependent on the internal
morphology of the necrotic core, calcium inclusions and
their mechanical properties [12]. A softer necrotic core offers
less mechanical resistance and thus increases cap stress. The
proposed NIV-iMod method provided a good estimation of
the necrotic core morphology and Young’s modulus even
when considering noise in the acquisition process. Calcium
inclusions, however, seemed to be more difficult to detect,
especially under low pressure loading conditions. This is
mainly due to the fact that materials with larger Young’s mod-
uli produce smaller strain fields, which can be challenging for
strain estimator [57]. One of the solutions we adopted here was
to use a larger pressure step �P to compute strain elastograms
and use as much information from successive frames (using
time-ensemble ultrafast elastograms, as proposed in [30]).
One could also adopt the approach of Le Floc’h et al. to
increase the robustness of the method using elastography-
based criteria such as correlation coefficient, displacement,
and strain quality [44]. Further developments in that direction
would benefit the proposed method.

D. Study Limitations and Potential Improvements

Although original and promising concepts for the characteri-
zation of carotid atherosclerotic lesions were presented, several
limitations deserve to be pointed out at this stage.

1) The plane strain incompressibility assumption was
used in the deformation matrix computation to mitigate
the impact of the low lateral resolution of linear
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arrays [30]. Even if such assumption is reasonable
when the plaque length (along the vessel axis) is
large with regards to its radial dimension [11], [12],
[58], it would probably not hold for complex 3-D
plaque morphologies. Angular strain compounding, as
proposed by Hansen et al. [59], may be used instead to
improve the estimation of lateral deformations without
any assumption on mechanical properties. However, as
stated in our previous study [30], grating lobe artifacts
appear at large beam steered angles and corrupt lateral
components of the deformation matrix.

2) Because cross-sectional 2-D ultrasound images were
acquired, the plane strain assumption had to be
considered to solve the inverse problem, as mentioned
above. It is well known that in real conditions, carotid
arteries have a complex 3-D geometry and can move
and deform outside the imaging plane. In that case,
our method would benefit of a 3-D acquisition system
[60] coupled with a 3-D segmentation/optimization
procedure. In the meantime, 2-D elastography and
modulography are incomplete measurement and must
be interpreted with caution.

3) In this paper, we only considered the internal loading
pressure as a boundary condition inside the vessel wall.
The outer contour of the plaque was considered stress
free and no surrounding tissue was included in the
inverse problem. It is known that the carotid artery may
be influenced by external forces, such as the pressure
of the probe applied on the patient neck, and by inho-
mogeneous external boundary conditions as the carotid
artery is adjacent to the cervical spine and attached to
paraspinal muscles (rigid) on one side, and surrounded
by the sternocleidomastoid muscle and compliant jugular
vein on the other sides. Le Floc’h et al. briefly addressed
the impact of surrounding tissues on the efficiency of the
inverse problem in the context of IVUS modulography
[61]. More recently, our team proposed to extend this
approach using measured displacements on the outer
contour of the artery as a boundary condition [50]. Fur-
ther developments in that direction need to be explored
to make those models robust to boundary conditions.

4) Even if the proposed method was found relatively
efficient, the underlying model remains simple and
might be too restrictive for in vivo applications. The
tissues were assumed to behave linearly as isotropic and
incompressible materials. However, it has been shown
that vascular tissues have a more complex behavior
including anisotropy [34]. Our method could be
extended to more complex rheology models. However,
to preserve the stability of the inverse problem, one
would probably have to introduce more information
and priors to constrain the problem. However, as
stated in earlier studies [40], [42], [50], considering
linear elastic, isotropic and incompressible materials
remains acceptable as long as the displacements and
strains remain small. More complex tissue models (i.e.,
nonlinear and anisotropic) might be useful to better
describe the mechanical behavior of vascular tissues.

In that case, the stress/strain relationship described in
(2) would need to be changed. However, whatever the
relationship, the same method (i.e., k-means clustering
preconditioner+optimization) would be applied to detect
mechanical heterogeneities and identify their mechanical
properties. In the case of a multi parametric model (e.g.,
linear and compressible), the segmentation part might
be eased by the fact that the k-means clustering would
be performed in N-dimensional space (N being the
number of parameters describing the model) and thus
could be more discriminative. In the case of a nonlinear
model, multiple elastograms (i.e., from multiple loading
conditions) would need to be considered. Note that
using multiple pressure increments might improve the
discriminative power of the k-means algorithm since
the number of measurements would be increased.

5) Segmentation of plaque inclusions solely based on
measured strains might be insufficient in vivo because
strain measurements may be altered by the presence
of ultrasound shadowing, clutter and electronic
noise. To overcome such problems, a multimodality
segmentation tool might be envisaged to identify plaque
inclusions. Such tool may include the stress/strain ratio
(i.e., our AYM criterion) as well as echo amplitude
[62] and speckle statistics [63].

6) In vivo testing still needs to be performed to assess
the feasibility of the approach for clinical applications.
In vivo vascular modulography is indeed significantly
more challenging than the in silico and in vitro
experiments presented in this paper. Although, we
demonstrated that noninvasive vascular modulography
is feasible in vitro (see Fig. 8), more validation has to
be performed. Several limitations have to be addressed
in vitro before attempting in vivo experiments. First,
the robustness of the elastography and modulography
algorithms against out-of-plane motion and deformations
has to be validated. The elastography and modulography
algorithms presented here are only valid under plane
strain conditions. Note, however, that without the
plane strain and incompressibility assumptions, the
proposed modulography algorithm remains valid but its
reliability in the context of noninvasive carotid artery
imaging still needs to be proven in vivo. Another issue
that would need to be considered to assess the real
potential of the modulography algorithm in vivo is
the impact of artefactual image features produced by
strong attenuation, shadowing and beam diffraction.
Strain artifacts due to clutter noise arising from
hyperechoic neighboring regions would also need to
be considered. Such artifacts must be discarded before
further processing, as proposed by our group in the
context of IVUS modulography imaging [44].

V. CONCLUSION

In this paper, a robust mechanical inverse problem based on
NIVE was proposed for the reconstruction of carotid plaque
internal morphology and Young’s moduli. It was successfully
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validated with FEM and measured strain fields from ultrasound
simulations and in vitro measurements. Further developments
should include the extension of the model to 3-D and the
incorporation of more realistic boundary conditions.
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