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Abstract—Intravascular elastography is a new technique to obtain the local mechanical properties of the vessel
wall and its pathology using intravascular ultrasound (IVUS). Knowledge of these mechanical properties may be
useful for guiding interventional procedures. An experimental set-up is described for assessment of the strain
data of arteries. Using a 30-MHz IVUS catheter, radio frequency data are acquired with a custom-made
high-performance data acquisition system. High-resolution, local tissue displacement estimation by cross-
correlation is followed by computation of local strain. An algorithm that uses a priori knowledge of the
correlation coefficient function was applied to filter the obtained strain data. With this experimental set-up,
intravascular elastograms containing 400 angles/revolution with a radial resolution of 200mm can be produced.
The feasibility of intravascular elastography with this experimental set-up is demonstrated using two diseased
human femoral arteries. Qualitative comparison of the elastograms with the echograms and the histology
demonstrates the potential of intravascular elastography to obtain mechanical information from the vessel wall
and from plaque. © 1998 World Federation for Ultrasound in Medicine & Biology.

Key Words:Intravascular ultrasound elastography, Strain imaging, Human arteries, Plaque characterisation,
Elasticity

INTRODUCTION

Despite a significant decline in the last 25 years, athero-
sclerotic coronary disease remains the leading cause of
death in the Western world. Physicians need to select the
most appropriate technique for treating patients suffering
from atherosclerotic disease. As the number of available
interventional techniques for treatment of atherosclerotic
luminal narrowing increases, the specific diagnostic in-
formation becomes increasingly important. Advances in
high-frequency intravascular ultrasound (IVUS) have
made it possible to study the morphology of the vessel
wall and its pathology. Currently, IVUS is the only
clinically available technique capable of providing real-
time cross-sectional imagesin vivo, delivering informa-
tion that is not available from x-ray angiography. For this
reason, IVUS is being used more routinely for guiding
and selecting interventional procedures (Fitzgerald and

Yock 1993; Isner et al. 1991, Mintz et al. 1994), for
investigation of the effectiveness of the procedure (Bap-
tista et al. 1996; Gussenhoven et al. 1995) and for study-
ing the mechanisms for restenosis (Mintz et al. 1996; von
Birgelen et al. 1995).

Since the outcome of the interventional procedure is
determined not only by the morphology of the diseased
vessel but also by the tissue components of the atheroma
(Fitzgerald and Yock 1993; Honye et al. 1992), knowl-
edge of these properties is useful. Characterisation of the
atherosclerotic plaques using IVUS is still limited. Using
IVUS, calcified deposits can be identified in most cases
due to the bright echo of this material and the distal
acoustic shadow (Wolverson et al. 1983); however, iden-
tification of fatty, fibro-fatty and fibrous tissue is much
more complex. Using the spectral information of the
radio frequency (rf) signal, it is possible to discriminate
between some types of atheromain vitro (Barzilai et al.
1987; Bridal et al. 1997a, 1997b; Landini et al. 1986;
Spencer et al. 1997; Wilson et al. 1994), but the feasi-
bility in vivo has not yet been shown.
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Knowledge of the mechanical properties of the ves-
sel wall and the atherosclerotic lesions may be even more
important than characterisation of the different plaque
types. Lee and coworkers demonstrated the predictability
of locations of plaque fracture as a result of balloon
angioplasty (Cheng et al. 1993; Lee et al. 1993). They
suggest that concentrations of stress can occur at junc-
tions between hard material (plaque) and softer material
(vessel wall). These high stress regions may predispose
to plaque fracture.

