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ABSTRACT In quasi-static ultrasound elastography, breast tumor classification can be performed by using
the rotation fill-in signature present in the rotation elastogram. This rotation fill-in signature is a benign
tumors marker obtained from lesion rotation as a product of the lateral asymmetric stress field. However,
the well-known low lateral resolution limitation of ultrasound imaging devices reduces the image quality
of the rotation elastograms. Studies using beam-steering, synthetic transmit aperture (STA), diverging beam
with STA, and sub-pitch translation of the ultrasonic beammethods have shown that the rotation elastogram’s
quality can be significantly improved. In this context, we aim to study the feasibility of improving the rotation
elastogram quality by mechanical-assisted spatial compounding of displacement images from different
ultrasound probe angles. Recently, through numerical simulations, we have shown the theoretical feasibility
of this technique. Here, we present the corresponding experimental validation by using tissue-mimicking
gelatin phantoms. Our experimental results show that the contrast-to-noise ratio of the rotation elastogram
can be improved by approximately 5 dB by increasing the number of displacement images used in the spatial
compounding for small scanning angles of about 1◦. This result confirms the prediction of previous numerical
simulations. In addition, we show that the estimation of rotation can be used, in conjunction with the shear
strain, to compute a new parameter to quantify the rotation possibility of the inclusion with respect to its
shearing nature. In conclusion, our method is technically feasible but requires an exhaustive ultrasound probe
position control in synchronism with the ultrasound image acquisition process.

INDEX TERMS Quasi-static ultrasound elastography, rotation elastogram, Shear strain elastogram, spatial
compounding.

I. INTRODUCTION
In quasi-static ultrasound elastography (QUE) of breast
lesions, an effective image of a lesion’s rotation, the so-called
Rotation Elastogram (RE) [1], [2], allows performing a
breast tumor classification by using a benign tumor marker
called rotation fill-in [3], [4], [5]. This arises from benign
breast lesions when the assumption of circularly-symmetric
inclusions is extended to elliptical non-axially oriented
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inclusions (asymmetric). This extension has been motivated
by the fact that fibroadenomas represent the most common
breast lesion in young patients and more than half of benign
breast biopsies [6], [7]. In addition, fibroadenomas are known
to be ‘‘wider-than-taller’’ in sonographic appearance [2], [3],
[6]. Since benign breast lesions tend to be loosely bound to
host tissue, the rotation fill-in signature is a manifestation
of the lesion slipping and rotation as a consequence of
the asymmetrical stress distribution around the lesion. This
asymmetry is introduced by the non-normal orientation of the
benign lesion with respect to the compression axis [3], [8].
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Conversely, malignant breast lesions tend to be firmly bound
to the host tissue due to their irregular and spiculated shape,
which prevents rotation under compression. On the other
hand, the computation of RE images requires incorporating
the lateral shear strain component, which, due to the
well-known limited lateral resolution of ultrasonic images,
increases the noise in the RE images. In this context,
other imaging strategies such as beam-steering, synthetic
transmit aperture (STA), and diverging beam with STA
methods have shown that the noise in the RE images
can be significantly reduced, increasing the quality of the
rotation fill-in pattern [2], [9], [10], [11]. Another way
of improving the RE image quality is by increasing the
number of A-lines. In fact, some studies have shown that new
A-lines can be incorporated by a sub-pitch translation of the
ultrasonic beam or the ultrasound (US) probe itself [12], [13].
Other techniques, such as the use of dynamic programming
elastography in conjunction with Horn-Schunck optical flow
estimation [14], Kalman and nonlinear complex diffusion
filters [15], beamforming with transverse oscillations [16],
[17], and 2D strain tensor regularization method [18], may
also be used to improve the rotation elastogram quality.

