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Abstract

Intravascular elastography is a new technique to obtain mechanical properties of the vessel wall and plaque. Mechanical
information of vascular tissue is important for characterisation of different plaque components, detection of plaque vulnerability
and thus choosing the proper interventional technique. The feasibility of the technique is investigated using phantoms and diseased
human arteries. These studies demonstrated that elastography reveals information that is unavailable or inconclusive from the
echogram alone.

The technique is based on the principle that tissue strain is directly related to its mechanical properties. In intravascular
elastography, the tissue is compressed using different intravascular pressures. The strain is determined using cross-correlation
techniques of the radio frequency (r.f.) signals. Reliable strain estimates are only obtained when signals of corresponding tissue
are correlated. Owing to catheter motion, off-centre position and non-uniform rotation of the intravascular transducer, the r.f.
traces at low and at high pressure may be misaligned.

Four algorithms are tested to track the corresponding ultrasound signals. Three methods ( l1norm, l2norm and cross-correlation)
are applied on the r.f. signal and one ( l1norm) on the envelope (speckle tracking). Simulations are performed to obtain a data set
with a priori knowledge of the scattering particles positions in the tissue at high and low pressure. Different positions of the
catheter in the lumen, compression levels of the material and signal-to-noise ratios (SNRs) are investigated. Finally, these findings
are corroborated with a phantom experiment in a water tank.

From the simulations, it can be concluded that the speckle tracking algorithm has the best performance, under all circumstances.
The performance decreases with larger eccentricity of the catheter and larger compression of the material. The SNR is only of
minor influence. The speckle tracking algorithm has also the best performance in the phantom experiment.

The performance of the speckle tracking algorithm is better than the three r.f.-based algorithms. For intravascular elastography,
implementation of this method may improve the quality of the elastogram. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction obtain the local mechanical properties of the vessel wall
and its pathology using IVUS. Because soft materials
support larger strains than hard, measurement of theCoronary atherosclerosis is one of the leading causes
strain can be used to distinguish tissues with differentof hospitalisation in the western world. Blood vessel
stiffnesses. Knowing the relative stiffness of atheroscler-obstructions are caused by atherosclerosis and may
otic lesions can help physicians in the selection of theresult in the loss of vital functions. Diagnostic intravas-
most appropriate therapeutic modality. Intravascularcular ultrasound (IVUS) imaging systems have been
elastography studies have been performed in humandeveloped in the past few years to support the clinical
arteries in vitro [1]. Qualitative comparison of thetreatment of this obstructive vascular disease.
elastograms and the histology demonstrates the potentialIntravascular elastography is a new technique to
of intravascular elastography to obtain mechanical
information of the vessel wall and the plaque. The strain
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Fig. 1. Processing flow diagram to produce an elastogram.

and IV of the processing flow diagram as shown in signal at low pressure and y
i

is the ith sample point of
a window of the signal at high pressure. The signals areFig. 1. A stepper motor rotates an intravascular catheter

over 400 angles per revolution. Two IVUS images at subtracted over a time interval i=1 till N. To compare
the signals, y

i
is shifted k sample points and l angles intwo different pressures are acquired (I ). The next step

(II ) is finding the corresponding angles with the help of relation to xi, in intervals between −10 and 50, and
between −5 and 5, respectively. The n defines the norm.a search algorithm, which looks for the global similarity

between two signals. The following step is correlating If the substitution n=1 is made, Eq. (1) is defined as
the l1norm:windows to calculate the local time shifts between the

r.f. signals acquired at the different pressure levels (III ).
Finally, these time shifts are converted into strain values dx(k, l )d

1
=∑

i=1
N

|y
i+k, l−x

i
|. (2)

by taking the two point finite difference and an elasto-
gram is produced by plotting these strain values in grey This algorithm, also called the SAD algorithm (sum
levels (IV ). absolute difference) subtracts two signals and computes