IVUS can be used to study the mechanical proper-
ties of vascular tissue. Measuring the change in lumen
area under application of a differential intraluminal pres-
sure, the distensibility of the vessel can be determined
from inside using IVUS (The et al. 1995). In some
applications (e.g.,carotid artery), the distensibility also
can be determined transcutaneously using echo-tracking
techniques to determine the diameter of the vessel
(Hoeks et al. 1992; Mozersky et al. 1972; Pagani et al.
1979) or using echo-Doppler techniques (Reneman et al.
1986). We describe an improved technique to determine
the local mechanical properties of the vessel wall with
atherosclerotic disease. This technique is based on the
elastography principle proposed by Ophir et al. (1991)
and appliedin vivo by Céspedes et al. (1993) for nonva-
scular applications. Using this technique, an elastogram
(an image of strain or elastic modulus) is formed. Recent
phantom studies revealed that this technique also may be
applicable for intravascular purposes (de Korte et al.
1997; Ryan and Foster 1997a, 1997b; Shapo et al. 1996).
In gelatin-based vessel-mimicking phantoms with the
morphology of vessels containing hard or soft plaques,
regions with different elastic properties could be identi-
fied using the elastogram, independent of the correspond-
ing echogenicity contrast. Although we were able to
demonstrate the principle of intravascular elastography
on slightly upscaled phantoms, the spatial resolution of
the technique was not suitable for imaging in real ves-
sels. Using phantoms with a wall thickness of 5 mm,
strain estimates were obtained for each 400mm. How-
ever, this resolution is insufficient to produce elasto-
grams of real artery specimens with a wall thickness that
is normally 1 mm or less. In this study, a technique with
improved resolution is described. Using a new experi-
mental set-up and a custom-made data acquisition sys-
tem, the signal-to-noise ratio was increased and motion
artifacts were minimised. Additionally, new signal pro-
cessing procedures were implemented to improve the
quality of the strain values obtained. With these modifi-
cations, the resolution of the elasticity images is im-
proved to a suitable level for elastography in arteries as
demonstrated by the first elastograms of human femoral
arteriesin vitro. A qualitative comparison with conven-
tional echo images, histology and compression modulus

values from the literature is made to illustrate that intra-
vascular elastography may be a useful technique to char-
acterise mechanical properties of different plaque types.

METHODS

Data acquisition
The experiments were performed in a water tank

equipped with two insertion sheaths (8 Fr) at either side
(Fig. 1), using a modified 4.3 F Princepst 30-MHz
catheter (DuMED [currently EndoSonics Europe], Rijs-
wijk, The Netherlands). The original, flexible, drive shaft
of the catheter was replaced by a rigid tube (diameter
0.85 mm, length 150 mm) to avoid motion artifacts due
to nonuniform rotation of the transducer (ten Hoff et al.
1989). The IVUS catheter was inserted via the proximal
sheath. Intraluminal pressure was applied by a water
column system containing degassed physiological saline
solution connected to a side arm of the proximal sheath.
The intraluminal pressure was monitored using a pres-
sure gauge (DTX/plust Ohmeda, Bilthoven, The Neth-
erlands) connected to a side arm of the distal sheath.

The catheter is connected to a modified Intrasoundt
motor unit (DuMED [currently EndoSonics Europe]).
This motor unit contains the pulser and receiver of the
ultrasonic system and rotates the catheter in 400 angles/
revolution using a stepper motor. At each angular posi-
tion, 12 traces of 10.0ms were acquired, representing an
echo depth of 7.5 mm. The 12 traces were averaged to
improve the signal-to-noise ratio (SNR): we measured an
average SNR of 26 dB for the first 500mm of tissue
(calcified tissue excluded). Two scans were acquired,
one at a pressure level of 80 mmHg and one at 100
mmHg.

The rf data were stored in a custom-made acquisi-

Fig. 1. Experimental set-up.
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tion system. This system contains an industrial grade
Pentiumr 133-MHz computer, equipped with two
DA500A data acquisition boards (Signatec, Corona, CA,
USA). The rf signals were digitised at 200 MHz in 8 bits
and stored in a high-speed memory of 128 MB. For
phase-synchronous sampling, triggering of the ultrasonic
system was synchronised with the external sampling
clock output of the acquisition board. Using a low-
frequency data acquisition board (ASO 1800, Keithley,
USA), the electronic output of the pressure sensor was
sampled at 100 kHz. The data were processed off-line.

Data processing
The portion of the signal containing data from the

vessel wall was determined. The starting and ending
points of the vessel wall for each trace were detected
using a threshold value just above the noise level of the
system. These starting and ending point values were
filtered in the angular direction using a 15-point median
filter.

Successive windows of 100 samples (T 5 0.5 ms)
with 50% overlap were taken to determine the local time
shifts between the traces acquired at the different pres-
sure levels. The time shifts were determined using the
peak of the correlation coefficient function. The correla-
tion coefficient function was upsampled by a factor of 50
using a low-pass interpolation algorithm (IEEE 1979) to
achieve a time shift resolution of 100 ps. A value of 100
ps is on the order of the Crame´r–Rao lower bound for
time shift estimation (Ce´spedes et al. 1995a) for the
set-up used (80 ps withfc 5 30 MHz,B 5 20 MHz,T 5
500 ns and SNR5 400).