We recently presented a numerical study evaluating the
feasibility of RE image quality improvements using a
mechanical-assisted spatial compounding of displacement
images from different US probes angles [19]. Similar beam-
steering [2], in which the ultrasound beam is electronically
steered by conveniently changing the phase of the emitted
pulse for each element, our method proposes physical
rotations of the US probe to change the ultrasound beam
angle. Simultaneously, a quasi-static and small compression
is applied for each ultrasound probe angle to obtain
the displacement images [20]. First, we performed Finite
Element Method (FEM) simulations in ANSYS software
(ANSYS, Inc. Headquarters, Canonsburg, PA, USA) for
a loosely-bond inclined elliptical inclusion, using a sim-
ple friction model without dependence on the pre-stress
distribution. In this FEM simulation, a small quasi-static
compression was applied at different US probe angles.
The output of the FEM simulation was then coupled with
the open software FIELD II (Center for Fast Ultrasound
Imaging, DTU Health Technology, Lyngby Denmark) [21],
[22] to simulate the corresponding ultrasound images of
the pre- and post-compression states. Once the pre- and
post-compression US images were computed, a 2D block
matching algorithm described in [3] was used to estimate
the displacement images for each US probe angle. Using
a transformation coordinate matrix [2], the displacement
images were accumulated to produce the pair of axial and
lateral high-resolution displacement images. Thus, the RE
images were computed, and its elastographic contrast-to-
noise ratio (CNRe) was studied in terms of the maximal
US probe angle and the number of images used in the
spatial displacement compounding. The results showed that
the CNRe of the RE image could be significantly improved
by increasing the number of displacement images used in the

FIGURE 1. Tissue-mimicking phantom scheme. The 2D benign tumor
model consists of a rectangular gelatin phantom of 5% of concentration
and 106 mm× 100 mm × 50 mm dimensions. To emulate the tumor,
we use a hard cylindrical inclusion with an elliptical cross-section with a
gelatin concentration of 10% with major radius a = 8 mm and minor
radius b = 5 mm. The inclusion is loosely-bond to background material,
and its major radius is oriented to about 45◦ with respect to the axial
direction.

spatial displacement compounding for US probe angles of
≈ 1.5◦.
In this study, we present the experimental validation of our

previous numerical results by using a 2D gelatin phantom
(with a harder gelatin inclusion) with a mechanical-assisted
system to apply the compression at different US probe
angles. The spatial displacement compounding process was
performed similarly to the one used in our simulation
study [19]. However, a translation component must be
included in order to consider the spatial translation of the
ultrasound coordinate system as a consequence of the use
of a rotation axis different than the center of the transducer
coordinate system. Our experimental results confirm that
the contrast-to-noise ratio of the rotation elastogram can
be significantly improved by increasing the number of
displacement images used in the spatial compounding for
small US probe angles. In addition, the improvement of
lateral displacement resolution allows estimating the shear
strain elastogram (SSE image), which is used in conjunction
with the rotational to present a new parameter to evaluate the
mobility of the inclusion with respect to its shearing features.

II. MATERIALS AND METHODS
A. SAMPLE PREPARATION AND EXPERIMENTAL SETUP
A 2D tissue-mimicking phantom (Figure 1) was prepared by
mixing 5% concentration by weight (w/c) of gelatin (type
B, bloom ≈ 225, Sigma Aldrich, Burlington, MA, USA)
into 600 mL of distilled water. Once the gelatin powder was
dissolved at 75◦C, the mixture was cooled down to 45◦C, and
a 5% of 75 µm mean diameter glass beads (Sigma Aldrich,
Burlington, MA, USA) were poured to act as scatters and
produce acoustic contrast into the phantom. After pouring the
glass beads, the gelatin mixture was placed into an adequately
sealed rectangular mold of 106 mm×100 mm×50 mm.
To ensure a homogeneous distribution of scatters (glass
beads), the phantom was mounted on a rotatory system
until its solidification. To emulate 2D tumors, cylindrical
hard gelatin inclusions of elliptical shape were prepared
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FIGURE 2. Experimental setup and spatial image compounding scheme. (a) Quasi-static
ultrasound elastography imaging setup used to capture pre- and post-compression RF-raw
data at different US probe tilt angles α. (b) Representative scheme showing the different
coordinate systems used in the spatial compounding of several low-resolution displacement
images between the range [−αmax , +αmax ]. Note that figure (b) does not show the axial
translation uα

p introduced by the pre-compression. (c) B-mode image at α = 0◦ from
simulation study [19]. (d) B-mode image at α = 0◦ from experimental study.

