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Intravascular ultrasound elastography is a method for
measuring the local elastic properties of coronary athero-
sclerotic plaques using intravascular ultrasound (IVUS).
Mechanical properties of the different tissues within a plaque
are measured through strain. In the last decade, several
groups have applied elastography intravascularly with
various levels of success. In this paper, the approaches of
the different research groups will be discussed and the focus
will be on our approach to the application of intravascular
elastography. J Cardiovasc Risk 9 : 1–9 �c 2002 Lippincott
Williams & Wilkins.
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Introduction
Sudden death is the leading symptom of coronary heart

diseases in early middle age and stands at the most

dreadful end of the spectrum of acute coronary

syndromes. More than 50% of sudden deaths are

related to an atherosclerotic plaque rupture or ulcera-

tion triggering thrombus formation and coronary

occlusion [1,2]. Acute myocardial infarction and

unstable angina are also related to a similar mechanism.

A coronary atherosclerotic lesion can evolve over

several years without any clinical symptom and flow

limitation [3,4] Acute coronary syndromes frequently

develop in arterial segments demonstrating only a mild

stenosis on available prior angiograms [5,6] The plaque

morphology, its composition and the importance of the

infiltration of macrophages and lymphocytes, more

than the degree of stenosis, are the determinants of

acute clinical events [2,7–9] One of the major

limitations of coronary angiography, the gold standard

for the evaluation of symptomatic patients with

coronary artery disease, is the inability to visualize

the arterial wall [10]. Several techniques have been

developed and are under development to characterize

coronary atherosclerotic plaques [11]. The life-threa-

tening plaques, prone to rupture, have been character-

ized by three major characteristics: (1) the size and

structure of the atheromatous lipid core, (2) the

thickness of the fibrous cap (o 65mm) and (3) the

inflammation within or adjacent to the fibrous cap.

Catheter-based IntraVascular UltraSound (IVUS) is

the only clinically available technique capable of

providing real-time cross-sectional images of arteries

in vivo [12,13]. IVUS provides quantitative information

on the plaque burden and the lumen, as well as

qualitative information on the plaque composition that

has been compared with histology [14,15]. However,

identification of the different plaque components is

still limited: hard fibrous and soft plaques can show

similar echo texture [16,17]. In particular, the sensi-

tivity to identify lipid pools remains low [15]. Several

IVUS-based methodologies have been proposed to

improve tissue characterization [18–20] and detect

plaque vulnerability [21,22]. However, IVUS, as well as

other methodologies that have been developed [11] to

detect rupture-prone plaques, are limited since they

are based on the measurement of indirect vulnerability

parameters such as plaque geometry, content, colour or
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temperature. Plaque vulnerability is mainly a mechan-

ical phenomenon: using computer simulations, con-

centrations of circumferential tensile stress were more

frequently found in unstable plaques than in stable

plaques [23,24]. For example, a thin fibrous cap

shielding a lipid core from the blood may rupture

since it is unable to bear the high circumferential

stress due to the pulsating blood pressure (mechanical

fatigue). These high-stress regions can be caused

by the geometry of the plaque [25] or by local

weakening of the plaque due to macrophage infiltra-

tion [26].

In 1991, a new technique was proposed directly to

measure mechanical properties of tissue by ultrasound

called elastography [27]. This technique has emerged

to improve tissue characterization since a close

correlation has been observed between the modifica-

tion of the elastic properties of a tissue and the

development of pathological processes. For example, it

has been shown that the Young’s modulus [28] (the

ratio of a given force applied (stress) and the resulting

deformation (strain)) of normal breast tissue is 20–

40 kPa, but raises up to 4 500 kPa in breast carcinoma

[29]. Elastography was developed using phantom

studies [30] and evaluated in vivo [31]. The underlying

principle is that a force (stress) is applied on the tissue

and that the resulting strain is a function of the local

mechanical properties [28]. The local strain of the

material is obtained by means of comparing several

ultrasound images acquired at different stress levels.

