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Abstract—Mapping the local elastic properties of an atherosclerotic artery is of major interest for predicting the
disease evolution or an intervention outcome. These properties can be investigated by elastography, which
estimates the strain distribution within a medium in response to a stress. But because diseased arteries are highly
heterogeneous, a small global deformation may result in high local strains in the softest regions. For those
reasons, we use in this paper the strain estimation method we recently developed to compute elastograms of
original vessel-mimicking cryogel phantoms and a fresh excised human carotid artery. This adaptive method has
been effectively proved to be accurate in a wider range of strains (0–7%) than commonly used gradient-based
methods, and very adapted for investigating highly heterogeneous tissues. Resulting elastograms cover a wider
range of strains (0–3.5%) than all previously reported intravascular elastograms, improving the discrimination
between healthy and diseased regions. (E-mail: elisabeth.brusseau@creatis.insa-lyon.fr) © 2002 World Feder-
ation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Cardiovascular pathologies are one of the main causes of
mortality in the Western world. Atherosclerosis, disease
of the intima layer of the artery, represents the essential
characteristic of arterial pathologies (Fisher et al. 2000;
Zaman et al. 2000). Atherosclerosis consists of a focal
accumulation of lipids, complex carbohydrates, blood
cells, fibrous tissues and calcified deposits, forming a
plaque that occludes progressively the lumen of the ar-
tery. When occurring within coronary arteries, the con-
sequences of this pathology can be dramatic, like myo-
cardial infarct, because the function of these arteries is to
irrigate the cardiac muscle (Nissen et al. 1999).

The severity of a plaque results from its propensity
to become complicated, the main complications being a
plaque rupture, resulting in an acute thrombosis, myo-
cardial infarction and sudden ischaemic death (Davies et
al. 1985). Rupture mechanisms are complex processes

correlated with plaque morphology, composition, me-
chanical characteristics and with the pulsatile oscillation
of the blood pressure (Fung 1993; Lee et al. 1991;
Lendon et al. 1991; Richardson et al. 1989). Knowledge
of the local elastic properties of a plaque and of the
surrounding arterial wall thus could be of fundamental
interest to appreciate the vulnerability of the plaque.
These properties could also provide useful information to
predict the pathology evolution, as well as an interven-
tion outcome, because procedures for curing atheroscle-
rosis, like transluminal percutaneous angioplasty, are
predominantly mechanical in nature.

Since 1960, X-ray coronary angiography is consid-
ered as the examination of reference. By providing im-
ages of the arterial profile, angiography allows the de-
tection and the assessment of occlusion severity. But
other qualitative features, like elastic properties of the
plaque, cannot be revealed with this imaging technique.
A more recent imaging modality, intravascular ultra-
sound imaging (IVUS), can be more helpful for charac-
terising atherosclerotic lesions (Finet et al. 1997; Gus-
senhoven et al. 1997). Intravascular ultrasound imaging
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offers many advantages compared to classical angiogra-
phy: by providing real-time high resolution cross-sec-
tional images of the artery, this technique permits depic-
tion of the vessel wall very precisely and atherosclerotic
plaque morphology. It thus allows an accurate quantita-
tive analysis of the disease, by precise measurements of
the lumen dimensions, arterial dimensions and dimen-
sions specific to the atherosclerotic plaque, despite being
sometimes altered by inherent artefacts (Finet et al. 1993).
Moreover, IVUS has the potential to characterise different
plaque components (Di Mario et al. 1998; Palmer et al.
1999), but only roughly into three categories (fibrous, cell
or calcified plaques) and with possible misinterpretations,
which is not sufficient to predict the mechanical behaviour
of the lesion. Essential complementary information is ex-
pected and might be brought by elastography, a recent
imaging modality (Ophir et al. 1991) whose goal is to
provide for clinicians a map of the elastic properties of any
soft biological tissue (Gao et al. 1996). Based on the phys-
ical principle of elasticity, the technique consists of apply-
ing pressure on the examined medium and of estimating the
induced strain distribution, by tracking the tissue motion
(Hein et al. 1993, Hoeks et al. 1990, O’Donnell et al. 1994).
Potential clinical applications of elastography are numerous
and various, for detecting breast carcinomas (Céspedes et
al. 1993, Kallel et al. 1995), prostate cancer (Lorenz et al.
1999), renal damage (Emelianov et al. 1995) or, in our case,
for studying the evolution of atherosclerosis by the method
of intravascular ultrasound.