by using ABS plastic molds fabricated by a 3D printer
(Flashforge Dreamer, Zhejiang Flashforge 3D Technology
Co., Ltd, Jinhua, Zhejiang, China) and waterproofed with
enamel paint. Two molds were fabricated: a cylinder (of
major radius a = 8 mm, minor radius b = 5 mm and
106 mm of length) and a rectangular mold with a cylindrical
hole of slightly smaller size. The first ABS mold was fixed
inside the rectangular mold at an inclination of θ ≈ 45◦

and then used to create the hole inside the rectangular soft
phantom. The second ABS mold was used to pour a gelatin-
distilled-water mixture of 10% of w/c and 5% glass beads
to create a hard, loosely-bound elliptical inclusion. The same

protocol of gelatin phantom preparation was used in [23] and
described in [3] and [24], where the gelatin concentration
ratio controlled the inclusion/background contrast modulus.
We expected an inclusion-matrix elastic modulus ratio of
about 2 for our samples.

The experimental validation was performed by using
the quasi-static ultrasound elastographic setup shown in
Figure 2a. An ultrasound linear array probe (Terason 12L5-V,
128 elements, 9 MHz of central frequency, Burlington, MA,
USA) was fixed into an acrylic box attached to a rotation
stage (RP01, Thorlabs Inc., Newton, NJ, USA), which was
controlled manually through a micrometer screw in order to
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impose a US probe angle α. The rotation stage was mounted
on a motorized linear translation stage (WN230TA50M,
Winner Optical Instruments Group Company Ltd., Beijing,
China), which compresses the gelatin phantom in a controlled
manner along its displacement axis, using the motion
controller (WNMPC07, Winner Optical Instruments Group
Company Ltd., Beijing, China). For each US probe angle
α, a pre-compression of ϵα

p = (W/2L) tan(α) was applied
to avoid the loss of contact between the US probe and the
phantom (W is the probe width and L is the sample length).
This pre-compression was applied by a translation stage
attached to a 70 mm× 50 mm compression plate mounted
at the bottom of the acrylic box. After the pre-compression,
a uniform axial compression ϵ0 ≈ 1.5 % was applied. The
ultrasound probe was driven by a Terason ultrasound scanner
(Terason T3000Advanced, Burlington,MA,USA) controlled
by Matlab (R2019a, MathWorks, Natick, MA, USA) and
used to acquire the beamformed radio-frequency (RF) raw
data in a quasi-static manner and synchronized with the
applied axial compression ϵ0. For each angle α, a cine-loop of
beamformed RF raw data was acquired before and after the
axial compression ϵ0. The Terason ultrasonic machine uses
a delay-and-sum beamforming process. The pre and post-
deformation cine-loops of beamformed RF raw data were
acquired using the highest frequency available (12 MHz)
to improve the resolution, single focus to avoid a frame
rate reduction, and an acquisition depth adjusted according
to phantom length. The static angle α was estimated from
the accelerations measured by an inertial sensor with nine
degrees-of-freedom (Grove-IMU 9DOF v1.0 with motion
tracking module MPU-9150, InvenSense Inc., CA, USA)
mounted on the acrylic box at the rotation coordinate system
Orotation, which was placed axially at hs = 3 cm over the
US probe coordinate system Oα (Figure 2a). The inertial
sensor was placed with its x-axis along the gravitational
force, allowing to estimate the US probe angle α =

arctan (ay/
√
a2y + a2z ), where ay and az are the measured

accelerations along the orthogonal plane of the gravitational
force. Despite the high resolution of this sensor (16 bits
for a range between ±2 g to ±16 g along the 3-axis), the
environmental mechanical noise became relevant for small
angle measurements (step 1α = 0.02◦). To reduce this,
the experimental setup was mounted on an optical table, and
the accelerations were averaged during 10 seconds of static
capture, which allowed us to achieve a precision of 5%. The
gelatin concentrations, the axial compression and the shape
of the inclusion were set to maintain coherence with our
previous numerical study.

