
Beam-forming choices: what are they, 
how do they work, and what is their 

impact for elastography 

Marvin M. Doyley 
University of Rochester 

Hajim School of Engineering & Applied Sciences 
Department of Electrical & Computer Engineering  



Elastography 

Processing	
  

A

−40 −20 0 20 40

−40

−30

−20

−10

0

10

20

30

40

B

−40 −20 0 20 40

−40

−30

−20

−10

0

10

20

30

40

C

−40 −20 0 20 40

−40

−30

−20

−10

0

10

20

30

40

D

−40 −20 0 20 40

−40

−30

−20

−10

0

10

20

30

40





PSF- Achilles’s heel 
Point Spread Function
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addition, synthetic aperture images can be reconstructed at any lateral pitch,

overcoming the poor lateral sampling frequencies of conventional linear arrays.

Therefore, we hypothesize that synthetic aperture imaging can produce

lateral strain elastograms of quality comparable to that of the axial strain

elastograms. In this chapter, various parameters of the synthetic aperture

imaging such as lateral sampling frequency and beam width are investigated

for optimal elastography measurements.
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Figure 4.4: Comparing the (a) axial and (b) lateral profiles of the PSFs obtained
from the 128 element linear array with a transmit/receive aperture comprising of 64
elements and 128 element synthetic aperture system.
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ment estimates that have less variance than those produced by a monostatic

synthetic aperture system. In this thesis only the multistatic synthetic aper-

ture technique has been employed and henceforth will simply be referred to as

the synthetic aperture system.

To assess the synthetic aperture system in the context of a conventional

linear array system, their respective point spread functions (PSFs) are com-

pared. Figure 4.3 (a) is the PSF of a scatterer located along the axis of the

transducer, at a depth of 20 mm obtained with a 128 element linear array with

a transmit/receive aperture comprising of 64 elements. Figure 4.3 (b) is the

corresponding PSF obtained with a 128 element synthetic aperture system.

Both systems used a two cycle modulated sine burst at a center frequency of 5

MHz. While the axial extent of the PSFs look similar in both cases, there is a

significant visual di↵erence in the lateral extent of the PSFs- the lateral extent

of the synthetic aperture PSF is twice as small as that of the linear array PSF.
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Figure 4.3: Comparing the point spread functions (PSFs) obtained from a (a) 128
element linear array with a transmit/receive aperture comprising of 64 elements and
(b) 128 element synthetic aperture system.

This observation is quantified in the axial and lateral profiles of the PSFs

shown in Figure 4.4. The axial profiles of both systems, shown in Figure

4.4(a), depict no significant di↵erences, as expected. This is because the axial

profiles of both systems are controlled solely by the shape of the transmitted

pulse, which is the same in both cases. The lateral profiles however, shown

in Figure 4.4(b), show that the full width at half maximum (FWHM) of the

synthetic aperture system is less than half that of the linear array profile. This

is because the synthetic aperture PSF is beamformed with the entire width

of the array, while the linear array PSF is constructed with only 64 elements.

Consequently, synthetic aperture imaging can provide significantly improved

lateral displacement estimates when compared to a linear array system. In

[Korukonda & Doyley, IEEE UFFC, 2012]
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324 ❘ ULTRASOUND TRANSDUCERS
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FIGURE 20-3
A: Pulse-echo response profile and the response width of a transducer. B: Set of response
profiles along the axis of an ultrasound beam. C: Response margins of −6 dB along an
ultrasound beam.

MARGIN FIGURE 20-5
Isoecho contours for a nonfocused transducer.

Response profiles for a particular transducer are influenced by several factors,
including the nature of the stimulating voltage applied to the transducer, the charac-
teristics of the electronic circuitry of the receiver, and the shape, size, and character
of the reflector. Usually, the reflector is a steel sphere or rod with a diameter of
three to ten times the ultrasound wavelength. Response profiles may be distorted
if the receiver electronics do not faithfully represent low-intensity signals. Some
older ultrasound units cannot accurately display echo amplitudes much less than 1/10

(−20 dB) of the largest echo recorded. These units are said to have limited dynamic
range.

Another approach to describing the character of an ultrasound beam is with
isoecho contours. Each contour depicts the locations of equal echo intensity for

Point Spread Function
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Figure 4.3: Comparing the point spread functions (PSFs) obtained from a (a) 128
element linear array with a transmit/receive aperture comprising of 64 elements and
(b) 128 element synthetic aperture system.

This observation is quantified in the axial and lateral profiles of the PSFs

shown in Figure 4.4. The axial profiles of both systems, shown in Figure

4.4(a), depict no significant di↵erences, as expected. This is because the axial

profiles of both systems are controlled solely by the shape of the transmitted

pulse, which is the same in both cases. The lateral profiles however, shown

in Figure 4.4(b), show that the full width at half maximum (FWHM) of the

synthetic aperture system is less than half that of the linear array profile. This

is because the synthetic aperture PSF is beamformed with the entire width

of the array, while the linear array PSF is constructed with only 64 elements.

Consequently, synthetic aperture imaging can provide significantly improved

lateral displacement estimates when compared to a linear array system. In

[Korukonda & Doyley, IEEE UFFC, 2012]
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A Deconvolution Filter for Improvement of

Time-Delay Estimation in Elastography
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Abstract—In elastography, tissue under investigation is

compressed, and the resulting strain is estimated from the

gradient of displacement estimates. Therefore, it is impor-

tant to accurately estimate the displacements (time-delay)

for good quality elastograms. A principal source of error in

time-delay estimation in elastography is the decorrelation

of the echo signal due to tissue compression (decorrelation

noise). Temporal stretching of the postcompression signals

has been shown to reduce the decorrelation noise at small

strains. In this article, we present a deconvolution filter

that reduces the decorrelation even further when applied

in conjunction with signal stretching. The performance of

the proposed filter is evaluated using simulated data.