Few teams have investigated intravascular elastogra-
phy. Significant work has been performed by (De Korte et
al 1997a) and De Korte (1999) who presented elastograms
of intravascular agar-gelatine phantoms and of human fem-
oral arteries subjected to low deformations, in the range
0–1%. They computed the axial strain distribution occur-
ring within the arterial wall as the displacement gradient,
the method assuming that the medium deformation results,
within RF signals, exclusively in delays between ultrasound
footprints. Commonly used gradient-based methods, what-
ever the time delay estimation technique applied (Konofa-
gou et al. 1998; Lubinski et al. 1999, Xu et al. 1995), are
accurate for very small deformation (0–1.5/2%) but fail
rapidly with increasing strains, because they ignore the
signal shape variation induced by the physical compression
of the medium. It turns out that, owing to the high hetero-
geneous character of atherosclerotic plaque composition,
the local Young’s modulus can vary by several orders of
magnitude (1–1000 kPa) over the investigated medium and
a small global deformation might result in a high local
deformation over the regions where the Young’s modulus is
the weakest. This makes it necessary to increase the range
of validity of the previously mentioned strain estimation
methods. One improvement has been to stretch the entire
postcompression signal temporally by an appropriate con-

stant factor prior to time delay estimation (Alam et al.
1997). This preprocessing has been proved to compensate
fairly well for the effect of compression at low strains.
However, this technique suffers from two fundamental lim-
its: first, the value of the proper temporal stretching factor
requires an a priori knowledge of the strain magnitude;
second, this factor depends on the local deformation and
cannot be constant over the signal. A similar approach in
2D also has been introduced by Chaturvedi et al. (1998) that
consisted in companding the data images in the axial and
lateral directions, first globally then locally, before correla-
tion-based time-delay measurements.

In a first study, Alam et al. (1998) took into account
the change in the shape of signals and considered the signal
after compression as a locally delayed and scaled replica of
the signal before deformation. The local scaling factor,
directly related to the local strain, is estimated over each
segment of study as the factor that maximises the correla-
tion between the precompression and stretched postcom-
pression signal segments. This study has shown that using
local scaling factors leads to a method that is much more
robust in terms of decorrelation noise.

We recently developed an adaptive strain estimation
method based on the computation of local scaling factors
(Brusseau et al. 2000a) via the study of the phase differ-
ence between pre- and postcompression signals. To
achieve maximum accuracy, the method first selects,
within the pre- and postcompression signal, segments
that are representative of the same part of tissue. For each
pair of signal segments, the scaling factor is then esti-
mated by iterative variation until reaching a zero mean
phase difference between the associated complex pre-
and scaled postcompression signals. Its adaptability
makes this method appropriate for computing scaling
factors resulting from larger strains or a wide spread of
strain variations and, therefore, for estimating strains in
strongly heterogeneous media, like atherosclerotic arter-
ies.

In this paper, we use the method we have developed
to compute elastograms of original intravascular cryogel
phantoms and of a fresh carotid artery. The materials and
methods, including the signal processing method, the
experimental set-up and phantoms are described in the
next section. In the next section, the experimental results
from the cryogel phantoms and the human carotid artery
are presented, followed by a discussion and conclusions
detailed in the last section.

MATERIALS AND METHODS

Experimental set-up description
Performing elastographic experiments in the intra-

vascular case requires a specific device allowing both
application of a pressure inside the lumen of the phantom
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or of the artery under examination, and acquisition of RF
data. The experimental set-up consists of a CVIS ultra-
sound scanner, working with a 30 to 40-MHz mechanical
rotating single element, a digital oscilloscope Lecroy
9374L and a self-made pressuring system. A scheme of
the experimental set-up is given in Fig. 1. The phantom
is positioned between two watertight connectors, at each
lateral extremity. This watertight device is equipped with
sheaths at both sides. At the proximal side, the intravas-
cular catheter is introduced through the sheath into the
lumen of the phantom or the artery and then through the
distal sheath. By two guiding elements, the probe is fixed
approximately at the lumen centre, to limit geometrical
artefacts and motion of the probe. The distal sheath is
clamped to ensure the watertight character of the system.
The proximal sheath is also connected to a syringe. The
system composed of the distal and proximal sheaths of
the artery or phantom and of the syringe is a watertight
one. Because sheaths are rigid, injecting fluid inside this
system results in an increase of the pressure inside the
phantom or arterial lumen. Inner pressure is therefore
manually increased or decreased by varying the fluid
volume (precision �V � 0.01 ml) inside the lumen. A
scan of 256 angles is performed at each static pressure.
Sampling of the data is phase-synchronised with the top
image synchroniser (external output of the CVIS ultra-
sound scanner). The top image synchroniser permits the
beginning of image acquisition when the ultrasound
beam reaches a specific user-determined angular posi-
tion, resulting in acquisition of sets of angularly aligned
images. With this configuration, RF data are not acquired
in an image format but in a single signal format, con-
taining the 256 consecutive RF lines composing the