Currently, this technique is developed in our laboratory

for intravascular purposes. The objective of this paper

is to give a short overview of different implementations

of elastography. Next, the methods and results of our

intravascular elastography work will be presented and

discussed.

Previous related work
Several techniques have been proposed to study the

mechanical properties of soft tissues using ultrasound.

The main differences are in the type of mechanical

solicitation of the tissue (vibration at low or high

frequency, or quasi static compression) and in the

signal processing methods used for estimating the local

elastic properties.

Sonoelasticity: vibration amplitude imaging

Lerner and Parker presented preliminary work on

vibration amplitude ‘sonoelasticity imaging’ [32]. With

this method, a low-frequency vibration (20–500 Hz) is

applied externally to excite internal vibrations within

the tissue under study. A stiff inhomogeneity sur-

rounded by soft tissue produces a disturbance

in the normal vibration eigenmode patterns. Doppler

detection techniques are employed to make a real-time

vibration image. In some organs, modal patterns

can be created, revealing additional information to

the shear wave speed of sound of tissue [33]. Two real-

time methods, static strain imaging and vibrography

(using 0.1–20 Hz compressions) have been recently

tested in phantom experiments. Real-time per-

formance with a PC is achieved thanks to an

original algorithm (phased root-seeking technique) to

estimate the strain, faster than the cross-correlation

methods [34].

Recently, Sandrin et al. have reported the results

obtained in phantoms of a new method based on such a

low-frequency shear wave (200 Hz) visualized by

means of an ultrafast imaging system (up to

10 000 frames/s) composed of a linear array of transdu-

cers at 3.5 MHz [35]. Sonoelasticity has not been

evaluated for vascular tissue, but given the large

wavelengths and the level of inhomogeneity in a

diseased vessel, it seems not to be the technique of

first choice. Ongoing research investigates the feasi-

bility to use magnetic resonance elastography using

propagating acoustic shear waves [36,37].

kHz dynamics: vibration amplitude imaging

In this technique, the tissue is excited using a 15–

25 kHz sound field and the amplitude of vibration is

measured with a 30 MHz transducer [38]. The

amplitude of compression waves is related to the

mechanical properties of the tissue but also on the size

of the tissue inhomogeneities and resonance phenom-

ena. Because of the potential problems related to the

in vivo intravascular application of a 20 kHz sound field,

this approach has been abandoned for intravascular

elasticity imaging.

Ultrasound-stimulated vibro-acoustic spectrography

Fatemi and Greenleaf have proposed an alternative

method based on the acoustic energy emitted

from solids and tissue in response to an oscillatory

radiation force produced by interfering focused beams

of ultrasound. Interference in the intersection

region of the two beams produces sinusoidal modula-

tion of the ultrasound energy density that creates an

oscillatory force vibrating the object at the selected

region that can be measured some distance away.

Using two coaxial, confocal transducer elements of a

spherically focused annular array, they could image

excised human iliac arteries and clearly detect calcified

regions [39].
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Elastography: compression strain imaging

Elastography is an imaging technique based on the

static deformation of a linear isotropic elastic material.

The tissue under inspection is externally compressed

and the displacement between pairs of A-lines with

and without compression is determined using cross-

correlation analysis [27,30]. From these data, the strain

profile in the tissue under study can be determined.

Whereas Ophir et al. did not explore intravascular

application, our group has demonstrated the feasibility

of performing in vivo coronary elastography. The

compression can be obtained from the systemic

pressure difference or by using a compliant intravas-

cular balloon [40]. The following techniques are all

more or less based on this excitation principle, but use

a variety of detection methods.