Local radial strainê was estimated using a one-
dimensional finite difference algorithm:

ê 5
dt2 2 dt1

DT
(1)

wheredt1 is time the shift between the two echo signals
observed through a window of durationT starting at a
certain timet, anddt2 is the time shift between the two
echo signals observed through a window of the same
durationT but starting at timet 1 DT. The time between
successive windows (DT) of 250 ps results in a strain
estimate for each 200mm.

The strain data were filtered using the value of the
peak of the correlation coefficient function as a figure of
merit, as follows. First, the locations of the peaks of both
correlation coefficient functions (r1 andr2) were deter-
mined and the strain value was calculated. Next, this
strain value was used to determine the theoretical peak
value rth of the involved cross-correlation functions as
described by Ce´spedes et al. (1997):

rth 5 sinc ~efcT!

wheree 5 strain, fc 5 center frequency and

T 5 window length. (2)

Finally, the two measured values (r1 andr2) were com-
pared to the theoretical peak valuerth and the strain
estimate was rejected when the difference between the
theoretical and one or both measured values was larger
than 0.2. The threshold value of 0.2 was taken from the
65% confidence interval (1% strain and a time window
of 0.5ms) in the theoretical study (Ce´spedes et al. 1997).

Rejected strain values were replaced by the median
value of the eight surrounding neighbours (the median of
the five surrounding neighbours was taken at the border
of the vessel wall).

Imaging
The rf signals were demodulated using the magni-

tude of the analytic signal to determine the envelope of
the signal. Next, the 2000 samples in the radial direction
of the envelope of each trace were downsampled to 100
points. The resulting values are converted to a linear grey
scale and grey scales are plotted using a piecewise bi-
linear interpolation.

The strain value is colour coded using a ‘‘traffic
light’’ notation: i.e., from red for stiff material via yellow
to green for compliant material. The lower bound for
strain estimation error (Ce´spedes et al. 1995b) using this
experimental set-up is 0.03% (fc 5 30 MHz, B 5 20
MHz, T 5 600 ns,DT 5 250 ps and SNR5 400). Strain
estimates were clipped between 0.03% (coded in red)
and 1% (coded in green), with only a few unreliable
estimates above the 1% threshold.

Materials
Two atherosclerotic human femoral arteries ob-

tained postmortem were used for illustration of the
method. The femoral arteries were excised within 24 h
postmortem and stored at270°C. The arteries were
thawed at 4°C and measured at room temperature. The
water tank of the experimental set-up was filled with a
degassed physiological saline solution, and the proximal
and distal sides of the artery specimens were connected
to the sheaths. Each specimen was scanned at three
positions separated by 10 mm.

After the intravascular experiments, the vessel spec-
imens were fixed for 12 h in a buffered (pH5 7)
formaldehyde solution (3.6%). The specimens were de-
calcified in a standard RDO solution (Apex Inc., Plain-
field, IL, USA). For histologic comparison, the arteries
were processed for routine paraffin embedding. A pair of
transverse sections of 5-mm thickness, perpendicular to
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the long axis of the vessel, were cut at positions sepa-
rated by 1 mm. One section of each pair was stained with
hematoxylin–eosin to assess general structural features.
The remaining section was stained with the Verhoeff’s
elastic van Gieson, which gives selective black staining
of elastin fibres. The van Gieson technique was used to
counterstain muscle and connective tissue.

RESULTS

With the improved experimental set-up described
here, we were able to obtain elastograms of diseased
human arteries. The radial resolution of 200mm is suf-
ficient to obtain several strain values within a normal

arterial wall. In the thickened wall, up to 10 strain values
are obtained.