For each US probe angle α, the axial and lateral displace-
ment images, uz,α and ux,α (shown respectively in Figures 3a
and 3b), were computed by using a multilevel, coarse-
to-fine, 2-D block-matching algorithm described in [3],
[19], and [25]. The displacement images were computed
from the ultrasonic raw RF data captured before and after
the axial compression ϵ0. The normalized cross-correlation

image (CC) was used as a binary filter (pixels over
0.65 were kept) to prevent some bad estimated displacement
data.

B. SPATIAL COMPOUNDING METHOD
The spatial compounding process was performed by con-
sidering the distance hs = 3 cm between the rotation
axis Orotation, and the US probe coordinate system Oα ,
which introduces a translation on both the x-axis and z-axis.
Further, this compounding process incorporates the axial
translation given by uα

p = (W/2) tan(α) of the US probe
coordinate system Oα along the z-axis introduced by the
pre-compression factor ϵα

p (not showed in the Figure 2b).
Thus, both translations are computed by using the following
equations:

Tx,α = hs sinα (1)

Tz,α = −hs(1 − cosα) + uα
p (2)

Figure 2b shows a schematic of the coordinate systems
corresponding to our experimental setup. For each angle α,
the US probe system of coordinates Oα is identified by the
unitary vectors ûα and ûTα , and the displacement images by
ux,α and uz,α (Figure 3a and 3b). Our experiments used small
values of the US probe angular amplitude αmax to reduce the
effect on the inclusion bonding condition described in [19].
The number of displacement images in the compounding
process was controlled by the angular step 1α. Thus, the
compounding process translates to a non-rotated coordinated
system O0 and adds these low-resolution displacement
images ux,α and uz,α by considering the translations intro-
duced by the distance to the rotation axis hs and the
pre-compression factor ϵα

p . As a result, we estimate the
high-resolution displacement images denoted by dx and dz,
which are shown in Figures 3c and 3d, respectively. The
relation between both coordinate systems is given by:

ux,α = d⃗ · ûα = dx cosα − dz sinα + Tx,α (3)

uz,α = d⃗ · ûTα = dx sinα + dz cosα + Tz,α. (4)

Considering a set of many US probe angles, we can write
the above equations as follows:

u⃗ = Ad⃗ + T⃗ + n⃗, (5)

where u⃗ represents the pair of the observed displacements
images ux,α and uz,α at different US probe angles α

within the range [−αmax , +αmax]. A is the transformation
matrix between the US probe coordinated system and the
non-rotated coordinated systemO0. T⃗ is the translation vector
given by the Eqs. 1, 2. n⃗ is the noise contribution of the
displacement images along each scanning angle α. d⃗ is the
high-resolution displacement image with components dx and
dz at the non-rotated coordinated system O0 as results of
the spatial image compounding process [1], [2], [26]. The
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description of these variables is shown below:

u⃗ =



Ux,−αmax
...

Uxαi
...

Ux,αmax
Uz,−αmax

...

Uz,αi
...

Uz,αmax



,

A =



cos (−αmax) sin (−αmax)
...

...

cos (αi) sin (αi)
...

...

cos (αmax) sin (αmax)

− sin (−αmax) cos (−αmax)
...

...

− sin (αi) cos (αi)
...

...

− sin (αmax) cos (αmax)



,

T⃗ =



hs sin(−αmax)
...

hs sin(αi)
...

hs sin(αmax)
−hs(1 − cos(−αmax)) + (W/2) tan(−αmax)

...

