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Abstract:

Two-dimensional (2D) shear modulus reconstructions are performed on an agar phantom

using our previously developed ultrasound lateral Gaussian envelope cosine modulation method
(LGECMM) together with multidimensional displacement vector measurement methods, i.e., the
multidimensional cross-spectrum phase gradient method (MCSPGM), the multidimensional autocor-
relation method (MAM) and the multidimensional Doppler method (MDM). The accuracies of the
obtained 2D reconstructions are compared with each other in addition to those of 1D reconstructions
obtained from the respective ratios of lateral and axial strains.
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1. INTRODUCTION

We previously reported three methods of measuring a
multidimensional displacement vector using an ultrasound
(US) signal phase, i.e., the multidimensional autocorrela-
tion method (MAM) [1,2], the multidimensional Doppler
method (MDM) [1,2] and the multidimensional cross-
spectrum phase gradient method (MCSPGM) [3,4]. These
methods can be applied to the measurement of tissue strain
tensors for shear modulus reconstruction (e.g., breast and
liver) [5-7], blood flow vectors, sonar data and other target
motions. Briefly, in MCSPGM [3,4], a local displacement
vector is estimated using the local echo phase character-
istics, i.e., from the gradient of the phase of the local cross-
spectrum evaluated from the local region echo data. In
contrast, the other two methods use an instantaneous US
phase [1,2]. However, all the methods enable simultaneous
axial and lateral displacement measurements. The meas-
urement accuracies and computational loads of the meth-
ods are compared in [2]. Another displacement vector
measurement method [8] and various axial displacement
measurement methods (see references in [2]) have also
been reported.

Generally, when using such displacement vector
measurement methods, the measurement accuracy of
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lateral displacement is lower than that of axial displace-
ment [1-4]. However, even if the target predominantly
moves or deforms in the lateral direction, the simultaneous
measurements result in the accurate measurement of axial
displacement without lateral modulation [9]. However, a
high vector measurement accuracy is achieved by combin-
ing such a vector measurement method with our previously
developed lateral Gaussian envelope cosine modulation
method (LGECMM) [1,2]. In particular, these methods
improve the measurement accuracy of lateral and eleva-
tional displacements, although such a lateral modulation
method also improves the measurement accuracy of axial
displacement.

In the field of blood flow measurement, such a lateral
modulation approach [10] using a Fraunhofer approxima-
tion [11] has already been applied by other groups [12,13].
In the field of strain measurement, such an approach has
also been applied [14,15]. However, for our tissue shear
modulus reconstruction [6,7], to realize comparably high
measurement accuracies for axial and lateral displace-
ments, lateral modulation frequency is significantly in-
creased [1,2,14] compared with that observed in the
reported application to blood flow [12,13] and tissue strain
measurement [15]. Deeply situated tissues must also be
considered (e.g., liver). Thus, suitable focusing is also
performed, i.e., spherical focusing [1,2,14]. Although the
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modulation methods described in [12,13,15] yield band-
unlimited, modulated spectra using infinite-length apodiza-
tion functions (e.g., ringing expressed by sinc functions),
our developed LGECMM realizes band-limited, modulated
spectra using a finite-length apodization function.
LGECMM causes no aliasing.

Thus far, various applications of axial strain measure-
ments have been reported using axial [16] and multidimen-
sional [17] displacement measurement methods, but with-
out lateral modulation (e.g., diagnosis of cancers of human
in vivo breast [16,17]). In [17], we made manual strain
measurement possible by developing multidimensional rf-
echo phase matching [3,4]. However, reports on shear
modulus reconstruction using measured strain tensor
distributions are limited except for our reports (e.g.,
[18-21]) and the reconstruction using a measured axial
displacement distribution (e.g., [22]). In [18,19], we
reported two-dimensional (2D) shear modulus reconstruc-
tion using regularized strain tensor measurement [20] as
well as regularized 2D shear modulus reconstruction
[20,21] using raw strain tensor measurement. These multi-
dimensional reconstructions have only been stably achiev-
ed on agar phantoms using our developed method of
spatially variant regularization, although on human in vivo
tissues (e.g., breasts [6,18,23] and livers [6,20,21]) only 1D
reconstructions using axial strain have been achieved (i.e.,
using the axial strain ratio [3,9,17] and regularized implicit
integration [6,23]). However, the 2D and 1D reconstruc-
tions with only regularization yield no accurate recon-
struction value. Moreover, 1D reconstruction using the
axial strain is ineffective when the target deforms predom-
inantly in the lateral direction [9].