image. The images are then reconstructed. RF data were
digitised at a sampling frequency of 500 MHz (sample
interval: 1.5 �m) in 8-bit format, stored on the 520 Mo
PCMCIA hard disk in the Lecroy oscilloscope and pro-
cessed off-line. Experiments were performed at room
temperature on cryogel phantoms and on a human ca-
rotid artery.

Cryogel intravascular phantom description
Tissue-mimicking phantoms, commonly used for

elastographic experiments, are made from a mixture of
agar and gelatine. The association of agar and gelatine
has effectively revealed interesting properties, because
gelatine contributes to the elastic character of the result-
ing material, whereas agar ensures stiffness and cohesion
(De Korte et al. 1997b; Hall et al. 1997). As for the
acoustical scattering of such phantoms, it can be adjusted
very easily by simply varying the scatterer concentration.
The independent control of acoustical and mechanical
properties, the facility to manage acoustically homoge-
neous phantoms and the resulting incompressible char-
acter of these test objects have made agar-gelatine phan-
toms attractive for elastographic experiments.

Although these phantoms seem to be adequate for
experiments with external ultrasound, this seems differ-
ent for intravascular ultrasound. Indeed, owing to the
considered geometry, a hollow thin-walled cylinder sub-
jected to an inner pressure, agar-gelatine intravascular
phantoms tend to rupture easily under an increasing
stress and, therefore, do not mimic the ruggedness and
elasticity of arteries. For these reasons, we have used for
this specific application another material, presenting a
high inherent breaking strength and able to endure the

Fig. 1. Scheme of the instrumental set-up for elastographic intravascular experiments.
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rigours of pulsatile flow and general handling (Chu et al.
1997; Surry et al. 1998). This material, never used pre-
viously for ultrasound elastographic experiments, is
termed polyvinyl alcohol cryogel (PVA-C). As a cryo-
gel, it acquires its properties by freeze-thaw processes.
Chu and Rutt (1997) have studied this particular mate-
rial, and found that the acoustical and elastic character-
istics of the PVA cryogel are within the range of those of
soft biological tissues. More precisely, although the
speed of sound depends on several parameters, like PVA
or acoustical particles concentrations, it remains within
the physiological range (1500–1600 m/s). Initial results
on sound attenuation values are also promising, being in
the range of 1–3 dB/cm at 5 MHz. Dealing with the
mechanical properties, this material presents an incom-
pressible character, resulting in its 3D deformation under
an applied pressure. Moreover, results from experiments
lead by Chu and Rutt (1997) have shown that the stress–
strain relationship of cryogel intravascular phantoms is
close to that of a pig aorta. Thus, PVA-C phantoms
present a mechanical behaviour similar to that of arteries,
making them very suitable for performing intravascular
elastography.

Axial strain estimation method description
We recently developed a signal-processing method

for axial strain estimation. This method is based on the
principle that the physical compression of tissues pro-
duces changes within signals comparable to local scaling
factors. In a first approximation, the postcompression
signal can thus be considered as a locally delayed and
compressed replica of the precompression signal. Our
estimation of the axial strain results from four main
steps: (i) arterial wall signals extraction and registration;
(ii) adaptive windowing; (iii) scaling factor estimation;
and (iv) strain estimates computation.