Envelope based intravascular elastography Ryan and

Foster developed a technique based on comparison of

pre- and postcompression of vessel mimicking phan-

toms [41]. The displacement in these phantoms was

based on speckle tracking in the video signals. The

strain is calculated from this displacement. It was

shown that phantom components of different hardness

had different displacement magnitude. For use under

physiological circumstances, the method still needs

quite some adaptation. A big advantage of using the

envelope is the fact that the correlation function is

smoother than the RF-based correlation function and

that the video signal is commonly available from any

commercial echosystem. The disadvantage is the

limited resolution. For intravascular applications, small

tissue strains must be measured and therefore the use

of RF data dramatically improves the resolution.

Spectral tissue strain Talhami et al. introduced a

technique that is capable of estimating the global

radial strain in a vessel [42]. The technique is based on

the Fourier scaling property of the signals and uses the

chirp Z-transform. The envelope data are used for this

analysis. The result is displayed as a colour-coded ring

around the image of the vessel. Initial results on

vascular tissue in vitro and in vivo have been described,

but without a validation of the technique.

Phase sensitive speckle tracking multicompression elasticity

imaging Shapo et al. developed another technique that

is based on cross-correlation of A-lines [43,44]. This

group proposed a large deformation to maximize the

signal-to-noise ratio of the displacement and strain

estimation. However, a large displacement will decorr-

elate the ultrasound signals to such an extent that

correlation detection is unreliable. For this reason, the

cross-correlation is calculated in several intermediate

steps of intraluminal pressure. For detection, they use

a phase-sensitive speckle tracking technique. The

technique uses an IVUS catheter that is inserted in a

compliant balloon. The balloon is used to strain the

tissue up to 40%. The feasibility of this technique was

demonstrated in simulations and tissue mimicking

phantoms. Currently the technique is validated in vitro.

Broad-band radiofrequency-based elastography Radiofre-

quency data are acquired at two levels of intraluminal

pressure. The estimation of the deformation remains,

in general, a study of the correlation between signals

acquired before and after the application of a stress.

The most common signal-processing technique used in

elastography considers the local displacements within

soft biological tissues as simple translations. Within the

RF signal, these displacements will be translated by a

delay of the acoustical signatures of the respective

tissue regions. This results in a modelling of the

postcompression signal as a locally delayed replica of

the predeformation signal. The local tissue displace-

ment is, in this case, a simple shift. It is computed as

the location of the maximum of the cross-correlation

function of gated pre- and postcompression echo

signals (time-delay estimation). The strain is then

computed as the displacement derivative [45,46]. In

the case of small deformations [0–2%], these techni-

ques have proved to be efficient and accurate.

However, they fail rapidly with increasing strains since

then the signal is subjected to a variation in shape that

has not been taken into account.

Another approach taking into account the change in

shape of the signals has been recently described (local
scaling factor estimation) [47–49]. The signal after

compression is processed as a delayed and scaled

replica of the signal before deformation. These

methods have been shown to be more robust to large

deformation, but the performance for small strain

values (o 2%) remains low. An adaptative strain

estimation method based on the computation of local

scaling factors has been successfully applied to

compute elastograms of cryogel phantoms mimicking

vessels and of a freshly excised human carotid artery

using a 30 MHz mechanical rotating single element

ultrasound scanner (ClearView, CVIS, Boston Scien-

tific Corp.) [50].

We will focus the rest of this review on the

intravascular elastography methods that have been

developed in our laboratory. Data are acquired at two

levels of intraluminal pressure. Displacement and
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strain are calculated from broadband RF traces. The

strain information is presented as an independent

complementary two-dimensional image of the echo-

gram when it has been computed across the complete

vessel wall (elastogram) or as one-dimensional colour-

coded line congruent with the lumen perimeter when

the strain is computed only for the inner layer of the

arterial wall (palpogram) [51].

Materials and methods
Materials

Phantom Vessel phantoms with the morphology of

atherosclerotic vessels were constructed from solutions

of agar and gelatin with carborundum (SiC) particles

used for scattering. A hard vessel containing a soft

lesion with no echogenicity contrast between the wall

and plaque was measured with intraluminal pressures

of 50 and 55 mmHg [52].