In this report, we show 2D shear modulus reconstruc-
tion results obtained on an agar phantom in such a lateral
deformation case by applying LGECMM together with
MCSPGM [24], MAM and MDM (Sect. 2). That is, the
target agar phantom was predominantly compressed in the
lateral direction, the displacement of which cannot be
accurately measured by conventional beamforming. In
Sect. 3, we provide a discussion and conclusions.

2. PHANTOM EXPERIMENTS
ON AGAR PHANTOM

We have generated a target agar phantom [33
(axial) x 70 (lateral) x 40 (elavational) mm] having a
central circular cylindrical inclusion (diameter, 10 mm;
depth, 19 mm) with a shear modulus different from that
of the surrounding region. FElasticity was controlled by
adjusting the agar concentration. The agar concentrations
in the cylindrical inclusion and surrounding regions were
7.0 and 3.0%, respectively. To control US attenuation,
graphite powder (concentration, 3.0%) was also added.
The resultant phantom had shear moduli of 3.20 and

0.86 x 10%N/m? in the inclusion and surrounding regions,
respectively. Thus, the relative shear modulus was 3.7. The
phantom was manually compressed by 1.0mm in the
lateral direction. The contact surfaces of the transducer and
phantom were separated by immersing them in water in a
tank; a sponge was placed under the phantom to allow the
phantom to elongate in the axial direction by lateral
compression from the right-hand side using a large plate
(as in Case 1 in [9]). The left surface was fixed to a wall.
The US transducer (LNR5539, Aloka Co., Ltd., Tokyo,
Japan) was of the conventional linear array type with a
nominal frequency of 7.5 MHz. RF-echo data were digi-
tized with a 12-bit resolution at a sampling rate of 30 MHz.
RF-echo data had sampling intervals of 0.0255 and
0.1000 mm in the axial and lateral directions, respectively
(US speed was assumed to be 1,530 m/s). Because we have
no real-time beamformer, we used a classical synthetic
aperture (specifically, a monostatic one). A rectangular
region of interest (ROI) of 11.5 (axial) x 11.8 (lateral) mm
was centered on the inclusion (depths, 13.4 to 24.9 mm).

2.1. Modulations

Figure 1 shows the 2D spectra obtained for the ROI by
(a) conventional beamforming (i.e., nonmodulation) and
(b)-(1i) LGECMM at modulation frequencies of

(b) 3.75MHz by transmitting and receiving spherical
focusings; and transmitting and receiving apodizations,

(c) 1.875 (3.75/2) and (d) 3.75 MHz by only receiving
spherical focusing; and only receiving apodization,

(e) 7.5MHz by transmitting and receiving spherical
focusings; and transmitting and receiving apodizations,

(f) 3.75MHz by transmitting axicon focusing and
receiving spherical focusing; and only receiving apodiza-
tion,

(g) 3.75 MHz realized by (f) plus transmitting apodiza-
tion,

(h) 3.75MHz by transmitting and receiving axicon
focusings; and transmitting and receiving apodizations and

(i) 3.75MHz by only receiving axicon focusing; and

only receiving apodization.
In addition, Figs. 2(a) and 2(b) respectively show B-mode
images (square detection) obtained from the spectra in
Figs. 1(a) (conventional beamforming) and 1(b) (3.75 MHz
modulation). As shown, the lateral speckle size in Fig. 2(b)
is smaller than that in Fig. 2(a).

As confirmed from the spectra in Figs. 1(b)-1(i) and
2(a) and 2(b), we succeeded in lateral modulation using
LGECMM. That is, nonringing spectra with the modulation
frequencies (7.5, 3.75, 1.875 MHz) could be obtained. The
modulated echo data in Figs. 1(b) and 1(c) were obtained
using the same effective aperture size. That is, focusing
and apodization in both the transmission and reception
[Fig. 1(b)] enabled us to achieve the same modulation
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Fig.1 Two-dimensional (2D) spectra obtained by (a) conventional beamforming (i.e., nonmodulation) and (b)—(i) lateral
modulation (LGECMM) at modulation frequencies of (b) 3.75 MHz by transmitting and receiving spherical focusings and
transmitting and receiving apodizations, (c) 1.875 (3.75/2) and (d) 3.75 MHz by only receiving spherical focusing and
only receiving apodization, (e) 7.5 MHz by transmitting and receiving spherical focusings and transmitting and receiving
apodizations, (f) 3.75 MHz by transmitting axicon focusing, receiving spherical focusing and only receiving apodization,
(g) 3.75 MHz realized by (f) plus transmitting apodization, (h) 3.75 MHz by transmitting and receiving axicon focusings
and transmitting and receiving apodizations, and (i) 3.75 MHz by only receiving axicon focusing and only receiving

apodization. The nominal ultrasound frequency, 7.5 MHz.
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Fig.2 B-mode images for ROI obtained by square
detection for (a) conventional beam-forming [i.e., no
lateral modulation of spectra in Fig. 1(a)] and (b)
3.75 MHz lateral modulation of spectra in Fig. 1(b).