Since the local strain is determined using a trace-to- the sum of the absolute differences for all the time
trace algorithm (III ), it is essential that traces imaging samples. The minimum of these sums, calculated for all
the same tissue are correlated (II ). Owing to the move- k and l indicates the best match [2–5].
ment of the catheter, rotational artefacts caused by the The second algorithm, the l2norm, is obtained from
flexible shaft of the catheter or an eccentric position of Eq. (1), if n is set to 2 (n=2):
the catheter, the alignment of traces can be affected.
Therefore it is necessary to determine which windows

dx(k, l )d
2
=S∑

i=1
N

|y
i+k, l−x

i
|2 . (3)have to be correlated with each other. This requires a

method that searches for similarity in the signals.
In this case the subtracted amplitudes are firstIn this study these methods are called search algo-

squared, before they are summed. The best match ofrithms. These methods search which window of a trace
the two signals at different pressures is obtained byin the data set acquired at the low pressure belongs to
looking for the minimum of the squared roots [3,5].which window of a trace in the data set acquired at the
The l2norm is known as the least square error.high pressure. The performance of four methods to

Another algorithm is the cross-correlation function.match corresponding traces is investigated in this study
The standard correlation coefficient used to express theusing simulations and phantom experiments.
association between two random variables X and Y is
given as

2. Methods
R=

s
xy

s
x
s
y

, (4)
2.1. Search algorithms

where s
x

is the standard deviation of X, s
y

is the
Four possible search algorithms are presented. A standard deviation of Y and s

xy
is the covariance of X

subset of search algorithms can be described by the and Y. R is the normalised cross-correlation coefficient
l
n
norm. The general formula for the l

n
norm to compare such that −1≤R≤+1, where R=−1 indicates a per-

two signals is fect negative association, R=+1 represents a perfect
positive association and R=0 indicates that no associa-

dx(k, l )d
n
=nS∑

i=1
N

|y
i+k, l−x

i
|n , (1) tion exists between X and Y. In the case where X consists

of N discrete values and Y of M discrete values (M>N )
such that X=x1, x2, x3, …, x

N
and Y=y1, y2, y3, …,where x

i
is the ith sample point of a window of the
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y
M

, the correlation coefficient can be written as 4 mm, an outer diameter of 7 mm and a height of 1 mm.
The background of the medium (speed of sound=
1500 m s−1, attenuation=0 dB) has a homogeneous dis-R(k, l )=

∑N
i=1(x

i
−X9 )(y

i+k, l−Y9 )

E∑N
i=1(x

i
−X9 )2∑N

i=1(y
i+k, l−Y9 )2

, (5)
tribution of the mechanical properties (E=50 kPa, n=
0.495). The scatterers are distributed randomly in thewhere X9 is the mean of X and Y9 is the mean of Y
phantom with constant bulk scatter density. The dis-[2,4,5]. If X and Y are two ultrasound echoes that have
placement of the scatterers due to overpressure in thebeen digitised and stored, then Eq. (5) can be used to
phantom is calculated according to the rules of displace-determine the similarity between the two ultrasound
ment for cylindrical tubes [6,7].echoes. One signal is shifted, and the cross-correlation

The ultrasound beam is generated from a circularcoefficient is calculated again. The maximum of the
transducer which is rotationally symmetric on the cross-cross-correlation coefficients is an indication for the
sectional plane. The model makes use of the pulse–echobest match.
response model to calculate the impulse response [8,9].The last algorithm is called speckle tracking. This
The simulated ultrasound signal is sampled at 100 MHz.algorithm uses the envelope of the r.f. signals before

The simulation is carried out for eccentricities of 0,using one of the aforementioned algorithms. The abso-
25, 50 and 75%. 25% eccentricity means that the sourcelute value of the analytical signal is taken to get the
is positioned 25% out of the centre of the phantom. Theenvelope of a signal. This algorithm smooths a signal
pressure differences (the differences between inner andand has less resolution, because it does not use the
outer pressures of the tube) are taken 125, 250, 375 anddetailed r.f. signal. From now on the l1norm applied to
500 Pa. These pressure differentials correspond to strainthe envelope of the signal is called the speckle tracking
values of 0.5, 1.0, 1.5 and 2.0%, respectively. Thesealgorithm.
pressure differentials are used, because they result in
strain values similar to those found in arteries due to2.2. Simulation
blood pressure [10]. The values for the signal-to-noise
ratio (SNR) are 10, 20 and 30 dB. The scatter densityFor testing the performance of the algorithms a priori
is 20×104 scatterers per 100 mm3. To investigate theknowledge is necessary concerning the best match of the
influence of the used window for matching traces,set of signals. A computer simulation is a good solution,
window sizes of 0.5 and 1 ms were used.because all the variables are controllable; the simulated

In the simulations no rotational artefacts are present,phantom expands according to the rules of displacement
which means that each angle in the first data set corres-of tubes and the transducer enables proper rotation in
ponds to each counterpart in the other data set.400 steps without jitter due to off-axis rotations.