Femoral and coronary arteries in vitro Atherosclerotic

human femoral (n ¼ 10) and coronary (n ¼ 4) arteries

obtained postmortem were measured in vitro. Two

IVUS scans were acquired at 80 mmHg and

100 mmHg. The vessel specimens were then fixed in

a buffered formaldehyde solution (3.6%) and processed

for routine paraffin embedding. For each segment,

cross-sections were stained for collagen (picro-Sirius

red stain), for smooth muscle cells (anti-a-actin stain)

and for macrophages (anti-CD68 stain) [53].

Coronary arteries in vivo Data were obtained from

patients (n ¼ 12) referred for percutaneous coronary

intervention. After intravenous administration of

heparin and acetylsalicylic acid, a 6-Fr guiding catheter

was advanced up to the ostium of the involved artery.

After coronary injection of a bolus of 3 mg isosorbide

dinitrate, preintervention IVUS assessment of the

lesion was performed [54].

The acquisition and signal processing have been

explained in detail elsewhere [55] and are beyond the

scope of this review. In summary, in vitro experiments

on human femoral arteries were performed with a 4.3F

Princepss 30-MHz catheter (Dumed) connected to

a stepper motor. The in vitro and in vivo coronary

recordings were performed using a 64-F/X array IVUS

transducer (EndoSonics/JoMed). In vivo, lesions were

crossed and imaged without complication. The pres-

sure was measured at the level of the coronary ostium

via the guiding catheter connected to a standard fluid-

line system. Ten microseconds (B7.5 mm) of the 64

angles (in Chromaflow mode) analogue RF data output

of the InVision system were digitized at high frequency

(200 MHz, in 8 bits). Ten frames per second were

acquired at cross-sections where the IVUS echogram

revealed diseased vessel wall and plaque. Due to the

contraction of the heart, the catheter is moving in the

lumen. For large motions, the frames acquired at the

different intraluminal pressures may be misaligned

thus hindering adequate displacement estimates. An

algorithm to determine the similarity between sequen-

tial echo frames has been used as a figure of merit for

the motion of the catheter in the lumen. Sequential

frames with a high likelihood and a pressure differ-

ential large enough to result in strain levels of the order

of 1% were processed to derive the elastograms.

Results
The principle of intravascular elastography is visualized

in Figures 1 and 2: the echo signal of the soft region

(light grey) shows minute changes once the applied

force has compressed this tissue, whereas the signal

from the hard region (dark grey) remains nearly

identical since the tissue thickness in that region did

not change. Figure 2 shows the echogram of the

phantom acquired at low pressure is in the upper left

corner. The echogram acquired at high pressure is

shown in the lower left corner. The soft plaque area is

not visible in the echograms. The local strain

determined using the cross-correlation based time

delay estimation algorithm is shown on the right. The

soft plaque region is clearly visible in the elastogram

from 7 to 11 o’clock.

An echogram, elastogram and histology of a human

femoral artery segment are shown in Figure 2. The

echogram of this artery shows a slightly eccentric

plaque with different echogenicities. Although the

echogram perfectly reveals the geometry of this

plaque, its composition remains uncertain. The

elastogram reveals that the plaque can be divided into

four quadrants: (a) and (c) demonstrating a low-

compressibility, (b) and (d) with a higher compressi-

bility. The strain in the low-compressing parts (0.2%)

indicates that this may be fibrous tissue, which was

confirmed by histology. The histology of the regions

with a higher strain values (0.8–1%) reveals fatty

material with macrophage accumulation. At each

location investigated (n ¼ 45), 2 IVUS images were

acquired at different intraluminal pressures (80 and

100 mmHg). Elastographic data and histology were

matched using the IVUS echogram. The cross-sections
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were segmented in regions (n ¼ 125) that were based

