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Two-dimensional (2D) transducer arrays represent a promising solution for implementing real time
three-dimensional (3D) ultrasound elastography. 2D arrays enable electronic steering and focusing
of ultrasound beams throughout a 3D volume along with improved slice thickness performance
when compared to one-dimensional (1D) transducer arrays. Therefore, signal decorrelation caused
by tissue motion in the elevational (out-of-plane) direction needs to be considered. In this paper, a
closed form expression is derived for the correlation coefficient between pre- and postdeformation
ultrasonic radio frequency signals. Signal decorrelation due to 3D motion of scatterers within the
ultrasonic beam has been considered. Computer simulations are performed to corroborate the
theoretical results. Strain images of a spherical inclusion phantom generated using 1D and 2D array
transducers are obtained using a frequency domain simulation model. Quantitative image quality
parameters, such as the signal-to-noise and contrast-to-noise ratios obtained using 1D, 2D, and 3D
motion tracking algorithms, are compared to evaluate the performance with the 3D strain imaging
system. The effect of the aperture size for 2D arrays and other factors that affect signal decorrelation

are also discussed. © 2008 Acoustical Society of America. [DOI: 10.1121/1.2953310]

PACS number(s): 43.80.Qf [FD]

I. INTRODUCTION

Elastography is an imaging modality that is based on
mapping local internal strains that tissues experience after a
quasistatic or dynamic deformation.'™ Until recently, most
studies devoted to elastography were focused on the estima-
tion of the axial component of the strain. However, motion in
tissue occurs in three dimensions and is coupled with each
other when subjected to an axial compression or deforma-
tion. Although the third component of the displacement vec-
tor can be obtained from two-dimensional (2D) motion esti-
mation by using the assumption of incompressibility, 2D
motion tracking may suffer from decorrelation noise caused
by out-of-plane tissue movement in the elevational direction.
In addition, the incompressibility assumption may not hold
in some tissues,"2 leading to errors. In addition, the Poisson’s
ratio may not be constant, such as for poroelastic tissue when
edema is present.3’4 Therefore, all the components of the
strain tensor and displacement vector are required to charac-
terize the resulting deformation.”® Because the components
of the strain tensor are coupled, accurate estimations of all
components are necessary for a complete visualization of the
strain incurred in tissue. Without those components, other
important parameters such as shear strains cannot be esti-
mated. In addition, knowledge of all the strain tensor com-
ponents leads to an accurate Young’s modulus reconstruction
of the underlying tissue elasticity.7’8

To estimate displacement vectors and strain tensors in
all three dimensions, three-dimensional (3D) volume data are
required. 2D transducer arrays represent a promising solution
for implementing real time 3D data acquisition. 2D arrays
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provide the capability for electronic steering and focusing of
ultrasound beams throughout a 3D volume. Thus, they have
improved slice thickness attributes when compared to one-
dimensional (1D) and multirow transducer arrays. A problem
facing the development of 2D arrays is the complexity aris-
ing from the large number of array elements required in such
transducers and the channel capacity needed for the ultra-
sound system. Because of the complexity of implementing
2D array systems, it is particularly important to develop the-
oretical models to evaluate the performance and tradeoffs of
strain imaging obtained with 2D arrays and to determine
optimum parameters for these systems.

Previous works on 3D strain imaging have been reported
in the literature.”"? Promising 3D strain imaging results have
been demonstrated using 1D arrays with mechanical transla-
tion in the elevational direction utilized to acquire multiple
B-scans followed by reconstruction to create the 3D
image.m’12 Konofagou and Ophirg described a 3D motion
tracking algorithm and presented simulated strain images ob-
tained using 1.5D and 2D array transducers. In that work,
however, the simulated pre- and postdeformation ultrasonic
radio frequency (rf) signals were obtained through a convo-
lution of the point-spread function (PSF) with a tissue scat-
tering function, where the 3D beam forming procedure with
a 2D array was not simulated. Awad and Yen'' also described
a 3D strain imaging system using a prototype rectilinear
sparse 2D array. However, thus far the performance of 3D
strain imaging systems using fully sampled 2D arrays has not
been thoroughly investigated.