I. Introduction

Ultrasonic imaging methods based on tissue elasticity have
recently been investigated for diagnosis of disease [1]–[8].

Ultrasonic techniques to estimate strain due to externally ap-
plied compression have been developed [5], [6]. In these meth-
ods, the local tissue displacements are estimated from the time-
delays of gated pre- and postcompression echo signals, which
are then used to estimate the axial strain. In elastography [5],
time-delays are estimated from the location of the peak of the
cross-correlation function between the windowed pre- and post-
compression echo signals.

The quality of elastograms is highly dependent on the qual-
ity of time-delay estimates. Time-delay estimation in elastog-
raphy is corrupted primarily by two factors: random noise
(electronic and quantization), and decorrelation due to tissue
compression. We previously investigated the e↵ect of tempo-
ral stretching [9]–[11] of the postcompression echo signals, and
found it to significantly reduce axial decorrelation [9]. Correla-
tion is improved because temporal stretching of the postcom-
pression signal e↵ectively realigns the scatterers. However, it
also stretches the point-spread function (PSF) of the system
that is involved in the generation of the echo signal, resulting
in some residual decorrelations.

As we show in this paper, this can become a major prob-
lem. However, in the current applications of elastography, these
errors may be masked by larger errors. Elastography involves
tissue motion in three-dimensions. However, until recently, non-
axial motions have been ignored. E↵orts are now underway to
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reduce decorrelation due to nonaxial tissue motion, and thus
reduce the dimensionality of the problem. The errors due to
PSF deformation become significant when the dimensionality
of the problem is reduced. In this article, we demonstrate the
correlation enhancement obtained by processing the postcom-
pression signal with a deconvolution filter following the tempo-
ral stretching step.

We propose an inverse filter approach for the deconvolution.
It can be shown that the inverse filter is a special case of the op-
timal Wiener filter that can be used in deconvolution problems.
The Wiener filter can be expressed as follows [12]:

H
Wiener

(f) =
P ⇤(f)

|P (f)|2 + Sn(f)

Sr(f)

where P (f) is the transfer function of the system, Sn(f) is the
noise power spectral density, and Sr(f) is the power spectral
density of the random distribution that the scatterers are part
of. Depending on the signal-to-noise ratio (SNR), there can be
two extreme cases of this Wiener filter [13]. When the SNR is
very high, Sn(f)/Sr(f) can be neglected, and P ⇤(f) cancels
from the numerator and denominator, resulting in the classical
inverse filter we have used in this paper:

H
inverse

(f) =
1

P (f)
.

However, when noise dominates the signal, |P (f)|2 can be ne-
glected. Then the filter approaches a matched filter:

H
Match

(f) = P ⇤(f)
Sr(f)
Sn(f)

.

In elastography, the associated SNR in the sonographic sig-
nals is generally high, and high sonographic SNR is necessary
for relatively error-free displacement estimates for strain esti-
mation. Thus, the inverse filter approach may be valuable in
elastography.

II. Motivation

A. The Nonlinear Relation Between the

Correlation Coe�cient and the SNR

In elastography, strain is estimated from the gradient of
displacement estimates. In pure time-delay estimation models,
only noise corrupts the displacement estimates. In elastography,
we need to compress the tissue in order to produce tissue strain;
the compression itself introduces decorrelation in the postcom-
pression signal. Thus, displacements need to be estimated in
the presence of signal decorrelation, in addition to noise. This
decorrelation is independent of the level of random noise, and
earlier works have shown that decorrelation e↵ects can be ex-
pressed as an SNR measure [14], [15]. A highly nonlinear re-
lationship exists between decorrelation and the corresponding
SNR. We have plotted the corresponding SNR vs. the correla-
tion coe�cient (⇢) in Fig. 1. We observe that, with the increase
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OF LATERAL DISPLACEMENTS, LATERAL STRAINS, CORRECTED

AXIAL STRAINS AND POISSON’S RATIOS IN TISSUES
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Abstract—A major disadvantage of the current practice of elastography is that only the axial component of the
strain is estimated. The lateral and elevational components are basically disregarded, yet they corrupt the axial
strain estimation by inducing decorrelation noise. In this paper, we describe a new weighted interpolation method
operating between neighboring RF A-lines for high precision tracking of the lateral displacement. Due to this
high lateral-tracking precision, quality lateral elastograms are generated that display the lateral component of
the strain tensor. These precision lateral-displacement estimates allow a fine correction for the lateral decorre-
lation that corrupts the axial estimation. Finally, by dividing the lateral elastogram by the axial elastogram, we
are able to produce a new image that displays the distribution of Poisson’s ratios in the tissue. Results are
presented from finite-element simulations and phantoms as well as in vitro and in vivo experiments. © 1998
World Federation for Ultrasound in Medicine & Biology.

Key Words: Correction, Displacement, Elasticity, Elastic modulus, Elastogram, Elastography, Imaging, Interpo-
lation, Lateral, Poisson’s ratio, Shear, Strain, Tracking, Ultrasound.

INTRODUCTION

In elastography, the axial component of the strain tensor
is estimated by taking the gradient of the axial (along the
beam propagation axis) displacement occurring after a
quasistatic tissue compression (Ophir et al. 1991, 1996,
1997). The estimation of the axial displacement is
achieved by using time-delay estimation techniques ap-
plied to pre- and postcompression radiofrequency (RF)
A-lines (Ophir et al. 1991). In general, however, the
tissue motion that occurs during compression is three-
dimensional (3-D). Because the lateral (perpendicular to
the beam propagation axis and in the scan plane) and
elevational (perpendicular to the beam propagation axis
and to the scan plane) motions are not measured, two
major drawbacks are encountered. First, the axial elas-
togram takes into account only a small part of the me-
chanical tissue motion information. Second, undesirable
lateral and elevational motions are the primary causes of
signal decorrelation (Kallel and Ophir 1997a; Kallel et

al. 1997). The lateral or elevational decorrelation can be
prevented by appropriate confinement of the tissue under
study (Kallel and Ophir 1997a). Confinement may not,
however, always be practical in clinical applications,
especially when the tissues under study are not easily
accessible.