A phantom is simulated with an inner diameter of However, owing to an eccentric position of the catheter

Fig. 2. The experimental set-up.
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Fig. 3. (a) Simulated echograms and (b) corresponding elastograms for an eccentric position of the catheter of 0 and 50% (20×104 scatterers, SNR
is 20 dB and 500 Pa pressure differential ).

the direction of displacement of the tissue and the plotted in Fig. 3(a). The corresponding elastograms of
ultrasound beam are not always aligned. Since this effect these simulations are plotted in Fig. 3(b). It can be seen
can be described theoretically, the relation between that an eccentric position of the catheter results in an
traces before and after compression is known. The underestimation of the strain in certain regions.
values of the displacements are clipped between −5 and
5 in discrete numbers, because only small displacements 3.1. Results of simulation
are investigated. To get an indication of which algorithm
best matches the angles, the standard deviation of the In Fig. 4, the influence of the pressure difference on
angle displacements is taken as a figure of merit. The the performance of the algorithms is visualised. In these
search algorithm with the smallest standard deviation simulations the SNR was 20 dB and a window size of
performs best. 1.0 ms was used. The tendency of the plots is that the

standard deviation increases with increasing pressure
2.3. Experiments with a phantom

The in vitro measurements were performed in a water
tank (Fig. 2) with a MegaSonics array transducer
(EndoSonics, Rijswijk, The Netherlands). For the medium
a layered phantom is used. With these experiments the
following artefacts are minimised. By using the balloon
that is positioned proximal to the transducer, the catheter
is forced in a centric position in the phantom. Additionally,
a non-rotating 64-element circular array transducer minim-
ises rotational artefacts of the catheter. A sample frequency
of 100 MHz is used. The search algorithms are also used
to calculate the angle displacements and the standard
deviation is also taken as a figure of merit for the
performance of the algorithms.

3. Results

Echograms as produced with the simulations with an Fig. 4. Standard deviation for four pressure differentials as function
of the position of the catheter (SNR=20 dB, T=1 ms).eccentric position of the catheter of 0 and 50% are
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Fig. 7. Angle displacement of an in vitro measurement with anFig. 5. Standard deviation for four pressure differentials as function
EndoSonics catheter on a phantom. A depth of 50 sample points andof the SNR (DP=125 Pa, T=1 ms).
a window size of 100 sample points are used to obtain angle displace-
ments. The pressure difference is obtained with a low pressure of

difference. The speckle tracking algorithm gives the best 50 mmHg and a high pressure of 55 mmHg.
results in all the subplots.

Table 1In Fig. 5, the results of the simulation for varying
Standard deviation of the angle difference for the four algorithmsSNR are presented. For all SNRs, the speckle tracking

algorithm has the best performance. The other three Search algorithm Standard deviation
methods give similar results. The SNR is of minor

l1norm 0.98influence on the four methods.
l2norm 1.04The results of the simulations in which the window
speckle tracking 0.69size is varied (0.5 and 1.0 ms) are presented in Fig. 6.
cross-correlation 1.02

The standard deviations obtained with a window size of
0.5 ms are larger than those obtained with a window size
of 1.0 ms. In both cases the speckle tracking algorithm relative angle displacements are mainly distributed along
gives the lowest standard deviations. This method is zero. In Table 1, the standard deviations of Fig. 7 are
hardly affected by the window size, contrary to the other given.
methods.