Signal decorrelation noise is one of the major limiting
factors in strain estimation and imaging.&9 The normalized
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correlation coefficient has been utilized previously to ascer-
tain the degree of signal decorrelation and to quantify the
accuracy and precision of strain estimates. A large amount of
theoretical derivations has been reported in the literature to
calculate the correlation coefficient between the pre- and
postdeformation rf signals.‘"5 10712 1n most of these publica-
tions, 2D models were utilized since ultrasound beams with
1D array transducers are significantly wider in the eleva-
tional direction when compared to the lateral direction. Thus,
scatterer movement in the elevational direction did not cause
a significant loss of coherence in the echoes. In the case of
2D arrays, however, the out-of-plane motion (in the eleva-
tional direction) needs to be considered since the beam width
is similar in both the lateral and elevational directions.
Therefore, a 3D model is required to evaluate signal decor-
relation due to the 3D motion. Kallel and Ophir5 proposed a
3D model for predicting the correlation coefficient using
separable point-spread functions in the axial, lateral, and el-
evational directions. In that work, the expression for the cor-
relation coefficient was derived under the assumption that
the lateral and elevational components of displacement are
constant within the ultrasound beam. In practice, tissue scat-
terers move relative to each other in 3D space due to the
applied compression or deformation. Thus the resulting sig-
nal decorrelation is caused by tissue distortion in all three
dimensions. Therefore, the assumption of a simple transla-
tion of tissue scatterers in the lateral and elevational direc-
tions during compression is not valid and may result in a
biased estimation of the correlation coefficient.

In this paper, a closed form theoretical expression is
derived for the correlation coefficient between pre- and post-
deformation ultrasonic rf signals. Signal decorrelation due to
the 3D motion of scatterers within the ultrasonic beam has
been considered. To corroborate the theoretical development,
ultrasound (US) simulations using 1D and 2D arrays are per-
formed and the results of a simulated uniformly elastic phan-
tom, which verify the theoretical expression, are presented.
Factors that affect signal decorrelation are discussed. An-
other purpose of this study is to present strain images from a
simulated spherical inclusion phantom obtained using 1D
and 2D arrays with different aperture sizes. Modern 3D beam
forming techniques with 2D array transducers, such as dy-
namic aperture and dynamic receive focusing, have been
implemented in our simulation.

Il. THEORY

Ultrasonic rf echo signals before and after the applied
deformation is modeled using

s1=Px,y,z) ® T(x,y,2),

so=P(x,y,z) ® T(x/b,yl/b,z/a), (1)

where subscripts 1 and 2 denote pre- and postdeformation
echo signals obtained from an elastic tissue medium, and x,
v, and z are the lateral, elevational, and axial coordinates,
respectively, T(x,y,z) denotes the tissue scattering function,
and P(x,y,z) is the pulse-echo PSF of the imaging system.
The symbol ® denotes the convolution operation. The pa-
rameters a and b denote the compression or expansion factor
that scales the tissue scattering function defined in terms of
the actual applied tissue strain &

b=1+2, )

14

a=1-¢,

where v is the Poisson ratio. There are several models that
define the T(x,y,z) term. To simplify the tissue model, we
assume a large number of very small inhomogeneities (Ray-
leigh scatterers) with respect to the wavelength of the PSE,'

T(x,y,z) = E T:0(x = X1y = YinZ = 2i) (3)
i

where 8(x,y,z) is the 3D Dirac or impulse function,
(x;,Y;,z;) denote the randomly distributed centers of each in-
homogeneity, and T; represents the echogenicity of each scat-
terer. The scatterer distribution is assumed to be & correlated,
which means the correlation length of scatterers is very short
compared to the acoustic wavelength of the transmit pulse.

The cross correlation between the signals acquired be-
fore and after deformation can be written as'

<51S:>

=fJJP(llx’ll_\"llz)P(IZX’lZy’IZz)eXp(jAd))dXdde’
4)

where A¢ is the phase difference between pre- and postde-
formation signals, which can be written as A¢=4m(R,
—R})/\, where \ is the wavelength at the center frequency,
and R; and R, are the distances from the scatterer to the
transducer for the pre- and postdeformation situations, re-
spectively,

[
Ry =(x—x0)*+ (y —yo)* + 2%,

R,= \J/(bx —x0) + (by — yo)* + (az)*. (3)

Under the assumption that the depth of interest z,; is much
larger than the beam width, we obtain

R,— R, = 2z
01
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(b? = 1)x> =2(b - Dxgx + (B> = 1)y*> = 2(b = 1)yoy + (a* - 1)