Many papers in the literature have dealt with the
problem of motion estimation in two dimensions (Trahey
et al. 1987; Newhouse et al. 1987; Mailloux et al. 1989;
Bonnefous 1988; Bohs and Trahey 1991; Ramamurthy
and Trahey 1991; Dotti et al. 1992; Ryan and Foster
1997; Yeung et al. 1998) and in 3-D (Bonnefous 1988;
Hein 1993). Currently, most motion estimators are used
to estimate the projection of the motion vector onto the
ultrasound beam direction, or to measure only the axial
component of the total motion (Jensen 1996; page 277).
Many researchers have tried to perform 2-D and 3-D
time-domain techniques. Initially, multidimensional mo-
tion estimation started in the field of blood velocity
estimation, to estimate velocity components other than
the axial one. Later, in the field of elasticity imaging,
some of the methods developed in the flow measurement
field were borrowed while others developed new tech-
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Texas Medical School, Ultrasonics Laboratory, Department of Radiol-
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Estimation of Displacement Vectors and
Strain Tensors in Elastography Using Angular

Insonifications
U. Techavipoo, Q. Chen, T. Varghese*, and J. A. Zagzebski

Abstract—In current practice, only one out of three components
of the tissue displacement vector and one of nine components of
the strain tensor are accurately estimated and imaged in ultra-
sound elastography. Since, only the axial component of both the
displacement and strain are imaged, other important elastic pa-
rameters, such as shear strains and the Poisson’s ratio, also are not
imaged. Moreover, reconstruction of the Young’s modulus would
be significantly improved if all components of the strain tensor
were available. In this paper, we describe a new method for esti-
mating all the components of the tissue displacement vector fol-
lowing a quasi-static compression. The method uses displacements
estimated from radiofrequency echo-signals along multiple ultra-
sound beam insonification directions. At each spatial location in
the compressed medium, orthogonal tissue displacements in both
the axial and lateral direction with respect to the direction of the
applied compression are estimated by curve fitting angular dis-
placement vector data calculated for all insonification directions.
Following displacement estimation in orthogonal directions, com-
ponents of the corresponding normal and shear strain tensors are
estimated. Simulation and experimental results demonstrate the
utility of this technique for the computation of the normal and
shear strain tensors.

Index Terms—Angular strain, axial strain, displacement, elas-
ticity, elasticity imaging, elastogram, elastography, imaging, lat-
eral strain, least squares, linear model, Poisson’s ratio, shear, shear
strain, strain.

I. INTRODUCTION

IMAGING the elastic properties of tissue is a new area of
research in ultrasound [1]–[8]. Tissue elasticity imaging

methods based on ultrasound fall into three main groups:
1) methods, i.e., elastography, where a quasi-static uniaxial
compression is applied to the tissue and the resulting components
of the strain tensor are estimated [1]–[4]; 2) methods where
a low-frequency vibration is applied with ultrasonic Doppler
detection of velocities of reflectors perturbed by the vibrations
[5], [6]; and 3) methods that use acoustic radiation force [9]–[13].

Manuscript received March 5, 2004; revised July 27, 2004. This work was
supported in part by the Wisconsin Alumni Research Foundation (WARF) and
in part by the National Institutes of Health (NIH) under Grant R21 EB003853
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*T. Varghese is with the departments of Medical Physics and Biomedical En-
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Reconstruction of the elastic moduli from the displacement
or strain data obtained has been reported as well [4], [14].

In elastography, ultrasonic signals obtained from standard
medical ultrasound diagnostic equipment before and after a
uniaxial compression, typically about 1%, are analyzed. Local
tissue displacements along the beam direction are measured
using classical time delay estimation techniques [15]. Strains are
then computed from the gradients of the tissue displacements.
Thus, strains parallel to the insonification direction, which is
typically along the compression force direction, are estimated.
In the literature, these strains are referred to as axial strains
because they are parallel to the ultrasound beam axis during
data acquisition. (Note the notation for the axial direction will
be modified later to simply be the direction that is parallel
to the compression force direction.) Strains orthogonal to the
axial strains, such as lateral strains (orthogonal to the axial
strain but in the same image plane) and elevational strains
(orthogonal to the axial strain and to the image plane) could
also be estimated from these ultrasonic signals. However, the
results are noisy and less accurate than axial strain results.

As mentioned above, a disadvantage of current elasticity
imaging and elastography is that only the axial strain is estimated
and used to produce the elastogram. However, all the components
of the strain tensor are required to characterize the displacement
following compression since tissue motion inevitably occurs in
three dimensions [16]. Without those components, other elastic
properties such as shear strains and the Poisson’s ratio cannot
be estimated. In general, knowledge of the strain tensor and
Poisson’s ratio is necessary for Young’s modulus reconstruction
algorithms [4], [14]. In addition, the components of the strain
tensor are coupled, and accurate estimations of all components
are necessary for a complete visualization of the strain incurred
in tissue.