frequency (3.75MHz) using a smaller effective aperture
size than that used for only reception [Fig. 1(d)]. Also note
that the bandwidth in Fig. 1(b) is wider than that in
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Fig. 1(d). The use of the transducer also enabled us to
increase the lateral modulation frequency up to almost
7.5MHz, i.e., Fig. 1(e) (however, exactly less than
7.5MHz). However, echo signal-to-noise ratio (SNR)
significantly decreased, as shown by the darker spectra in
Fig. 1(e) than in Fig. 1(b). This was also confirmed by
simulations and will be reported in detail elsewhere. Also
note that, as confirmed by Figs. 1(b) and 1(e), the increase
in modulation frequency decreased the bandwidth, sim-
ilarly to the cases when only receiving modulations were
performed [Figs. 1(c) and 1(d)]. This has already been
confirmed by simulations in [2].

The modulation shown in Fig. 1(f) can be realized for
an ROI in real time, i.e., by transmitting two plane waves
successively or simultaneously with the same steering
angle as those in the case shown in Fig. 1(b). The bandwidth
in Fig. 1(f) became less than that in Fig. 1(b). However,
this is not because no apodization is performed in the
transmission. This can be confirmed from Fig. 1(g), i.e.,
the case shown in Fig. 1(f) plus transmitting apodization.
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displacement dy and (b) axial displacement dx, (c) lateral

strain &,,, (d) axial strain &y, and (e) shear strain &,,; (f) 2D shear modulus reconstruction, and 1D shear modulus

reconstructions using ratios of (g) lateral and (h) axial strain.

That is, when performing axicon focusing, Gaussian
apodization is not effective for increasing the bandwidth.
The ineffectiveness can also be confirmed from the
differences between the bandwidths obtained by spherical
and axicon focusings by comparing Figs. 1(b) and 1(h)
and Figs. 1(c) and 1().

2.2. 2D Shear Modulus Reconstruction by Measure-
ment of 2D Displacement Vector/2D Strain
Tensor

Next, 2D shear modulus reconstructions [5,6] were
performed using laterally modulated echo data. For the
measurement of the 2D displacement vector, MCSPGM

[3,4], MAM [1,2] and MDM [1,2] were used. For 2D

reconstruction, the method using a typical Poisson’s ratio

(0.5) was used under a 2D stress condition. Because the

phantom was predominantly deformed in the lateral

direction, the reference region was set on the right
borderline of the ROI. For comparison, nonmodulated

echo data were also used together with MCSPGM. The
measured displacements obtained using the methods are
shown in Figs. 3-6, i.e., (a) lateral displacement dy and (b)
axial displacement dx. The local region used for phase
matching [2—4] was 1.6 x 0.8 mm. The obtained 2D shear
modulus reconstructions are also shown in (f) together with
the lateral, axial and shear strains &,,, &, and &,, in (c)—(e),
respectively. The cutoff frequency of the differential filter
used was 0.88 mm~!.

As confirmed in the strain images obtained from the
modulated echo data (Figs. 3-5), the stiff inclusion could
not be detected to be circular, although it was detected to
be stably circular in the 2D shear modulus reconstructions,
particularly when using MCSPGM and MAM [Figs. 3(f)
and 4(f), respectively]. The phantom was not accurately
deformed in the lateral direction. This was also confirmed
from the displacement images (a) and (b). Table 1 shows
the means and standard deviations (SDs) of the shear
moduli evaluated in the central rectangular region
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Fig.4 As Fig. 3 using MAM.

(4.0 x 4.2mm) in the inclusion. As shown, the relative
shear modulus of the inclusion was accurately evaluated
(means, 3.75 for MCSPGM and 3.77 for MAM). The result
of MDM (Fig. 5) was unstable and inaccurate compared
with those of MCSPGM and MAM (SD, 0.30 vs 0.28;
mean, 3.34). The difference between the measurement
accuracy of MDM and those of MCSPGM and MAM [2]
results in a difference in reconstruction accuracy. Accord-
ing to the simulation results [2], we can conclude that the
obtained modulated echo data has a high SNR.
Fortunately, in the nonmodulated case, the stiff region
was also detected in the strain and shear modulus images
[Figs. 6(c)-6(f)], although the shape was distorted and the
reconstruction value was inaccurate (mean, 1.55) due to
the low measurement accuracy of the lateral displacement
dy [Fig. 6(a)]. The reason for the distortion can also
be confirmed by comparing the principal lateral strain
[Fig. 6(c)] with the reconstruction [Fig. 6(f)]. However,
in most of the lateral deformation cases, it is difficult to
detect even such a stiff region in the lateral strain image
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and shear modulus reconstruction.