−hs(1 − cos(αi)) + (W/2) tan(αi)
...

−hs(1 − cos(αmax)) + (W/2) tan(αmax)



,

and d⃗ =

(
dx
dz

)
.

The inversion of Eq. 5 is given by:

d⃗ =

(
ATA

)−1
AT (u⃗− T⃗ − n⃗) ≈

(
ATA

)−1
AT (u⃗− T⃗ ), (6)

where the elastographic noise term n⃗ is independent of
the angle α and then is considered to vanish when the
compounding is performed.

C. ROTATION ELASTOGRAM AND SHEAR STRAIN
ELASTOGRAM
Once the high-resolution displacement was obtained through
Eq. 6, the RE images were computed as:

ωzx =
1
2

(
∂dz
∂x

−
∂dx
∂z

)
. (7)

Note that to compute the RE images using Eq. 7, the staggered
method, described in [27], was utilized to reduce the noise
from the gradient operation:

Similarly, the improvement of the resolution in the lateral
displacement facilitates computing the SSE image as:

ϵzx =
1
2

(
∂dz
∂x

+
∂dx
∂z

)
. (8)

The quality of both RE and SSE images were quantified by
the CNRe parameter, defined as:

CNRe =
2 (mi − mo)2(

σ 2
i + σ 2

o
) . (9)

Here,mi andmo are the averageωzx (or ϵzx) values within a
specific area inside and outside the lesion, respectively, and σi
and σo are their respective standard deviation values [2], [12],
[26] that characterize the variability of ωzx (or ϵzx). To define
these (RE or SSE) image areas, the lesion contour was first
manually outlined from the axial strain elastrogram image
(ASE image) (Figure 4a) and then was moved up along the
axial direction to define the outside lesion area (Figure 4b).
These areas are used to define two binary filters to compute
the mi and mo values of the RE image (or SSE image) with
their respective variances (Figures 4c and 4d).

III. RESULTS
We have performed two experiments of the spatial com-
pounding process by using a loosely-bound elliptical inclu-
sion with an inclination of ≈ 45◦. For the first experiment,
we consider a maximal angular compounding amplitude
of αmax = 1.5◦ and a step of 1α = 0.2◦ (15
displacement images). For the second experiment the values
were αmax = 1◦, and 1α = 0.02◦ (100 displacement
images). An orientation of ≈ 45◦ of the elliptical inclusion
was used to maximize the rotation behavior. The inclusion
was released for each US probe angle by translating the US
probe until the loss of contact with the phantom and manually
moving the inclusion. This last process was used to eliminate
any adhesive behavior on the inclusion as a consequence of
the previous manipulation, thus ensuring its free rotation for
each new US probe angle.

Figure 5 shows the results of the spatial compounding
process for the second experiment at different angular
amplitudes ranging from αmax = 0◦ (top images, without
compounding) to αmax = 1◦ (bottom images). Figure 5a) and
b) depicts the high-resolution lateral displacement images
dx , and their respective RE images. Qualitatively, we can
observe that the compounding process gradually increases the
quality of the displacement image dx , and the rotation fill-in
signature becomes visible on the RE image, meaning that
the contrast improves while the angular amplitude increases.
Additionally, we note that the elastographic noise in the RE
image was reduced, as described by the term n⃗ in Eq. 6.