Ultrasound-based strain imaging enhances the capability of
this modality for diagnosis of disease and for monitoring re-
sponse to therapy. For example, some tumors of the breast, liver,
and prostate are detected by manual palpation through the over-
lying tissue. Young’s modulus (or stiffness) is perhaps the most
fundamental parameter of interest since it depends upon tissue
composition [17] and can be directly computed from strain mea-
surements under certain assumptions [1]. The Poisson’s ratio,
i.e., the ratio between the lateral expansion and the axial com-
pression under uniaxial stress conditions, may also allow for
differentiation between normal and abnormal tissues. For poro-
elastic materials, the Poisson’s ratio depends on the duration
of the compression because of unbound liquids continuously

0278-0062/04$20.00 © 2004 IEEE
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be needed to track the motion. The modified version of these
equations for the 3-D case is in the Appendix .

III. DISPLACEMENT ESTIMATION

The algorithm developed in this paper will be demonstrated
for the general case of estimating the displacement vector. Es-
timation of displacements accurately has applications in ultra-
sound Doppler imaging and elasticity imaging.

A. Algorithm

The displacement estimation algorithm can be described in
three steps.

1) At each location in the tissue, pulse-echo RF data are ac-
quired for a number of independent beam angles, before
and after a compressive force is applied or some other
source of tissue translation occurs.

2) Components of the displacement vectors are estimated
along each beam direction from the pretranslated and
posttranslated RF echo signal frames.

3) Orthogonal displacement components are then estimated
from the angular displacement data.

B. Simulation Tests of the Method

Ultrasound RF echo signals at different insonification angles
before and after phantom deformation were obtained using an
ultrasound simulation program developed by Li and Zagzebski
[32]. The conditions simulated for the acquisition of RF signals
at different angles is shown in Fig. 4. Note that the phantom
is not deformed but translated in this case. For computational
ease, the model assumed that transducer was rotated around the
center of the phantom (3.5-cm width 4-cm height) at 1 an-
gular increments, from to 45 , instead of applying beam
steering. A linear array transducer was modeled, which was
assumed to consist of 0.15 10 mm elements with a 0.2-mm
center-to-center element separation. Each beam line was formed
using 128 consecutive elements. The incident pulses were mod-
eled to be Gaussian shaped with a 5-MHz center frequency and
a 50% bandwidth measured at the full-width at half-maximum
(FWHM). The sound speed in the phantoms was taken as 1540
m/s, and attenuation was assumed to be negligible. The scat-
terers were modeled as 50- radius polystyrene beads with
an average concentration of 9.7/mm and were randomly dis-
tributed in the phantom.

After calculating RF signals for each of the angular views
in Fig. 4, the phantom was assumed to be translated by a spe-
cific displacement, resulting in the same movement/ motion for
each scatterer, and echo signals were again computed for the
angular views. The motion of the scatterers was then tracked
using our algorithm. Two displacement cases were simulated.
The first considered only an axial displacement, where angular
RF echo signals were acquired before and after the phantom was
displaced 0.225 mm along the direction. In the second simu-
lation, both axial and lateral displacements were simulated, i.e.,
a displacement of 0.2 mm along the direction and
along the direction.

Fig. 4. Simulation model for strain tensor estimation. A linear transducer
rotates for every 1 around the center of the phantom, from to 45 .
RF signals are generated for each location of the transducer before and after
phantom deformation.

C. Simulation Results

Displacements at the center of the translated phantom ob-
served from simulated ultrasound signals at different insonifi-
cation angles are plotted in Fig. 5(a). The theoretical curve of
the projection of the known actual displacement vector (

and ) to the unit vector parallel to the beam
angle obtained using (1) is shown as the solid line. The dis-
placements estimated from simulated data correspond to the
solid circles and follow the variation of the theoretical curve.
The least squares solution [dashed line, computed using (5)] is
also plotted in Fig. 5(a); the solution resulted in a displacement
vector with 0.2229 mm and components
in the and directions, respectively. The means of displace-
ments in the and directions computed over a region of in-
terest consisting of 1,000 points around the center of the uniform
phantom are shown in Table I. Note that the values obtained are
in excellent agreement with those applied in the model, 0.225
mm axially and 0 mm laterally.

Fig. 5(b) presents results for the case of and
. Theoretical plots of the displacement vector

are shown, along with the displacements estimated from the
simulated data sets. Just as in Fig. 5(a), the displacement es-
timates follow the theoretical curve for the more complex trans-
lation. The least squares solution [dashed line, computed using
(5)] is also plotted in Fig. 5(b). The mean and standard deviation
of the displacements computed are shown in Table I. Again the
values obtained are in excellent agreement with those applied in
the model, i.e., 0.2 mm in the axial direction and 0.1 mm in the
lateral direction.

The results in Fig. 5 demonstrate the ability of the algorithm
to estimate the displacement vector in two orthogonal direc-
tions. The orthogonal displacement vectors were obtained from
displacement estimates computed along angular insonification
directions.

IV. STRAIN TENSOR ESTIMATION

A. Algorithm

After acquiring displacement data in the manner shown
above, strain tensor elements can be estimated. The normal and
shear strain tensor estimation algorithm applied in this paper is
summarized as follows:
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Fig. 9. Ideal and estimated axial strain images in (a) and (b), respectively, and
ideal and estimated lateral strain images in (c) and (d), respectively.

for ultrasound beams forming the zero angle frame. The normal
strains are defined by

and (6)

where and are the strains in and directions, respec-
tively, and the shear strain is defined by

(7)

In the example illustrated here, the partial derivatives in (6)
and (7) were approximated using a least squares strain esti-
mator (LSQSE) [29]. Outliers on the elastograms were sup-
pressed using a 5 5 median filter.

C. Results

The images of displacements in the and directions ob-
tained from the least squares solutions are shown in Fig. 8. Note
that the displacements have signs corresponding to their axes. It
shows that as the phantom is compressed in the direction it ex-
pands in the direction. These results satisfy the imposed simu-
lation condition of the phantom compression. The displacement
patterns due to the stiffer cylindrical inclusion are clearly ob-
served at the center of the displacement image. These displace-
ment images are very smooth, which implies that the strain im-
ages generated from their gradients should be smooth and have
a high SNR.