Arterial wall signals extraction and registration.
Prior to strain estimation, an extraction and registration
of the beginning of the pre- and postcompressed signals
relative to the arterial wall has to be performed. The use
of the top image synchroniser, which performs the ac-
quisition of angular aligned images as well as the use of
anechoic physiological fluid inside the phantom or arte-
rial lumen, highly facilitates this preprocessing. This one
follows two steps. First, a global detection of the blood–
wall interface is performed by a thresholding in ampli-
tude on the corresponding envelope images. Then, a fine
registration, by estimating the remaining delay between
the beginning of the RF arterial wall signals at two
different endoluminal pressures, is achieved by cross-
correlation.

Adaptive windowing. Signal segments containing
the acoustical signature of the same part of tissue before

and after deformation are selected. This selection is
performed by displacing the window of study on the
postcompression signal in an adaptive manner (eqn 2)
compared to the regular displacement of this window on
the precompression signal (eqn 1). This adaptive dis-
placement is directly related to the previous strains.

di � i� (1)

d�i � d�i�1 � �1 � �i�1� � � �
k�0

i�1

�1 � �k�� (2)

where i � number of displacement steps of the window
of study in the depth direction; di � cumulative window
displacement on the precompression signal; d�i � cumu-
lative window displacement on the postcompression sig-
nal [during processing, this displacement is converted to
an integer sample number, introducing an error of max-
imum one sample (1.5 �m)]; � � window displacement
step; and �i � strain value on the ith window.

Equation 2 clearly shows that the displacement is
adapted at each step. The more the tissue is compressed, the
higher the displacement will be. So, for no tissue deforma-
tion (� � 0), the window displacement on the pre- and
postcompression signal is identical and therefore the rela-
tive window displacement between the pre- and postcom-
pressed states will be zero. Otherwise, the higher the strain,
the more this relative displacement will increase.

Scaling factor estimation. Having selected two cor-
responding signal segments, the second step of our
method is the estimation of the local compression factor
� itself. It is assumed that this factor is constant over the
window of study. Let us denote by s1(t) and s2(t) the
signal segments containing the acoustical signature of
the same region before and after the deformation (s1(t),
s2(t) as issued from step (i)).

s2��t� � s2�t � �� � 1�t� � s1�t� (3)

with �, compression factor � 1.
The scaling factor is estimated by iteratively

stretching the postcompression echo signal until reaching
a minimal mean phase difference with the precompres-
sion echo signal. In practical terms, stretching a discrete
signal s by a factor � has been performed by replacing
each sample value s(k) by s(k/�), the latter being com-
puted by linear interpolation.

To compute the scaling factor between the two
signals s1(t) and s2(t), we have defined the phase function
� so that:
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��	� � arg �1

T �
0

T

s̃1�t�s̃*2�	t�dt� (4)

with s̃1 (respectively s̃2), the analytic signal associated
with the RF echo signal s1 (respectively s2) and 	 the
stretching factor applied to s2. The unwrapped phase � is
a continuous linear and strictly monotonic function. We
can observe that, when � is positive, s2 is a stretched
version of s1 when it is zero, s2 is identical to s1 and when
� is negative, s2 is a compressed version of s1. It is
interesting to note that �, for a given value of 	, also
represents the phase of an averaged value, which is the
scalar product averaged on the time interval T. This leads
to a reduction of phase fluctuations in the presence of
additive noise. Finding the zero-crossing is achieved by
dichotomy. This technique consists of performing a
framing of a zero of a function and reducing this framing
until the searched value with the desired accuracy is
reached. An interval containing the zero of the function
is given as the initial condition. The sign of the phase,
therefore, changes on this interval. Then, the interval is
iteratively reduced by keeping a sign change. This
method offers the advantage of being accurate and of
rapidly converging to the solution. Note that, because the
unwrapped phase is a monotonic function, it is very well
adapted to such processing. The estimated stretching
factor 	 is the inverse value of the compression factor of
the medium, �.

Strain estimates computation. Having estimated
the scaling factor 	̂, the strain is then directly deduced as:

�̂ � 1 � 1/	̂ (5)

The method we have developed presents the char-
acteristic of being adaptive, making it appropriate for
computing scaling factors resulting from larger strains or
a wide spread of strain variations and is, therefore, ap-
propriate for investigating atherosclerotic arterial walls.
Previous results from simulations and phantoms have
shown that this method remains accurate for deforma-
tions up to 7%.

EXPERIMENTAL RESULTS

Experiments were performed with two types of in-
travascular cryogel phantoms, homogeneous (Brusseau
et al. 2000b) and layered ones, and with a fresh excised
human carotid artery. In this study, we have estimated
the strain field generated by a variation of the endolumi-
nal pressure and occurring in the radial direction. The
variation of pressure inside the lumen was performed by
increasing the fluid pressure.