on the strain values on the elastogram. The dominant

plaque types in these regions (fibrous, fibro-fatty, or

fatty) were obtained from histology and correlated with

the average strain and echo intensity. The strain for the

three plaque types as determined by histology differed

Fig. 1

A                       B C D

DAB

DC′D′ =DCD

DCD

DA′B′ <DAB

C′ D′A′ B′

DAB - DA′B′

 

uncompressed

compressed

Soft Hard

Soft Hard

Force

~

Principle of elastography: the echo signals of a soft material (left panel) show minute deformation once the material is compressed
by the applied force. The distance DAB, which can be measured by estimation of temporal shifts in the radiofrequency signal, is
decreased to DA0B0. On the contrary, with the absence of compression of the hard material (right panel), there is no change in the
radiofrequency signal and DCDB¼DC0D0.

Fig. 2

Schematic representation of deriving elastograms. From 2 IVUS images acquired at low (upper panel) and high pressure (lower
panel), no detection of the soft inclusion in this phantom is possible. However, using cross-correlation techniques, the local strain
can be measured and plotted as an additional image on the right, showing the softer region between 7 and 11 o’clock
demonstrating a higher strain.
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significantly (P ¼ 0.0002). This difference was mainly

evident between fibrous and fatty tissue (P ¼ 0.0004).

The plaque types did not reveal echo-intensity

differences in the IVUS echogram (P ¼ 0.882) [53].

In all in vivo experiments, elastograms were determined

from two echograms acquired near end-diastole.

Analysis of the likelihood curves revealed that the

minimal motion of the catheter was present in this part

of the heart cycle for all patients. There was on average

a pressure differential of approximately 5 mmHg

between sequential frames in this part of the heart

cycle. Figure 4 demonstrates an echogram, an elasto-

gram and a palpogram of a human coronary artery. The

echogram reveals a large calcified area (from noon to 3

o’clock). The elastogram and the palpogram identify

this area as being composed of hard material since low

strain values are found in this region. Among the 12

patients investigated, three demonstrated similar calci-

fied regions (1047 701). The corresponding average

strain was 0.207 0.07. Conversely, the average strain in

all noncalcified regions was 0.517 0.20 (Po 0.001).

Fig. 3

Intravascular echogram (top left) and elastogram (top right) of a diseased human femoral artery with corresponding histology:
bottom left, picro-Sirius red with polarized light microscopy (for collagen staining), bottom right, anti-CD68 antibody (for macrophage
staining). Echogram shows a slightly eccentric plaque with different echogenicities. Elastogram reveals two soft regions (b and d)
and two harder regions (a and c). Histology reveals that the soft regions b and d contain mainly fatty material and shows
macrophage accumulation in d.

Fig. 4

In vivo echogram (left panel), elastogram (centre) and palpogram (right panel) of a cross section in the left anterior descending
artery of a patient. The echogram reveals calcified material between noon and 3 o’clock. In this region, a very low strain value was
assessed on both the elastogram and the palpogram (colour-coded in red).
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Discussion
Imaging tissue elastic parameters is rapidly drawing

attention for its ability to provide new information on

biological tissue. Intravascular elastography has been

developed to assess the local mechanical properties of

the vascular wall. Knowledge of the mechanical

properties may help the clinician in choosing the

proper interventional technique and in detecting

rupture prone plaques.

The phantom experiments demonstrate that hard and

soft material can be identified by IVUS elastography,

independently of the echogenicity contrast of the

materials.

The results of the in vitro experiments on human

femoral arteries support these findings. Fibrous mate-

rial was identified by the low strain values as observed

from the elastogram. In the specimen containing two

plaque types, the elastogram clearly revealed the

fibrous and the fatty plaque region. This identification

was not possible using the echogram since both regions

demonstrated the same echogenicity.