Fig. 9 presents both the ideal and estimated images of strains
in the and directions. The ideal axial and lateral strain images
in Fig. 9(a) and (c) were calculated using analytical solutions
of a plane elasticity problem [33]. The axial and lateral strain
images in Fig. 9(b) and (d) were estimated using least squares
strain estimators (LSQSE) [29] applied to the simulated data.
The shapes of the inclusion and the values of the axial and lat-
eral strains on the simulated data match the ideal images quite
well. Plots of the strain profiles across the center of the inclu-
sion along the vertical and horizontal directions of the strain
images are shown in Figs. 10 and 11, respectively. These plots

show that the estimated values of strains in both directions are
close to the ideal values. The profiles for strain in the direc-
tion (lateral strain) are noisier than the profiles in the direction
(axial strain). The estimated height is close to the ideal value,
but the estimated width is slightly smaller than the ideal value.
These results confirm that the displacement estimates are accu-
rate, and the images exhibit sufficient continuity for generating
high-quality strain images.

The images of the partial derivatives obtained using (7) and
the corresponding shear strains are shown in Fig. 12. Fig. 12
provides a comparison between the ideal shear strain images and
their estimated pairs generated from the simulated data. Observe
that the images in each pair are almost identical, except for the
increased noise in regions around the edges of the simulated
images and around the inclusion. Note the presence of stress
concentrations around the inclusion for different shears. These
stress concentrations are clearly observed and are identical in
the ideal and the estimated shear strain elastograms.

Poisson’s ratio images were approximated using point-by-
point division of the negative strains in the direction by the
strains in the direction, as described by other researchers [27].
However, this method provides a good approximation only if the
voxel or small volume element used to calculate the local strain
experiences uniaxial stress. Note that uniaxial stress means that
the stress, or compression force per unit area normal to the force
direction, only occurs on one axis. For a uniform elastic medium
compressed by a large plate in one direction, each voxel ex-
periences almost uniaxial stress. Conversely, for a nonuniform
elastic medium, i.e., a material containing an inclusion, under
the same compression conditions, each voxel will not experi-
ence true uniaxial stress, especially for voxels near the inclu-
sion. Also, in the plane-strain state, the uniaxial stress condition
is never satisfied because stress directed in and out of the image
plane always exists. However, under the plane-strain state, any
material that has a Poisson’s ratio of 0.5 will have .
This means that if we attempt to calculate the Poisson’s ratio by
dividing the negative axial strain by the lateral strain as in [27],
we would get a “Poisson’s ratio” value of 1.

A Poisson’s ratio image of the simulated phantom using axial
and lateral strain, and the ideal Poisson’s ratio image are shown
in Fig. 13. The ideal image in Fig. 13(a) is uniform with value
1. The values of the estimated Poisson’s ratio image shown in
Fig. 13(b) are almost constant, except for the area around the
inclusion boundary and around the edges of the image. This
could result from displacement estimates that used the win-
dowed signal across the discontinuity region of the material.
The means of the Poisson’s ratios calculated from the boxes in-
side and outside the inclusion, shown in Fig. 13(b), are 0.9578
and 0.9587, respectively. The standard deviations are 0.0411 and
0.0350, respectively.

V. EXPERIMENTAL RESULTS ON THERMAL LESION SAMPLES

A. Method

Thermal lesions around 2-cm diameter were created in fresh
canine liver samples with dimensions of 40 mm 40 mm and
20-mm thickness by ablating the tissue with a 450-kHz gen-
erator and a deployed RF electrode for 5 min at 50 W power.
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Noninvasive Carotid Strain Imaging Using Angular
Compounding at Large Beam Steered Angles:

Validation in Vessel Phantoms
Hendrik H. G. Hansen*, Richard G. P. Lopata, and Chris L. de Korte

Abstract—Stroke and myocardial infarction are initiated by rup-
turing vulnerable atherosclerotic plaques. With noninvasive ultra-
sound elastography, these plaques might be detected in carotid ar-
teries. However, since the ultrasound beam is generally not aligned
with the radial direction in which the artery pulsates, radial and
circumferential strains need to be derived from axial and lateral
data. Conventional techniques to perform this conversion have the
disadvantage that lateral strain is required. Since the lateral strain
has relatively poor accuracy, the quality of the radial and circum-
ferential strains is reduced. In this study, the radial and circumfer-
ential strain estimates are improved by combining axial strain data
acquired at multiple insonification angles. Adaptive techniques to
correct for grating lobe interference and other artifacts that occur
when performing beam steering at large angles are introduced. Ac-
quisitions at multiple angles are performed with a beam steered
linear array. For each beam steered angle, there are two spatially
restricted regions of the circular vessel cross section where the axial
strain is closely aligned with the radial strain and two spatially
restricted regions (different from the radial strain regions) where
the axial strain is closely aligned with the circumferential strain.
These segments with high quality strain estimates are compounded
to form radial or circumferential strain images. Compound ra-
dial and circumferential strain images were constructed for a ho-
mogeneous vessel phantom with a concentric lumen subjected to
different intraluminal pressures. Comparison of the elastographic
signal-to-noise ratio ( ) and contrast-to-noise ratio ( )
revealed that compounding increases the image quality consider-
ably compared to images from 0 information only. and

increase up to 2.7 and 6.6 dB, respectively. The highest
image quality was achieved by projecting axial data, completed
with a small segment determined by either principal component
analysis or by application of a rotation matrix.

Index Terms—Angular compounding, beam steering, grating
lobes, noninvasive ultrasound strain imaging, vulnerable plaque.