In addition, two 1D reconstructions were also per-
formed for all the echo data, i.e., from the lateral strain
ratio and axial strain ratio. In the reconstruction using the
axial strain ratio, the reference line was set at the upper
borderline of the ROI. The results are shown in (g) and (h)
in Figs. 3-6. Because the phantom was predominantly
deformed in the lateral direction, particularly for the lateral
modulation data, the lateral strain ratio might yield an
equally useful shear modulus reconstruction as the axial
strain ratio in the case where the target is predominantly
deformed in the axial direction [3,23]. However, as
mentioned above, because the phantom was not accurately
deformed in the lateral direction, although the existence of
the stiff region could be confirmed in the 1D reconstruc-
tions, the estimated shape of the inclusion was not circular.
In addition, the estimated mean shear moduli were smaller
than that obtained by simulations (3.1 vs 1.91 to 2.37),
although originally the dynamic range of stiffness was
estimated to be smaller than the original dynamic range
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Fig.5 As Fig. 3 using MDM.

(i.e., an artifact of the 1D reconstruction [6]). In addition,
although the stiff region could be detected, the axial strain
ratio yielded a much less useful reconstruction from the
viewpoint of the accuracy of the reconstruction value than
the lateral strain ratio, as shown in Case 1 in [9] (i.e., a
lateral compression case). This can also be confirmed from
Table 1 (means, 1.10 to 1.32). For the nonmodulated data,
the reconstructed shapes of the stiff region were distorted
[Figs. 6(g) and 6(h)] and the reconstruction values were
inaccurate (means, 1.33 and 1.60).

3. DISCUSSIONS AND CONCLUSIONS

We succeeded in obtaining accurate shear modulus
reconstruction values through actual strain tensor measure-
ment. In our 2D reconstruction approach, only the
assumption of 2D stress enabled accurate reconstruction
[5.6]. In the phantom experiments, a difficult deformation
case was dealt with. That is, in a conventional case, the
principal strain cannot be accurately measured. Both the
feasibility and the effectiveness of combining multidimen-

sional displacement vector measurement methods and
lateral modulation were confirmed by the experiment. This
combination enables accurate, manual strain measurement
and shear modulus reconstruction even for deep ROIs such
as liver tissues, which are inaccessible from the body
surface and are normally deformed by heart motion or
pulsation. Only the attachment of a transducer will enable
measurement and reconstruction by 3D processing. Note
that lateral modulation is also useful for B-mode imaging.

In our approach, we have also improved LGECMM
using parabolic functions or Hanning windows instead of
Gaussian functions for the apodization function [25-30].
The new modulations enable a decrease in the effective
aperture length (i.e., the required number of channels) and
yield more accurate displacement vector measurements
than LGECMM. Although the Fourier transforms of a
parabolic function and a Hanning window result in ringing
effects, the new modulations yield no ringing effects in the
spectra. Thus, we no longer use a Fraunhofer approxima-
tion in lateral modulation [25-30]. In [25,28,31], we also
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Fig. 6 As Fig. 3 using nonmodulated echo data together with MCSPGM.

Table1 Means and standard deviations (SDs in paren-
theses) evaluated for two-dimensional (2D) shear
modulus reconstruction in central rectangular region
(4.0 x 4.2mm) of stiff inclusion (relative shear mod-
ulus 3.7) obtained by MCSPGM, MAM and MDM for
lateral modulated echo data and by MCSPGM for
nonmodulated echo data. Values for 1D reconstruc-
tions obtained using axial and lateral strain ratios are
shown together.

Disp./Recon. 2D Lateral 1D Axial 1D
MCSPGM 3.75 (0.28) 1.91 (0.11) 1.32 (0.10)
MAM 3.77 (0.28) 2.37 (0.10) 1.26 (0.05)
MDM 3.34 (0.30) 2.20 (0.12) 1.10 (0.03)

Nonmodulated 1.55 (0.18) 1.33 (0.16) 1.60 (0.11)

proposed to set the parameters of beamforming and the
transducer to realize the required PSF on the basis of
optimization theory. Such optimization will also be useful
for B-mode imaging. The optimizations are outside the
scope of this report.
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