(6)
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Here we assume that the 3D PSF is separable in three dimen-
sions, an assumption that holds at the focus,16 We can write
P(x,y,z) as

P(x,y,2) = p(x)py(y)p.(2). (7)

The axial, lateral, and elevational PSF components may be
modeled as Gaussian envelopes with characteristic widths
o, 0y, and o, respectively,'7

p(2) =exp(=2%207),  p,(x) =exp(-x%/207),

p,(y) =exp(=y*207). (8)

If we assume that the incident pulses are Gaussian shaped
with a center frequency f, and a 6 dB fractional bandwidth
B, the characteristic width of the axial PSF component can
be computed using

c A
o, = =—.
* 2@wBf. 27uB

©)

For 2D arrays, the beam widths along the lateral and eleva-
tional directions are determined by the effective transducer
aperture D, the wavelength, and the depth, which can be
approximated by

0.420 1)\
o, =0y,= T . (10)
The lateral, elevational, and axial distances from scatterers to
the beam axis for the pre- and postdeformation cases can be
written as
=y-yo. I

L= x—xo, ll_v =2~ 201>

Ly=bx=xg, bLy=by-yy bL,=az-zp, (11)

where 7, is the depth of the point of interest after deforma-
tion. We can then evaluate the integral in Eq. (4) along the
axial, lateral, and elevational directions separately,

(s155) =111, (12)

where [, 1 s and /, are the absolute values of the integral
along x, y, and z dlrectlons

U 12+12>
eX

< 2a[(b*-1)x2

=2(b = 1)xyx] )dx

Xex
plJ or
2 [ (b- 1)2x(2) |
=50 eXp| -5 5 . 13
17| T 222+ 1) | (13)
Similarly we can obtain
2 (-1
I,=\| 5—0o,exp|-—>5——|. 14
N TP T 220 ) | 1
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(azg; —zp0)*  (a*-1)?

27
I.= max exp| —

20%(a®+1)  2BXa’+1)
(15)
The correlation coefficient can be computed as follows:
p= —ﬂ (16)
\r<515T><525;>.

Substituting Eq. (12) into Eq. (16), we obtain
P = PiPyP:s (17)

where p,, p,, and p, are the effective correlation coefficients
along the lateral, elevational, and axial directions, respec-

tively,
_1)2
Vb +16Xp{ 2(b2+1)} (18)
~ 2b (b—1)%}
=N eXp{_ 207002+ 1) |’ ()

p=

exp[—

Equation (17) provides an expression for the correlation
coefficient between the pre- and postdeformation signals ac-
quired from the location of interest. For elastographic pro-
cessing, finite gated segments of the echo signal are utilized.
A gated data segment is generally selected using a rectangu-
lar window. Generally, the same window is used for both the
pre- and postdeformation data segments. Attenuation and fo-
cusing effects can be included in the window function w(z),
such that the intensity of s(z) can be considered to be con-
stant with depth. Thus, the correlation coefficient between
the prl%— and postdeformation data segments can be computed
using

(azg; — 200)* B (a*-1)*
a*+1 202(a*+1) 2B*a*+1)

(20)

Fpw (01 (@) ()1
Spwi(odt

P12=

S O, O)IdE  [72wHHp(@de
) o ode [

s

1)

where I=(ss*) is the mean signal intensity, Z is the window
length of the windowed rf echo signal segment, and £ is the
distance from a position within the window to the center of
the window, which is in the range from —Z/2 to Z/2. p(&) is
the correlation of signals resulting from position & within the
window of the rf segment. To compute p(&), we only need to
change the value of z(; and z, as

Zp =azo+ &, (22)

where z; is the depth of the rf segment center. Substituting
Eq. (22) into Eq. (20), and then plugging the result into Eq.
(17), we can obtain p(¢).

0 =2+§
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11l. SIMULATION
A. Method

A uniformly elastic simulated TM phantom and a single
inclusion phantom with dimensions 4 X4 X4 cm® was uti-
lized to evaluate the signal decorrelation due to deformation.
Both phantoms were constructed using the FEA software
(ANSYS Inc., Canonsburg, USA), with a Poisson’s ratio of
0.495 assumed for both the inclusion and the background.
The inclusion phantom contains a 1 cm diameter spherical
inclusion, which was three times stiffer than the background.
To apply a uniaxial deformation, the simulated phantoms
were fixed on the top surface and a displacement load (in the
z direction) was applied to the bottom surface. Tissue dis-
placement in the lateral and elevational direction were un-
constrained. The local displacement due to the applied defor-
mation was then estimated by solving the associated partial
differential equations numerically.