I. INTRODUCTION

S TRAIN imaging is a well-known ultrasound technique for
estimating the elastic properties of tissue [1]. One of the

fields in strain imaging research that gained a lot of interest
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during the last decade is vascular strain imaging, with a focus
on atherosclerosis [2], [3]. Atherosclerosis is a systemic disease
that causes arteries to thicken, due to the deposition of athero-
genic lipoproteins in the vessel wall. Most people in western so-
ciety suffer from atherosclerosis when they age, however, ath-
erosclerosis in itself is not dangerous [4]. Atherosclerosis be-
comes life-threatening when a plaque ruptures, and a blood clot
is formed as part of the body’s healing process. In most of the
cases this blood clot does not occlude the artery at the site of
rupture, but is transported distally by the blood flow towards the
heart, or brain, where it might occlude a smaller artery, resulting
in a cardiac infarct, or in a stroke, respectively. Therefore, the
vulnerability of a plaque is a measure for the risk caused by
atherosclerosis. Vulnerable plaques are characterized by a large
lipid pool, that often contains large amounts of macrophages,
surrounded by a thin fibrous cap [5]. The pulsating blood pres-
sure exerts forces on the thin cap, which can lead to rupture.
This usually happens at the spots of highest strain [6], which
makes ultrasound elastography a very promising candidate for
detection of the vulnerable plaque.

Carotid atherosclerosis is strongly related to coronary and
cerebrovascular disease [7]. Previous studies, in which an in-
travascular catheter is used to perform strain imaging, have con-
firmed the high sensitivity and specificity of ultrasound elastog-
raphy for detecting vulnerable plaques in vitro [8] and in vivo
[9]. However, the intravascular approach has some large prac-
tical drawbacks: it is invasive, expensive, and can only be ap-
plied to patients that already undergo surgical intervention. If it
was possible to convert this technique into a noninvasive tech-
nique, all of these disadvantages would be overcome, allowing
the technique to be applied on a broad scale, perhaps even for
screening purposes. Hence, a noninvasive technique for detec-
tion of vulnerable plaques in the carotids will have a high clin-
ical impact.

In recent studies [10]–[12], the feasibility of transcutaneous
ultrasound strain imaging of the carotids has been investigated.
It was shown [10], [11] that noninvasive strain imaging of the
carotids is feasible. However, in contrast to intravascular strain
imaging, in the noninvasive case the ultrasound beam is gener-
ally not aligned with the radial strain for the complete vessel
cross section. Therefore, firstly the axial and lateral strains need
to be estimated, which are converted into radial and circumfer-
ential strains afterwards. Axial and lateral strains can be esti-
mated in a number of ways; by cross correlation of precom-
pression and postcompression data [11], or by application of a
Lagrangian speckle motion model estimator [10], [13]. In both
approaches, the relatively poor quality of the lateral estimates,
due to the lower lateral resolution and the lack of phase infor-
mation in this direction, restricts the image quality of the recon-
structed radial and circumferential strains.

0278-0062/$25.00 © 2009 IEEE
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Fig. 5. Radial (top row) and circumferential (bottom row) strain images for a concentric homogeneous vessel phantom. (a) Radial and circumferential strain images
calculated by principal component analysis from 0 data only. (b)–(f) Compound radial and circumferential strain images constructed by principal component
analysis, application of the rotation matrices, projection of axial and lateral strain, projection of axial strain completed with a segment of principal component
analysis, projection of axial strain completed with a segment obtained from the rotation matrices.

images are shown. On the right of the color bar are the com-
pounded images. Fig. 5(b) represents the compound images es-
timated by combining segments of principal strain data. The
other subplots are constructed by using the rotation matrix (c),
by projecting axial and lateral strain (d), and by projecting axial
strain and adding a segment of principal strain (e), or rotational
strain (f). It should be recalled that projecting strain is only an
option for small projection angles and is, therefore, useful only
when constructing a compound image. As can be observed, the
radial strain is negative and the circumferential strain is posi-
tive, corresponding to compression and expansion of the tissue
in these regions, respectively. The increase in intraluminal pres-
sure causes the phantom to be compressed from the inside to the
outside, in other words, negative strain values will be resulting in
the radial direction. The diameter is increasing by the increased
intraluminal pressure, causing extension of the material in cir-
cumferential direction. Due to the plane strain assumption, the
circumferential strain has to be the opposite of the radial strain.

The circular symmetry, as predicted by theory, is also clearly
visible. Although a small area with unexpected strain values is
present between 5 and 7 o’clock in the circumferential strain
images. It should be noticed that the size of this erroneous area
is smaller for the compound images. The three rightmost radial
and circumferential compound images that were constructed by
projection of mainly axial data, show a much better circular
symmetry than the reference images.

Mean and standard deviations of the and values
for the reference images calculated from the eight datasets using
0 data only, are shown in Table I. The mean and standard de-
viations of the and values of the compound strain
images are also shown in Table I. Improvements or reductions
in or of the compound images compared to the
reference images that were found to be significant are marked
with an asterisk.

In general, the images of highest quality are obtained when
the projection formula is used to construct the major part of the
image. Significant contrast-, and signal-to-noise ratio increases
up to 2.7 dB, and 6.6 dB are observed, respectively. and

TABLE I
AND VALUES FOR THE REFERENCE IMAGES AND THE COMPOUND

STRAIN IMAGES CONSTRUCTED WITH THE FIVE METHODS

Outcome of paired t-test 0.05 when compared to reference image

increase significantly when instead of projecting lateral
strains, principal component analysis, or the rotation method
is used to complete the compound radial strain image (paired
t-test, ). The differences in and between
the images completed with principal component analysis and
the rotation method, are not significant (paired t-test, ).
The compound images constructed by the rotation matrix and
by principal component analysis are of poorer quality than the
reference images.