Results on an homogeneous phantom
The first phantom we investigate is a homogeneous

(one-layer) intravascular phantom. The geometrical fea-
tures of this test object are a 5-mm lumen diameter, a
10-mm wall thickness and a 60-mm length (Fig. 2a). Its
mechanical characteristics result from one freeze-thaw
cycle. The acoustical properties were managed during
the building procedure by adding 1% of acoustical scat-
terers (silicon-carbide (SiC), mean diameter 15 �m). The
resulting elastograms in Cartesian and polar coordinates
are displayed in Fig. 3a and b, respectively. They have
been computed by using a 0.25-mm window length with
80% overlap. A 5 � 5 median filtering was applied to the
estimates, to reduce noise. Caution was taken not to
erode the border values. The strain distribution results

Fig. 2. Description of the homogeneous intravascular cryogel
phantom. The geometrical characteristics of this phantom are a
5 mm lumen diameter, a 10 mm wall thickness and a 60 mm
length. The mechanical properties of that phantom result from
one freeze-thaw cycle. (a) Photograph of the phantom; (b)

B-mode image of the phantom.
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Fig. 3. Experimental result with a homogeneous intravascular
cryogel phantom. (a) Resulting elastogram in Cartesian coor-
dinates computed over a region of 8 mm depth with a 0.25 mm
window length and 80% overlap; (b) elastogram in polar co-
ordinates; and (c) mean strain profile (solid line) and curve in
A/r2 (dashed line). Although the phantom is homogeneous, the
corresponding elastogram presents a decrease, which matches
perfectly the 1/r2 model. This decrease of the strain is directly
related to the loss of the stress magnitude along the wall

thickness.

Fig. 4. Description of the two-layer intravascular cryogel phan-
tom. The geometrical characteristics of this phantom are a 3
mm lumen diameter, a 5 mm wall thickness and a 60 mm
length. The inner layer, the softer one, has been subjected to
one freeze-thaw cycle, whereas the hard layer has been ob-
tained by three freeze thaw cycles. (a) Photograph of the
phantom; (b) B-mode image of the phantom; and (c) scheme of

a phantom cross-section.
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from an increase of the water pressure inside the lumen,
resulting in a mean inner radius raise of 6.3%. Reported
strains are in the range of 0–6%.

It clearly seems that, whereas the phantom is
mechanically homogeneous, the elastogram presents a
decrease in the strain profile as a function of the
distance from the lumen. Figure 3c displays a mean
strain profile, computed over a region of 133 lines,
where the phantom wall is at a constant distance from
the transducer and, therefore, where signals are in
correspondence. The mean strain decreases from 4.5%
to 1% over only a few mm. Such a result meets the
theoretical framework, which states that the propaga-
tion of the stress depends not only on the mechanical
properties of the medium and on the boundary condi-
tions, but also on the geometrical features of the
medium and of load applications. Taking the particular
case of hollow cylinders subjected to an inner pres-
sure, even when isotropic and homogeneous, the prop-

agation of the stress is not uniform, but decreases in
amplitude across the thickness of the wall. This decay
is a function of the radius, more precisely proportional
to 1/r2 (eqn 6 Hearn 1997).

Fig. 5. Resulting elastograms from the two-layer intravascular
cryogel phantom. (a) Elastogram in Cartesian representation
computed with a 0.25 mm window length and 80% overlap;

and (b) elastogram in polar coordinates.

Fig. 6. Mean strain profiles display from the two-layer intra-
vascular cryogel phantom elastogram. (a), (b) and (c) Respec-
tively, three mean strain profiles computed over the regions R1,
R2 and R3. Although a significant decrease of the magnitude of
the stress exists across the wall thickness of the phantom, the
two layers are well-distinguished, with a well-defined boundary.
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r �
a2 b2 �P0 � Pi�

b2 � a2 �
1

r2 �
Pia

2 � P0b
2

b2 � a2 (6)

with 
r � radial stress; r � radius; a � inner radius of
the phantom; b � outer radius; Pi � inner pressure; and
Po � the outer pressure.