The FEA displacement field was then utilized in an ultra-
sound simulation programlg’20 to generate pre- and postde-
formation rf echo signal data for elastographic processing.
This program simulates the frequency domain response of
ultrasound wave propagating through a scattering medium.
The frequency response is then transformed back to the time
domain to obtain ultrasound radio frequency frames. This
simulation program achieves similar rf waveforms when
compared to typical time domain simulation programs such
as FIELD I.°' Modern beam forming techniques such as
apodization, dynamic aperture, dynamic receive focusing,
and 3D beam steering can also be simulated with our simu-
lation program.20 The accuracy of the frequency domain
simulation model has also been assessed in our previous
work* by comparing it with FIELD 1. In our simulation, a
numerical phantom was constructed with scatterers modeled
using 50 um radius glass beads, which were randomly dis-
tributed in the phantom at a number density of
10 scatterers/mm? to ensure Rayleigh scattering.16 The 3D
displacement fields from ANSYS, after appropriate interpo-
lation to a regular Cartesian grid, were used to displace the
scatterers and generate the deformed phantom to generate the
postdeformation signals.

A 1D linear array was modeled, which consisted of 64
elements with dimensions of 150 um X 12 mm and center-
to-center spacing of 0.2 mm. This configuration produces a
lateral aperture size around 12.8 mm. The elevational focus
was set at 50 mm and the lateral transmit focus at 30 mm.
Dynamic receive focusing was also utilized with an
F-number set at 2. Simulated 2D array transducers having
32X 32 and 64 X 64 active elements were also modeled with
square elements of size 0.15 mm with a 0.2 mm center-to-
center element separation. Hence, the aperture size is around
6.4 and 12.8 mm for 32X 32 and 64 X 64 2D arrays, respec-
tively. We used a single transmit focus at 30 mm and dy-
namic receive focus with an F-number set at 2 for both the
lateral and elevational directions. The incident pulses were
modeled to be Gaussian shaped with a 6 MHz center fre-
quency and a 60% bandwidth. The simulations were per-
formed assuming that the sound speed in the phantom was
constant at 1540 m/s and negligible attenuation. The sam-
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FIG. 1. (Color online) Comparison between theoretical prediction and simu-
lation results for the correlation coefficient of pre- and postcompression rf
segments as a function of the lateral position. Results are shown for (a) 1D
array and (b) 32X 32 and (c) 64X 64 2D transducer arrays. The applied
strain was 2%.

pling frequency utilized was 52 MHz. For a 4 X4 X4 cm?
simulated phantom, 200 elevational slices were generated. In
each elevational slice, 400 A-lines were simulated in the lat-
eral direction. So a total of 80 000 (400X 200) A-lines were
acquired in one single 3D scan.

B. Results

Theoretical results demonstrating the variation in the
correlation coefficient are verified using simulated rf data
obtained using a uniformly elastic phantom. Figure 1 shows
a comparison between the theoretical prediction and simula-
tion results for the correlation coefficient of pre- and postde-
formation rf segments as a function of lateral position. Re-
sults obtained using the 1D array and 32X 32 and 64 X 64
2D array transducers are presented. The correlation coeffi-
cient was obtained using a 3 mm rf data segment centered at
a depth of 3 cm from the transducer and at an elevational
distance of 1 cm from the axis of symmetry of the eleva-
tional displacement field. The applied strain was 2%. The
simulation results for the normalized correlation coefficient
are measured using cross-correlation techniques applied to
data segment from pre- and postdeformation rf A-lines. The
error bars denote the standard deviation of the mean correla-
tion coefficient estimates over 12 independent data sets,
which were obtained using 12 independent realizations of the
ultrasound simulation program with randomly distributed tis-
sue scatterers. For the 1D array, we assume that the beam
profile has a Gaussian shape in the elevational direction as
well. To predict the correlation coefficient, the beam width
used in Eq. (8) was obtained by measuring the simulated
ultrasound beam profiles.