IV. DISCUSSION

Compounding allows the construction of radial strain images
with higher quality than can be determined from zero degree
information only. Primarily, the higher quality is obtained be-
cause the images are mainly based on axial strain, instead of on
axial and lateral strain. The lateral strain estimate has a lower

than the axial strain estimate [30], [31]. Furthermore, in
this circular geometry, erroneous lateral strain values are found
in some regions (at 5 and 7 o’clock in this phantom) due to the
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addition, synthetic aperture images can be reconstructed at any lateral pitch,

overcoming the poor lateral sampling frequencies of conventional linear arrays.

Therefore, we hypothesize that synthetic aperture imaging can produce

lateral strain elastograms of quality comparable to that of the axial strain

elastograms. In this chapter, various parameters of the synthetic aperture

imaging such as lateral sampling frequency and beam width are investigated
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ment estimates that have less variance than those produced by a monostatic

synthetic aperture system. In this thesis only the multistatic synthetic aper-

ture technique has been employed and henceforth will simply be referred to as

the synthetic aperture system.

To assess the synthetic aperture system in the context of a conventional

linear array system, their respective point spread functions (PSFs) are com-

pared. Figure 4.3 (a) is the PSF of a scatterer located along the axis of the

transducer, at a depth of 20 mm obtained with a 128 element linear array with

a transmit/receive aperture comprising of 64 elements. Figure 4.3 (b) is the

corresponding PSF obtained with a 128 element synthetic aperture system.

Both systems used a two cycle modulated sine burst at a center frequency of 5

MHz. While the axial extent of the PSFs look similar in both cases, there is a

significant visual di↵erence in the lateral extent of the PSFs- the lateral extent

of the synthetic aperture PSF is twice as small as that of the linear array PSF.
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Figure 4.3: Comparing the point spread functions (PSFs) obtained from a (a) 128
element linear array with a transmit/receive aperture comprising of 64 elements and
(b) 128 element synthetic aperture system.

This observation is quantified in the axial and lateral profiles of the PSFs

shown in Figure 4.4. The axial profiles of both systems, shown in Figure

4.4(a), depict no significant di↵erences, as expected. This is because the axial

profiles of both systems are controlled solely by the shape of the transmitted

pulse, which is the same in both cases. The lateral profiles however, shown

in Figure 4.4(b), show that the full width at half maximum (FWHM) of the

synthetic aperture system is less than half that of the linear array profile. This

is because the synthetic aperture PSF is beamformed with the entire width

of the array, while the linear array PSF is constructed with only 64 elements.

Consequently, synthetic aperture imaging can provide significantly improved

lateral displacement estimates when compared to a linear array system. In

[Korukonda & Doyley, IEEE UFFC, 2012]
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(a)

(b)

(c)

FIGURE 20-3
A: Pulse-echo response profile and the response width of a transducer. B: Set of response
profiles along the axis of an ultrasound beam. C: Response margins of −6 dB along an
ultrasound beam.

MARGIN FIGURE 20-5
Isoecho contours for a nonfocused transducer.

Response profiles for a particular transducer are influenced by several factors,
including the nature of the stimulating voltage applied to the transducer, the charac-
teristics of the electronic circuitry of the receiver, and the shape, size, and character
of the reflector. Usually, the reflector is a steel sphere or rod with a diameter of
three to ten times the ultrasound wavelength. Response profiles may be distorted
if the receiver electronics do not faithfully represent low-intensity signals. Some
older ultrasound units cannot accurately display echo amplitudes much less than 1/10

(−20 dB) of the largest echo recorded. These units are said to have limited dynamic
range.

Another approach to describing the character of an ultrasound beam is with
isoecho contours. Each contour depicts the locations of equal echo intensity for

Point Spread Function
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addition, synthetic aperture images can be reconstructed at any lateral pitch,

overcoming the poor lateral sampling frequencies of conventional linear arrays.

Therefore, we hypothesize that synthetic aperture imaging can produce

lateral strain elastograms of quality comparable to that of the axial strain

elastograms. In this chapter, various parameters of the synthetic aperture

imaging such as lateral sampling frequency and beam width are investigated

for optimal elastography measurements.
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Figure 4.3: Comparing the point spread functions (PSFs) obtained from a (a) 128
element linear array with a transmit/receive aperture comprising of 64 elements and
(b) 128 element synthetic aperture system.

This observation is quantified in the axial and lateral profiles of the PSFs

shown in Figure 4.4. The axial profiles of both systems, shown in Figure

4.4(a), depict no significant di↵erences, as expected. This is because the axial

profiles of both systems are controlled solely by the shape of the transmitted

pulse, which is the same in both cases. The lateral profiles however, shown

in Figure 4.4(b), show that the full width at half maximum (FWHM) of the

synthetic aperture system is less than half that of the linear array profile. This

is because the synthetic aperture PSF is beamformed with the entire width

of the array, while the linear array PSF is constructed with only 64 elements.

Consequently, synthetic aperture imaging can provide significantly improved

lateral displacement estimates when compared to a linear array system. In

[Korukonda & Doyley, IEEE UFFC, 2012]
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MARGIN FIGURE 20-6
Side lobes of an ultrasound beam.

MARGIN FIGURE 20-7
Focused transducer.

MARGIN FIGURE 20-8
Focusing and defocusing mirrors.

MARGIN FIGURE 20-9
Focusing and defocusing lenses.

the ultrasound beam. At each of these locations, a reflecting object will be detected
with equal sensitivity. The approach usually used to measure isoecho contours is
to place a small steel ball at a variety of positions in the ultrasound beam and to
identify locations where the reflected echoes are equal. Connecting these locations
with lines yields isoecho contours such as those in the margin, where the region of
maximum sensitivity at a particular depth is labeled 0 dB, and isoecho contours of
lesser intensity are labeled −4 dB, −10 dB, and so on. Isoecho contours help depict the
lateral resolution of a transducer, as well as variations in lateral resolution with depth
and with changes in instrument settings such as beam intensity, detector amplifier
gain, and echo threshold.