This phenomenon is clearly observed on the elasto-
gram. For comparison, a curve in A/r2 is also displayed
(dashed line), matching perfectly the observed strain
profile. It has to be pointed out that the visualisation of
the phenomenon is amplified by the fact that the phantom
we use is thick compared with arterial dimensions. This
has been voluntarily performed to investigate the way the
stress propagates within phantom walls, for further elas-
togram interpretations. However, owing to the thinness
of arterial walls, the decrease of the stress will not be
sufficient to prevent the discrimination of the different
mechanical regions. This point is illustrated in the fol-
lowing section.

Results on two-layer phantom
The second experiment was performed with a two-

layer phantom whose dimensions approximate to the

ones of the arterial structure, a 3-mm lumen diameter, a
5-mm wall thickness and a 60-mm length (Fig. 4a; it has
to be pointed out that, for building procedure reasons, the
layers (wall-thickness/lumen-diameter ratio of 1.6) are
much thicker than healthy arterial walls (ratio of 0.1).
However, in the case of diseased arteries, a similar ratio
can be reached. The inner layer is the softer one and
measures 2.5 mm thick, and the hard one 2.5 mm as well.
The soft layer has been subjected to only one freeze-thaw
cycle, whereas the harder one has suffered from three
cycles. The two layers are not concentric, but slightly off
centre (Fig. 4c). No acoustical difference has been intro-
duced between the two layers (Fig. 4b); their echogenic-
ity results from the addition of acoustical particles for a
concentration of 1%.

The strain estimation was performed with a
0.25-mm window length with 80% overlap. A 5 � 5
median filtering was applied to the estimates to reduce
noise. The strain distribution results from an increase of
the inner pressure, inducing a mean inner radius increase
of 1.2%. The resulting elastogram is displayed in Carte-
sian (Fig. 5a) as well as in polar coordinates (Fig. 5b), the
polar representation allowing a better visualisation of the

Fig. 7. Characteristics of the carotid artery. (a) Histological section of the carotid artery presenting a very thin plaque
at 2 o’clock. (b) Visualisation of an healthy sector. (c) Visualisation of the plaque. (d) Colouration with saffron

hematoxylin-eosin revealing the presence of cholesterol crystals and inflammatory cells within the plaque.
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boundary between the two media. Reported strains are in
the range 0–1.5%. Three mean strain profiles are also
displayed (Fig. 6a–c). Because the two layers are not
concentric, the boundary between them, in the polar
representation, is not a straight line. To average corre-
sponding information, the strain profile was computed
over regions where signals are at a constant distance
from the transducer. The profile 1 results from an aver-
age over a region of 12 lines, the profile 2 from an
average over 33 lines, and the profile 3 from an average
over 17 lines (see in Fig. 3e and f). From this different
information, we can notice that the deformation over a
layer decreases, affected by the heterogeneous character
of the stress field. However, the two layers are discrim-
inated with a well-defined boundary. The mean strain
over the softer layer is estimated to 0.75% and to 0.25%

over the harder layer. The strain ratio of three between
the two layers matches data reported by Chu and Rutt
(1997), about the PVA-C stress–strain relationship as a
function of the number of freeze-thaw cycles. Effec-
tively, a strain ratio between two and four is expected for
two layers of PVA-C subjected to one and three freeze-
thaw cycles.

In vitro results on a carotid artery
The ultimate goal of intravascular elastography is to

characterise atherosclerotic plaque morphology and me-
chanical behaviour. Previous results performed on test
objects have shown the potentiality of our strain estima-
tion method to differentiate regions with different me-
chanical properties. While phantoms remain ideal test
objects, they do not replace biological material. Perform-
ing experiments with arterial tissues seems to be an
essential and indispensable step. For these reasons, we
present, in this study, results obtained with a human
excised postmortem carotid artery, exhibiting a very thin
plaque at 2 o’clock (Fig. 7a). From the histological
section, we can observe that the atherosclerotic plaque is
a very limited region (Fig. 7c) and that the intima layer,
except over this confined sector, presents healthy prop-
erties (Fig. 7b). The coloration with saffron haematoxy-
lin-eosin reveals that the plaque contains cholesterol
crystals and inflammatory cells (Fig 7d). Echograms
(Fig. 8a and b) and elastograms displayed with adapted
colour scales (Fig. 9a–d), were obtained for four con-
secutive increasing physiologic fluid pressure levels, re-
sulting, respectively, in a mean inner radius increase of
0.75%, 1.2%, 1.6% and 2.6%. Elastograms were com-
puted by using a 0.25-mm window length with 90%
overlap. A 5 � 5 median filtering was applied to the
estimates to reduce noise.