3.2. Results of experiments 4. Discussion

In Fig. 7, the results of the four algorithms for the A search algorithm has to find which angles corre-
phantom experiment are presented. On the x-axis the spond to each other at two different pressures. In this
angles are displayed. The relative angle displacement for study, the performance of four search algorithms was
each angle is plotted in the y-direction. As can be investigated. Using simulations and phantom experi-
observed, the rotational artefacts are minimal since the ments, the influence of the position of the catheter in

the lumen (eccentricity), the SNR, the rate of strain in
the material and the size of the search window on the
performance were investigated. The quality of the search
algorithms was expressed in terms of the standard
deviation of the measured angle displacements. The
echograms as produced with the simulations are similar
to echograms obtained with in vitro experiments [10].
In the elastograms, regions with an underestimation of
the strain are observed. This underestimation is caused
by the angle between ultrasound beam and the direction
of the strain. In this particular geometry, the strain isFig. 6. Standard deviation for two window sizes as function of the

position of the catheter (SNR=20 dB, DP=125 Pa). always perpendicular to the boundary between lumen
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and the vessel wall. An off-centre position causes an better SNR. Again speckle tracking has the best perfor-
mance. In fact this algorithm acts as a sort low passangle between strain and ultrasound beam. Additionally,

an eccentric position causes a misalignment of the filter. The speckle tracking algorithm takes the envelope
of the r.f. signal. Because the envelope is much bettercorresponding angles acquired at the low and high

pressure. The theoretic difference between angles is sampled than the r.f. signal, the speckle tracking algo-
rithm is less sensitive to the positions of the samplevisualised in Fig. 8(a) and (c). The difference as deter-

mined with one of the search algorithms is presented in points. The speckle tracking algorithm searches more
globally than the other methods and is not very sensitiveFig. 8(b) and (d). The difference can be described by a

sine wave [10]. Since the performance of the algorithms to noise. Although this algorithm is less suitable for
strain estimation, it gives the best performance foris described by the standard deviation, the general

tendency is that the standard deviation increases with matching corresponding regions.
The window sizes were chosen as 0.5 and 1.0 ms. Inincreasing eccentricity.

The standard deviation also increases with increasing general, a larger window size produces better results. A
larger window has a more nearly unique signal than apressure differential. The correlation between two signals

at different pressure differences decreases with higher smaller window. It contains more information than a
small window. The disadvantage of large windows is anpressure difference. This is due to the scaling of the

medium and the fact that the pulse remains its shape. increased computation time and reduced resolution.
Generally speaking the speckle tracking algorithm isBecause of this decorrelation, it is harder to match the

corresponding windows with each other. It is remarkable the best method for finding the corresponding angles,
because the signal is smoothed by this algorithm andthat the pressure difference of 250 Pa at an eccentricity

of 0% gives a standard deviation of zero for all the the sampling is better as a result of taking the envelope
of the signal.search algorithms. The reason for that can be explained

as follows: the axial displacement can be any real
number. However, for a pressure difference of 250 Pa
the displacement as modelled in this study equals exactly
five sample points The other pressure differences do not
give a displacement of an integer number of sample 5. Conclusions
points. Because the displacement is expressed in an
integer, a search algorithm has to choose between two It can be concluded that the speckle tracking algo-

rithm has better performance than the other three meth-windows that do not sufficiently resemble the window
at low pressure. ods. The other three methods give in general higher

standard deviations, which are mutually comparable.Looking at the results as a function of the SNR, it
can be seen that the standard deviation is hardly influ- For window sizes of 0.5 and 1.0 ms the speckle tracking

algorithm performs well. In general a window size ofenced by the SNR. Only in the case of a window size
of 0.5 ms does the standard deviation decrease with 0.5 ms gives larger standard deviations than the window

size of 100 points. The speckle tracking algorithm per-
forms also well for all different SNRs (10–30 dB). For
the various eccentricities, the speckle tracking algorithm
does well again. It also can be seen that eccentricities of
50 and 75% give larger standard deviations than those
of 25 and 0%.

By applying the search algorithms to measurements
of in vitro results of a phantom with an array transducer,
it appears that the speckle tracking algorithm also
performs well. Because an array transducer is used, the
rotational artefacts of the transducer are minimised. The
angle displacement should be zero, but the actual angle
displacements are not known.
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