Accompanying a primary ultrasound beam are small beams of greatly reduced
intensity that are emitted at angles to the primary beam. These small beams, termed
side lobes (see margin), are caused by vibratory modes of the transducer in the
transverse plane. Side lobes can produce image artifacts in regions near the transducer,
if a particularly echogenic material, such as a biopsy needle, is present.

Side lobes can be reduced further by
the process of apodization, in which the
voltage applied to the transducer is
diminished from the center to the
periphery.

The preceding discussion covers general-purpose, flat-surfaced transducers. For
most ultrasound applications, transducers with special shapes are preferred. Among
these special-purpose transducers are focused transducers, double-crystal transdu-
cers, ophthalmic probes, intravascular probes, esophageal probes, composite probes,
variable-angle probes, and transducer arrays.

Focused Transducers

A focused ultrasound transducer produces a beam that is narrower at some dis-
tance from the transducer face than its dimension at the face of the transducer.5,6 In
the region where the beam narrows (termed the focal zone of the transducer), the
ultrasound intensity may be heightened by 100 times or more compared with the
intensity outside of the focal zone. Because of this increased intensity, a much larger
signal will be induced in a transducer from a reflector positioned in the focal zone.
The distance between the location for maximum echo in the focal zone and the ele-
ment responsible for focusing the ultrasound beam is termed the focal length of the
transducer.

Often, the focusing element is the piezoelectric crystal itself, which is shaped like
a concave disk (see figure in margin). An ultrasound beam also may be focused with
mirrors and refracting lenses. Focusing lenses and mirrors are capable of increasing
the intensity of an ultrasound beam by factors greater than 100. Focusing mirrors,
usually constructed of tungsten-impregnated epoxy resin, are illustrated in the margin.
Because the velocity of ultrasound generally is greater in a lens than in the surrounding
medium, concave ultrasound lenses are focusing, and convex ultrasound lenses are
defocusing (see margin). These effects are the opposite of those for the action of optical
lenses on visible light. Ultrasound lenses usually are constructed of epoxy resins and
plastics such as polystyrene.

For an ultrasound beam with a circular cross section, focusing characteristics
such as pulse-echo response width and relative sensitivity along the beam axis depend
on the wavelength of the ultrasound and on the focal length f and radius r of the
transducer or other focusing element. These variables may be used to distinguish the
degree of focusing of transducers by dividing the near field length r 2/λ by the focal
length f . For cupped transducer faces on all but weakly focused transducers, the focal
length of the transducer is equal to or slightly shorter than the radius of curvature of
the transducer face. If a planoconcave lens with a radius of curvature r is attached to
the transducer face, then the focal length f is

f = r
1 − c M /c L

where c M and c L are the velocities of ultrasound in the medium and lens, respecti-
vely.
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2.2.2 Coherence Factor 

Coherence factor (CF) is often used in combination with both delay-and-sum and 

adaptive beamforming techniques, and is an effective method of increasing the resolution 

and the signal to noise ratio (SNR). The coherence factor is the ratio of intensity of 

coherent sum and the incoherent sum – for example, the coherence factor would be 

higher at the main lobe than at the side lobes.  The CF score is a value between 0 and 1 

and can be found by calculating the covariance matrix. The coherence factor method then 

suppresses low coherence factor scores.  The CF can also be used as a metric of image 

quality and to correct phase aberrations [colombo nilsen]. Coherence factor beamforming 

can also be thought of as a Wiener postfilter [colombo nilsen]. One issue with the 
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Performance of different 
apodization functions 



Simulated images from a 5-MHz, f-
number 3.2 simulated scanner using 
Field II and a pair of scatterers at the 

focus, 60 mm depth and 4.68 mm 
separation laterally.  In the simulation, 

the transducer had 129 active elements 
and a narrowband pulse (-6 dB 

bandwidth of 20%) was transmitted.  (a) 
A flat or rect apodization was utilized for 

both transmit and receive. (b) A sinh5 
apodization function was employed for 
both transmit and receive.  The sinh5 

apodization has no side lobes but has a 
wider main lobe compared with (a).  (c) A 

Gaussian 5𝜎 truncated apodization is 
employed.  This function has a narrower 

main lobe than the sinh5 but low-level 
side lobes as a result of truncation.  

Images are 100 dB dynamic range scale 
so that one-way side lobes down to -50 

dB can be visualized. 

(a) 

(c) 

(b) 

Truncated	


Gaussian	



Box-car 

sinh5

Field II simulation 5 MHz (f # 3.2) point 
scatters at focus, 60 mm depth 
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Axial displacements 
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Sparse synthetic array 



Axial 
displacement 

Lateral 
displacement Radial strain Circumferential 

strain 

Theoretical estimates for  
homogeneous phantoms 

Conventional linear array  
imaging estimates 

Synthetic aperture  
imaging estimates 

Korokonda and Doyley 2012 



Strain SNR vs. active elements 



Ultrafast imaging techniques  

(a) (b) 

Linear Array 

(x, z) 

θ 

(x, z) 

(c) 

Sparse Array Imaging Plane Wave Imaging 

Korokunda et al. 2013 
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Virtual source sparse synthetic 
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vSAVE (Virtual sources) 
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Radial Strain 



MV beam-forming (PW) 
!  Data dependent beam-forming 
!  Minimizing the variance in signals: 
 
!  Unity gain in desired directions: 
 
 
!  Since delays are introduces before summation: 
 

!  Dynamic weights:                   
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Computer simulations 
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Simulation Results 
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Phantom results (Strain maps) 
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