The echogram and elastogram of a human femoral
artery is shown in Fig. 2. The echogram (Fig. 2a) shows
the three-layered structure of the femoral artery. A
plaque deposition positioned toward the vessel wall is
visible at region II. The composition of this plaque
cannot be obtained from the echogram. At region III, a
bright echo with distal shadowing, indicating calcified
material, is apparent. The elastogram of this section is
shown in Fig. 2b. Regions with very small compression
are coded in red, moderately compressed material is
coded yellow and tissue compressed up to 1% is coded in

Fig. 2. Corresponding (a) echogram, (b) elastogram and histologic counterparts with (c) hematoxylin–eosin and (d)
Verhoeff’s elastic van Gieson stain of a human femoral artery. In the four images, a normal artery wall (I), a fibrous

plaque deposition (II) and a calcified region (III) are apparent.
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green. The elastogram shows small compression in re-
gion III, indicating stiff material. The strain in region I is
around 1%, indicating compliant material. A moderate
strain on the order of 0.25% is observed in region II.

The histologic section stained with hematoxylin–
eosin (Fig. 2c) shows a plaque at region II. At region III,
a calcified deposit can be found in the media. The rest of
the vessel wall shows no plaque depositions, with only a
minor formation of intimal hyperplasia. The Verhoeff’s
elastic van Gieson stained section (Fig. 2d) shows that
the main component of the plaque at region II is fibrous
material.

The result of the other femoral artery is shown in
Fig. 3. The IVUS image shows calcified deposits (a
bright echo with distal shadowing) at regions I and II. An
echolucent media is apparent at region III. The elasto-
gram clearly indicates the calcifications in regions I and

II, with moderate compression in other parts of the vessel
wall. The strain in region III is similar to the strain in the
other noncalcified parts of the vessel wall. The calcified
deposits also are seen in the hematoxylin–eosin stained
section where a calcified area is visible, located at the
intima–media boundary in region I, and the smaller cal-
cified spot in region II is located more distally in the
media. The elastogram adequately depicts the depth of
the calcified deposits within the diseased wall. The his-
tologic sections show no difference in tissue composition
at region III as compared to the other normal vessel wall
tissue.

DISCUSSION

In this study, we present an improved elastographic
data acquisition and signal processing method capable of

Fig. 3. Corresponding (a) echogram, (b) elastogram and histologic counterparts with (c) hematoxylin–eosin and (d)
Verhoeff’s elastic van Gieson stain of a human femoral artery. In the four images, a severe calcified region (I) and a

small calcified deposit (II) are apparent. An echolucent region in the echogram is visible at region III.
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obtaining elastograms of arteriesin vitro. With respect to
an earlier phantom study (de Korte et al. 1997), the
flexible shaft of the Princepst catheter was replaced by a
rigid shaft to reduce motion artifacts. These motion ar-
tifacts introduce large noise components and preclude
strain imaging in vessels. Rotational artifacts may be
minimised by using array catheters such as the synthetic
phased array catheter described by O’Donnell et al.
(1997), and an interface to acquire rf signals from such
devices currently is being developed.

Although the use of array catheters minimises rota-
tional artefacts, two-dimensional search algorithms will
be necessary forin vivo experiments. The pulsation of
the arterial system introduces a noncontrolled movement
of the catheter in the lumen, resulting in a misalignment
of successive frames. Two-dimensional search algo-
rithms currently are being implemented to advance toin
vivo intravascular elastography. An integrated catheter
consisting of an imaging device and a compliant balloon
(Shapo et al. 1996) is another possibility to advance toin
vivo elastography. Motion artifacts are minimised with
this combined catheter, but blood flow is interrupted;
thus, a custom device is required.

Using the new data acquisition system and averag-
ing of the signals, the SNR is increased by 10 dB. A
better SNR allows the use of smaller time windows for
the time shift estimation, resulting in an increased radial
resolution of 200mm. Also, a filtering technique was
applied that usesa priori knowledge of the expected
correlation coefficient value (Ce´spedes et al. 1997).
Since the time shift is determined using cross-correla-
tion, the correlation coefficient can be compared to the
theoretical correlation coefficient corresponding to that
strain value and selectively discarded. When the theoret-
ical peak value differs from the determined peak values,
the strain value is rejected. In this way, 20% of the strain
estimates were detected to be incorrect and consequently
rejected.