We can observe that, whereas the plaque reveals
very low echo intensity differences in the echogram, it
is clearly brought out in the different elastograms. The
area of the harder region is effectively very well
correlated with the plaque size, put in relief by the
histological sections. The strain over the diseased re-
gion is significantly lower than that over the safe
regions. As an example, in the elastogram (Fig. 9d),
the deformation over the diseased region is less than
0.5%, whereas it is clearly more than 1.2% over the safe
sector. Moreover, we can observe, on elastograms dis-
played with a unique common colour scale, that the strain
difference between regions is all the more pronounced
when the stress is high.

Finally, it has to be pointed out that the estimated
strain values reach 3.5%, showing the potentiality of our
strain estimation method for estimating higher strains.

Fig. 8. Echograms of the carotid artery from (a) the initial and
(b) final pressure levels, resulting in a maximal mean inner

radius raise of 2.6%.
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CONCLUSIONS AND DISCUSSION

The study presented in this paper is a first approach
for the application, in the intravascular case, of the strain
estimation method we recently developed. This method
has been proved to be accurate over a wider range of
strains compared to commonly used gradient-based
methods, making it very interesting for investigating
heterogeneous media, like atherosclerotic arteries. For
this investigation of feasibility, preliminary experiments
were performed with original vessel-mimicking cryogel

intravascular phantoms, as well as with a human fresh
excised atherosclerotic carotid artery, subjected to a
higher deformation.

Phantom elastograms have pointed out the potenti-
ality of our strain estimation method to discriminate
regions with different mechanical properties, although
they exhibit no acoustical difference. A decrease of the
strain is observed along the radial direction, due to the
cylindrical geometry of the artery and loading conditions.
However, the stress heterogeneity does not prevent the two
layers from being discriminated with a well-defined bound-

Fig. 9. Elastograms of the carotid artery. (a), (b), (c) and (d). Corresponding elastograms, displayed with adapted colour
scales, and computed with a 0.25 mm window length and 90% overlap for an increase of the pressure level resulting
in an inner radius increase of, respectively, 0.75%, 1.2%, 1.6% and 2.6%. The scale is given by markers distant of 1 mm.
The indicated local artefact is induced by a high signal decorrelation. Whereas the plaque exhibits no acoustical
difference with the healthy arterial wall, elastograms show that the diseased region is significantly harder than the

surrounding safe tissue, allowing a precise visualisation of the diseased area.
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ary, and does not significantly corrupt arterial wall investi-
gation, because the latter are very thin structures.

On arterial elastograms, strain distributions for four
consecutive increasing pressure levels are represented.
We can observe that, in correlation with the histological
sections, the diseased region seems to be significantly
harder than the surrounding healthy tissue. A strain dis-
tribution within a wider range (0–3.5%), compared to
reported results using classical gradient-based methods,
allows a good visualisation of the deformation difference
between the different regions and, therefore, a good
discrimination between healthy and diseased sectors.

The information brought by elastography is thus
complementary to ultrasound imaging and could provide
useful indication on the nature of the plaque for a better
diagnosis of atherosclerosis. Our future research efforts
will concentrate on pursuing in vitro arterial experiments
to study the reproducibility of this imaging technique and
on studying its application in the in vivo conditions. This
application will require preprocessing methods to com-
pensate for motions introduced by the acquisition condi-
tions. During the experiments we performed, the probe
was fixed approximately at the centre of the phantom or
artery lumen and parallel to its axis. But, in examination
conditions, the probe is not going to be fixed, but will
move with the variation of the blood pressure and the
cardiac motion. Even when synchronised with the elec-
trocardiogram, the acquisition will not provide images in
correspondence. A preliminary image registration will be
a fundamental step. Moreover, in clinical conditions, the
probe is neither in the centre of the arterial lumen nor
parallel to the arterial axis, but will be off-centred and
with an angulation which can reach 30°. This relative
position of the transducer with respect to the medium
under investigation results in geometrical distortions on
the ultrasound image, inappropriate for a further strain
estimation. Such experimental conditions will require a
preliminary processing to compensate for motions and
distortions, before performing an elastographic study.
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