To quantify the improvement of the rotation fill-in
signature on RE images due to the mechanically assisted
spatial compounding method technique, we compute the
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FIGURE 3. Spatial image compounding process.(a) Low resolution axial displacements images,
uz,α at 3 different US probe angles; from top to bottom α = −αmax = −1◦, α = 0, and
α = +αmax = 1◦. (b) Corresponding low-resolution lateral displacement images at the same US
probe angles. (c) High-resolution axial displacement image dz .(d) High-resolution lateral
displacement image dx . These last two images are produced by the spatial image
compounding process of several displacement images ranging between [−αmax , +αmax ].

contrast-to-noise ratio CNRe, described by Eq. 9. Figure 6a
shows the CNRe as a function of angular compounding
amplitude αmax for both above experiments (1α = 0.2◦ and
1α = 0.02◦). The lesion outline was manually obtained and

is shown in Figure 4. The same outline was used for all αmax
values. At αmax = 1◦, we observe a contrast amelioration
of 2 dB for the first experiment (1α = 0.2◦) and a more
relevant improvement of 5 dB for the second one (1α =
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FIGURE 4. Contrast-to-noise estimation (CNRe).(a) ASE Image with lesion
contour (yellow line). (b) RE image with the lesion (black) and the
background (white) outlines. This was obtained by axially moving the
lesion outline. (c) A binary image was computed from the lesion and
background outline. (d) Masking of RE image lesion and background
areas. The (c) and (d) images are only representatives of the masking
process. In fact, both the lesion and background areas are processed
separately.

0.02◦). This result is consistent with our simulation study [19]
(see segmented lines in Figure 6a), and shows that the use
of more displacement images in the compounding process
reduces the noise term (n⃗). Figure 6b shows the averaged
values of mi = ωzx inside the lesion for both experiments.
Error bars represent the standard deviation values σi. In this
curve, we can observe that, while the average value of mi
reaches 4×10−4 rad, the elastographic noise was reduced
by a factor of almost 3. This shows that the noise reduction
(by increasing the number of displacement images) controls
the contrast enhancement of the RE image over the angular
compounding amplitude αmax .

IV. DISCUSSION
The experimental study presented here demonstrates that
improving the RE image quality is technically feasible by
compound displacement images from different US probe
angles, which validates our previous simulation results [19].
Our results (see Figure 6a) show that the contrast-to-noise
CNRe enhancement of the rotation signature as a function
of the angular compounding amplitude αmax follows the
prediction done by our numerical study ( [19]), it means the
CNRe can be improved for small range of scanning angles
αmax if we increase the number of displacement images.
In fact our results, shown an improvement of 2 dB for
αmax = 1.5◦, using 30 displacement images (1α = 0.2◦)
and 5 dB for αmax = 1◦, using 100 displacement images
(1α = 0.02◦). These results are comparable with the
numerical results presented previously in [19], despite the

difference between the axis of rotation used in both studies
and the fact that the simulation study does not consider the
bonding dependence of the pre-stress distribution introduced
by the US probe when a pre-compression uα

p is applied.
Note that this behavior can limit the inclusion rotation,
reducing the performance of the spatial image compounding
( [23]). The introduction of this scenario in our simulation
requires a suitable bonding model that considers a pre-stress
dependence. For this reason, we have focused our study
on the RE image quality improvement for small angles
(αmax = 1.5◦), and we showed that the CNRe could be
enhanced by reducing the angular step size 1α, (namely,
by increasing the number of displacement images used in
the spatial compounding). This can be intuitively understood
if we consider that the spatial compounding is actually an
average of displacement images, where the elastographic
noise n⃗ is reduced during the averaging process (see 6).
This can be visualized in Figure 6b, where the average ωzx
value inside the inclusion reaches a plateau, showing that
the pre-compression does not modify the bonding nature of
the inclusion, while the standard deviation is reduced by
a factor of 3. The observed top corner artifacts may arise
from the absence of a perfectly sliding condition of the
compression plate and/or from its size, which is smaller
than the sample width, introducing an undesirable shearing
behavior around its corners. To avoid this, it is necessary
to lubricate the compression plate and increase its size.
We know that using larger angles with a coarse step may
be more suitable for clinical translation, but using larger
angles needs a greater pre-compression, which is challenging
to perform experimentally. Additionally, using larger angles
with a coarse step will not necessarily enhance the rotational
fill-in. In fact, our simulations for amplitude angle of 10◦

using a scanning step of 0.2◦ (100 displacement images)
predict an improvement of 6 dB. Nevertheless, a trade-off
between the amplitude angle and the angular stepping would
allow the rotational contrast to improve further, enabling the
computation of the rotational under in-vivo conditions.