It was shown that elastograms of human arteries can
be obtainedin vitro. Using the elastogram, regions with
various pathological properties can be discriminated. In
both arteries, the strain in the regions containing calcified
material (Fig. 2, region III and Fig. 3, regions I and II) is
small, since these regions are very stiff. The strain in the
normal vessel wall is up to 1%, indicating softer mate-
rial. The region with the fibrous plaque deposition (Fig.
2, region II) has a moderate strain level. A radial reso-
lution of 200mm is sufficient for adequate depiction of
depth information. The elastogram (Fig. 3b) clearly
shows a difference between a calcified deposit located at
the intima–media interface (region I) and a deposit lo-
cated in the media (region II).

In general, strain elastograms give an artifactual
representation of the Young’s modulus distribution.

When soft material is covered by a cap of hard material,
the strain in the soft material may be decreased (Ce´s-
pedes et al. 1996). This mechanical shadowing is related
not only to the hardness of the materials but is dominated
mainly by the geometry. In this study, the strain in the
arterial wall distal to the fibrous plaque (Fig. 2, region II)
is lower than the strain in the wall without plaque (Fig. 2,
region I). This effect can be caused both by the radial
decay of the strain (de Korte et al. 1997) and the me-
chanical shadowing by the fibrous plaque.

The Young’s modulus is a function of the stress and
the strain. Since the local strain is determined in this
study, the local stress is needed for calculation of the
local Young’s modulus. Using this method implies that
only the applied stress at the lumen–vessel wall bound-
ary is known. For a homogeneous material, the stress and
strain in the vessel wall can be calculated (de Korte et al.
1997), but this will, in general, not be the case for real
artery specimens. In these cases, the use of finite element
analysis can be helpful for better understanding of the
strain images (de Korte et al. 1996; Soualmi et al. 1997).
Nevertheless, the values for the strain of the innermost
layer of the vessel wall can be converted to approximate
compression modulus values. The applied stress in this
layer is the intraluminal pressure differential. An intralu-
minal pressure of 20 mmHg corresponds to an applied
stress of 2.7 kPa. Using the relations 5 E e, wheres is
applied stress,E is the compression modulus ande is the
strain, the compression modulus for different tissue types
can be calculated. This results in values of 300–600 kPa
for normal vessel wall and approximately 1 GPa for
fibrous plaque. Calcified material will have a compres-
sion modulus of several GPa. Quantitative comparison of
compression moduli found in different studies is diffi-
cult, since the compression modulus is influenced by
various measurement conditions (time after excision,
temperature, amount of stretching). Nevertheless, the
compression modulus of normal vessel wall found in this
study is in the same range as values found in the litera-
ture for normal vascular tissue. Reported values range
from 300–700 kPa (Bergel 1961; Gow et al. 1968; Patel
et al. 1970a, 1970b). Values found for the compression
modulus of atherosclerotic material span a wide range,
but studies of Lee et al. (1991, 1992) indicate that the
stiffness of calcified material is about three times higher
than that of fibrous material. This finding is similar to the
results of this study. The echogram reveals the geometry
of the plaque (Fig. 2, region II), but the composition of
the plaque remains unknown. However, based on the
mechanical properties, the elastogram reveals that this
plaque may be composed of fibrous tissue. This finding is
corroborated by the histology.

Although the elastographic results indicate good
agreement with literature values for the compression
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modulus for the various pathologies, anin vitro study
with a larger number of specimens needs to be conducted
to evaluate the capabilities of intravascular elastography
to quantify the mechanical properties of vessel wall and
plaque. For this study, staining techniques specifically
suited to identify fibrous, calcified and fatty tissue are
required. Due to the preliminary nature of this work, we
only used staining techniques for overall morphological
analysis.

CONCLUSION

Based on improved experimental and processing
conditions, we have obtained the first strain elastograms
of diseased arteriesin vitro. Preliminary elastograms
demonstrate that quantification of mechanical properties
and characterisation of regions with various pathologies
may be feasible. Although additional information is re-
quired to determine the exact Young’s moduli, the strain
elastogram reveals useful information that is inconclu-
sive from IVUS alone. The success of this study provides
motivation to initiate a larger scalein vitro study to
evaluate the capabilities of IVUS elastography to quan-
tify the mechanical properties and characterise plaque
constituents. Much additional work is required to ad-
vance this technique toin vivo imaging.
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Céspedes EI, Huang Y, Ophir J, Spratt S. Methods for estimation of
subsample time delays of digitized echo signals. Ultrason Imaging
1995a;17:142–171.
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