As illustrated in the figure, the correlation coefficient
decreases with an increase in the lateral position moving
from the center to the edge of the phantom. This is due to the
increased scatterer motion or displacement across the beam
at the edges of the phantom when compared to the motion or
displacement at the center. Note that the correlation coeffi-
cient decreases faster for the 64 X 64 2D array when com-
pared to the 1D array and 32X 32 array. This difference is
due to the different aperture sizes utilized for the three simu-

M. Rao and T. Varghese: Correlation analysis of 3D strain imaging 1861



et il PRI R [T | (0025
2 [ ] 2| L 2 [l LG i
— — - e VUhE ‘ 1 1H0.02
I Y : g
i {2 = 3l . 1 L Hoot5
RN THRE R SRR
2 2 . < | c R e oot
4 : ] 41 ] afr . A
! B g | 1% 0.005
. .i'" Ll T
-2 0 2 -2 2 -2 0 2
Lateral (cm) Lateral (cm) Lateral (cm)
(a) (b) ()
T ——— T——— U | (0025
ol , o ol ,
— — - ‘ 0.02
£ | E £ '
23 . <3 . 23 . .1 H0.015
@ [} (]
2 2 Z 0.01
a4l ] 4 ap ]
o , ; ¥ 0.005
il | I ——— | i, |
-2 0 2 -2 2 -2 0 2
Lateral (cm) Lateral (cm) Lateral (cm)
(d) (e ()

FIG. 2. (Color online) Simulated axial strain images of a spherical inclusion phantom obtained using [(a) and (d)] 1D array [(b) and (e)] 32X 32 and [(c) and
(f)] 64X 64 2D arrays. The first row presents strain images obtained using 2D motion tracking algorithm without motion compensation in the elevational
direction, and the second row depicts strain images obtained using 3D motion tracking algorithm. The center frequency is 4 MHz.

lated cases. Larger aperture sizes produce narrower beams
and thereby induce faster signal decorrelation.

Furthermore, it can be observed in Fig. 1 that the theo-
retical predictions of the correlation coefficient are slightly
higher than the simulation results. This is because our theo-
retical model assumes that the displacement along the axial
direction has been accurately tracked, in which case the cor-
relation coefficient achieves the maximum value at that po-
sition. The simulation results, however, inevitably contain
errors in the displacement estimates due to the motion track-
ing algorithm and sampling precision. Therefore, the corre-
lation coefficient obtained from simulation is generally lower
than that from theoretical prediction.

Figure 2 presents simulated strain images of the spheri-
cal inclusion phantom obtained using the 1D array [(a) and
(d)] and 32%32 [(b) and (e)] and 64 X 64 [(c) and (f)] 2D
arrays. The first row illustrates strain images obtained using
2D motion tracking algorithm without motion compensation
in the elevational direction, and the second row depicts strain
images obtained using a 3D motion tracking algorithm. In
this study, we used a 1D kernel, which is approximately
3 mm in the axial direction and one A-line along the lateral
direction, to compute the cross-correlation function and to
determine the displacement. A three-point, least squares
strain estimator’> was then used to generate local strain esti-
mates. To better visualize the decorrelation noise in the strain
images, median filters were not used for the displacement
and strain estimated. It is assumed that the spherical inclu-
sion is centered at a depth of 3 cm from the transducer and a
distance of 1.5 cm from the elevational axis (y,=1.5 cm).
The applied strain is 2%, and the center frequency is 4 MHz
with a 60% bandwidth. As expected, the decorrelation noise
has been reduced after elevational motion compensation. The
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strain images obtained using the 64 X 64 2D array are more
sensitive to signal decorrelation due to elevational motion.
This is because the ultrasound beam produced by the 64
X 64 array is narrower along both the lateral and elevational
directions. The noise performance of the 1D array is similar
to that of the 32X 32 2D array, but the inclusion looks
smaller in the strain images [Figs. 2(a) and 2(d)] due to the
poor slice thickness performance. In this example, the 32
X 32 2D array is the best choice for strain estimation as it
provides good performance in terms of the noise level and
spatial resolution.

Figure 3 compares the SNR, and CNR, of the simulated
axial strain images of the inclusion phantom obtained using
the 1D array and 32X 32 and 64X 64 2D arrays shown in
Fig. 2. The quantitative SNR, and CNR, parameters were
calculated using a rectangular region of interest (ROI) within
the inclusion and in the background region, as shown in Fig.
2(a). Note that the image quality is significantly improved
using the 3D motion tracking algorithm, especially for the
64 X 64 2D array.