These findings make the technique promising for the

identification of rupture-prone plaques characterized

by a necrotic core and a thin, fibrous cap [2]. The

rupture of a plaque often occurs at places with a high

stress concentration [56]. The elastogram does not

provide information on the source of this high-strain

region that can be caused by soft material present in

this region or by a stress concentration caused by the

geometry. Figure 3 shows that, in this particular case,

the high radial strain was related to the accumulation

of fatty material. Additionally, an increased macrophage

concentration has been observed in regions with high

strain values. The sensitivity and specificity of the

technique remain to be investigated to identify

different plaque components and vulnerable regions.

For in vivo elastograms of diseased human coronary

arteries, a dynamic instead of static pressure differ-

ential is used to strain the tissue. The advantage is that

this excitation source is naturally present in the arterial

system. Using gated acquisition, different levels of

intravascular pressure are obtained. Our preliminary

results indicate that reproducible elastograms and

palpograms can be obtained with this acquisition set-

up scheme. The elastographic findings could not be

validated using histology during the in vivo experi-

ments. Therefore, only a partial validation has been

performed using the low resolution echogram (64

angles of the Chromaflo imaging mode) to differentiate

between calcified and noncalcified material. Since

echography gives no information regarding the pre-

sence of lipid or fibrous material, further validation has

not been possible at this point. A dramatic improve-

ment in the RF signal acquisition scheme has been

obtained recently with a direct digital interface

incorporated in the Endosonics In-Vision console that

communicates directly with a PC in which long

sequences of RF echo frames at full rate can be stored

in random access memory. High-resolution IVUS

images (12 bits resolution, 512 phased-array angles)

are now available for comparison with the elastograms.

Compared with the in vitro experiments on human

femoral arteries, the pressure differential between the

two frames is smaller: 3–5 mmHg instead of 20 mmHg.

A smaller pressure differential will immediately result

in lower strain values. However, the strain values found

during the in vivo experiments are in the same range as

those found in the in vitro experiments indicating that

the tissue during in vivo examination is softer. A

possible explanation is that the elastic moduli of tissue

will be elevated after excision of the tissue [57] and

may even increase further after cold storage. Addition-

ally, since the in vitro study was performed at room

temperature, fatty tissues will be harder at room

temperature than at body temperature resulting in

decreased strain values.

One of the limitations of intravascular elastography at

present is the computing time required and the use of

only one-dimensional echo-tracking. Elastographic

methods to compute both lateral and axial strains have

been reported recently [58]. The palpograms have

been developed in order to improve the clinical

applicability and the robustness in presence of catheter

movements in vivo as well as to advance coronary

elasticity to real-time imaging [51]. This technique

produces compound images of the strain obtained of

the first part of the arterial wall (user defined, typical

600 mm) and conventional sonographic information.

Palpograms are computed by applying a two-dimen-

sional echo-tracking technique, an outlier rejection

filter and a finite difference strain estimator. A

composite palpogram, as illustrated in Figure 4 (right

panel), reconstructed for each cardiac cycle of a 6-s

acquisition can currently be computed in less than a

minute [59].

A final limitation of intravascular elastography to stress

is that so far we have computed maps of the strain

inside the arterial wall, but not of Young’s modulus.

Theoretically, the reconstruction of Young’s modulus
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would improve the accuracy of tissue characterization

and would be independent of the local stress

magnitude and its inhomogeneous distribution. This

final step in elasticity imaging has been described for

nonvascular applications [58,60], but is still under

preliminary investigation in our laboratory.

Conclusion
Intravascular elastography encompasses techniques

based on conventional IVUS providing a means for

remote palpation and elasticity quantitation of the

vessel wall. We have obtained the first elastograms of

diseased arteries in vitro and in vivo. The results show

that tissue characterization based on elasticity informa-

tion from regions with various pathologies may be

feasible. This method could potentially improve the

detection of rupture-prone plaque based on the

assessment of locally increased strain. This informa-

tion, which is useful for diagnosis and guiding

interventional procedures, is frequently inconclusive

or unavailable from IVUS echograms or X-ray angio-

grams.
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