Figure 4 presents simulated axial strain images of the
inclusion phantom obtained using 32X 32 (left) and 64
X 64 (right) 2D arrays shown in the lateral-elevation plane at
a depth of 3 cm. It is assumed that the spherical inclusion is
centered at a depth of 3 cm from the transducer and on the
elevational axis (yo=0 cm). Observe the decreased decorre-
lation noise at the elevational edges of the phantom obtained
using the 3D motion tracking algorithm, especially for the
64 X 64 2D array.

To illustrate the impact of the center frequency, simu-
lated axial strain images of the inclusion phantom were ob-
tained using center frequencies of 6, 8, and 10 MHz for a
32X 32 2D array, as shown in Fig. 5. Results obtained by
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FIG. 3. (Color online) A bar graph of the signal-to-noise (SNR) and contrast-to-noise (CNR) values of the simulated axial strain images of the inclusion
phantom obtained using 1D array and 32 X 32 and 64 X 64 2D arrays shown in Fig. 2.

applying a compression or deformation of 1% (top) and 2%
(bottom) were compared using a 3D motion tracking algo-
rithm. All the other simulation parameters were the same as
those described in Fig. 4. As expected, increased decorrela-
tion noise artifacts are observed when higher frequencies and
larger deformations are used.

IV. DISCUSSION

2D array transducers represent a promising solution for
the implementation of volume data acquisition for real time
3D strain imaging. The effective aperture size is an important
parameter for 2D array systems since it determines the num-
ber of elements required for a given element size and spacing
between adjacent elements. It is desirable to use a small
number of active elements to obtain good strain images.
Generally, larger apertures provide an improved ultrasound
resolution but introduce increased decorrelation noise arti-
facts due to the narrower beam width. We need to take into
consideration this tradeoff when choosing the aperture size
of the 2D transducer array for strain imaging. Therefore, it is
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FIG. 4. Simulated axial strain images of the inclusion phantom obtained
using 32X 32 (left) and 64 X 64 (right) 2D arrays shown in the lateral-
elevation plane at depth 3 cm. The first row presents strain images obtained
using 2D motion tracking algorithm, and the second row depicts strain im-
ages obtained using 3D motion tracking algorithm. The center frequency is
4 MHz.
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useful to understand how the aperture size and other system
factors affect the correlation between pre- and postdeforma-
tion signals.

Figure 6 presents theoretical correlation coefficient
curves as a function of the aperture size of a 2D array for
different applied strains. The center frequency is 6 MHz and
the fractional bandwidth is 60%. Results are obtained using
3 mm rf segments centered at a depth of 3 cm, in the center
along the lateral direction and 1 cm from the center in the
elevational direction (xo=0 cm; yo=1 cm). As illustrated in
the figure, the decorrelation rate of the rf signal pairs in-
creases with the value of the applied strain. This increased
decorrelation rate is due to the fact that with increased strain
more scatterers would leave the beam, leading to increased
decorrelation, especially for larger aperture sizes.

Figure 7 shows the theoretical prediction of the correla-
tion coefficient versus the 2D array aperture size for different
center frequencies. We assume a fractional bandwidth of
60% for all the cases. Results are obtained using 3 mm 1f
segments centered at a depth of 3 cm, in the center along the
lateral direction and 1 cm from the center in the elevational
direction (xy=0 cm; yo=1 cm). The applied strain is 2%. As
illustrated in the figure, the signal decorrelation rate of the rf
signal pairs increases with the center frequency. This is pri-
marily due to the fact that the ultrasound beam becomes
narrower with the increased center frequency, enabling scat-
terers that are within the predeformation beam to leave the
beam and newer scatterers to come within the beam after
deformation when the beam becomes narrower, especially
for larger aperture sizes.

Figure 8 shows the theoretical prediction of the correla-
tion coefficient versus the 2D array aperture size for rf sig-
nals obtained at different elevational positions. Results are
obtained using 3 mm rf segments centered at a depth of
3 cm, in the center along the lateral direction (x,=0 cm).
The applied strain is 2% and the center frequency is 6 MHz.
As expected, the signal decorrelation rate is larger at the
edges of the target, where the elevational motion is the larg-
est. Signals obtained using larger aperture sizes are more
sensitive to decorrelation caused by the elevational motion
since the beam is narrower for the larger apertures. Note that
the correlation coefficient is independent of the aperture size
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FIG. 5. Simulated axial strain images of the inclusion phantom obtained using the center frequency of [(a) and (d)] 6 MHz, [(b) and (e)] 8 MHz, and [(c) and
(f)] 10 MHz for the 32X 32 2D array. The applied strain is 1% (top) and 2% (bottom).

for rf signals obtained at the geometric center of the target,
where the motion of tissue scatterers in the lateral and eleva-
tional directions is the smallest.

Figure 9 shows the theoretical prediction of the correla-
tion coefficient versus the 2D array aperture size for rf sig-
nals obtained at different depths. Results are obtained using
3 mm rf segments in the center along the lateral direction
and 1 cm from the center in the elevational direction (x,
=0 cm; ypo=1 cm). The applied strain is 2% and the center
frequency is 6 MHz. As illustrated in the figure, the signal
decorrelation rate for the rf signal is higher at shallow
depths. This is because at shallow depths the phase changes
(A @) are larger due to the motion of scatterers in the lateral
and elevational directions. Note that our model estimates the

. 4
£ Tve e e ]
. . e -
S 0.8 WW N .,
E » A A 4
o v A
o 0.7+ v A, b
2 v BN
c A\ A
S 0.6 \ S, A
e —m—s=1% " 1
5 0579 |0 s=2% v 1
o A 5=3% v
049 | —v—s=4% v
T T T T T T
0 5 10 15 20 25 30

Aperture size (mm)

FIG. 6. (Color online) Plots of the theoretical prediction of the correlation
coefficient vs the 2D array aperture size for different applied strains. Results
are obtained using 3 mm 1f segments centered at a depth of 3 cm, in the
center along the lateral direction and 1 ¢cm from the center in the elevational
direction (xy=0 cm; y,=1 cm). The center frequency is 6 MHz.
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correlation coefficient of rf segments after axial motion com-
pensation. Thus, the correlation coefficient is higher regard-
less of the large axial displacement at deeper depths.

V. CONCLUSIONS

In this paper, we investigate the impact of decorrelation
noise in strain imaging, resulting from the motion of tissue
scatterers in all three dimensions. Under the assumption that
the system PSF is separable, as shown in Eq. (7), a theoret-
ical expression has been derived for the signal decorrelation
between pre- and postdeformation rf echo signals. The theo-
retical prediction matches well with the simulation results.
Simulated axial strain images of a spherical inclusion phan-
tom obtained using both 1D and 2D array transducers are
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FIG. 7. (Color online) Plots of the theoretical prediction of the correlation
coefficient vs the 2D array aperture size for different center frequencies.
Results are obtained using 3 mm rf segments centered at a depth of 3 cm, in
the center along the lateral direction and 1 cm from the center in the eleva-
tional direction (xo=0 cm; y,=1 cm). The applied strain is 2%.
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FIG. 8. (Color online) Plots of the theoretical prediction of the correlation
coefficient vs the 2D array aperture size for rf signals obtained at different
elevational positions. Results are obtained using 3 mm rf segments centered
at a depth of 3 cm, in the center along the lateral direction (x,=0 cm). The
applied strain is 2% and the center frequency is 6 MHz.

also presented. A quantitative comparison of the image qual-
ity of strain images obtained using different motion tracking
algorithms demonstrates that 3D motion tracking is neces-
sary for imaging systems using 2D array transducers. For 3D
real time strain imaging, the theoretical derivation presented
in this paper would enable the estimation of optimal param-
eters, such as the aperture size, center frequency, and applied
strain. To detect stiffer lesions at shallow depths, a 2D trans-
ducer array with a smaller effective aperture is a good choice
since it provides high resolution and low decorrelation noise,
and at the same time, fewer elements are required for a given
spacing between elements.
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FIG. 9. (Color online) Plots of the theoretical prediction of the correlation
coefficient vs the 2D array aperture size for rf signals obtained at different
depths. Results are obtained using 3 mm rf segments in the center along the
lateral direction and 1 cm from the center in the elevational direction (x,
=0 cm; yo=1 cm). The applied strain is 2% and the center frequency is
6 MHz.
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