We note that the quality improvements on the rotational
elastogram images described here are consistent with pre-
vious studies using angular imaging compounding methods
with beamforming techniques such as beam-steering [9],
[10], [11], [12], [13], but without the physical limitations of
angular sensitivity of the linear array used in breast tumor
scanning. Furthermore, access to the lateral displacements
allows the computation of other types of elastograms, such
as the lateral strain and shear strain (8). This last, in addition
to the rotation elastogram may be important if we want to
compare the rotation ability of a lesion with its shearing
nature. In fact, the SSE image, ϵzx , is shown in Figure 7a,
where we can observe shearing fill-in, which reveals that the
inclusion is not absolutely free of rotation. The co-existence
of rotation and shearing also explains the reason why the
rotation variability is larger. It means, despite the rotation
fill-in is improved, its mean value is actually small, 2-
4x10−4 rad, making that its variability became relevant. The
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FIGURE 5. RE images obtained from the high resolution displacement images dz and dx for different angular
scanning amplitude αmax using an angular scanning step of 0.02◦ (100 images). (a) High resolution lateral
displacement images dx for αmax = 0, 0.33, 0.67 and 1◦ (top to bottom). (b) Corresponding RE images
computed by applying 7.

improvements in shear strain image quality as a function of
angular amplitude αmax are shown in Figure 7b, where it can
be seen a similar behavior than the observed for the rotation
elastogram (Figure 6b). The existence of both behavior,
rotation and shearing, explains why the rotation signature is

not as notorious as in other studies and allows us to define a
new parameter to quantify the rotation ability of the inclusion
with respect to its shearing nature. To do this, we compute
the ratio between the average rotation with respect to the
average shear strain fill-ins of the inclusion as a function of

VOLUME 12, 2024 74133



T. Zagaglioni et al.: Rotation Elastogram Estimation Using Mechanical Assisted Spatial Compounding

FIGURE 6. Contrast-to-noise enhancement CNRe and average ωzx values. (a) CNRe values as function of the angular
scanning amplitude αmax for two values of the angular scanning step 0.2 and 0.02◦ (black circles and red diamonds). The
segmented lines correspond to the simulation results described in [19]. (b) average ωzx values inside the lesion, mi ,
as function of the angular scanning amplitude αmax for an angular scanning step of 0.02◦. The error bars represent the
standard deviation values σi .

FIGURE 7. SSE image (8) and rotation to shear strain ratio inside the inclusion. (a) ϵzx estimated from the high resolution
displacements images for αmax = 1◦ and an angular scanning step of 0.02◦. (b) average ϵzx values inside the inclusion as
a function of the angular scanning amplitude αmax . (c) ratio between the average ωzx and average ϵzx values inside the
inclusion. The error bars represent the standard deviation values.

angular amplitude αmax , see Figure 7c. We observe a more
drastic reduction of the error bars and a more stable behavior
of the mean values as a function of angular amplitude αmax ,
showing that this parameter may be more robust than rotation

and shear strain fill-in separately. However, more exhaustive
studies are necessary to evaluate if this parameter is more
suitable to differentiate between loosely and firmly bounded
inclusions.
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The in-vivo application of this spatial compounding during
hand-held US scanning procedure requires a real-time,
measuring of the US probe angle and position, synchronized
with the RE image in in-vivo calculation. This could be
technically hard to address because it is necessary to capture
the US probe angle and position with high precision, which
implies the use of a small scanning step (larger amount
of displacement images) to improve the rotational and to
compensate the US probe coordinate system position for any
movement of the US probe along with a real-time feedback
guidance procedure for the hand-held RE image quality
enhancement. Nevertheless, we believe that this method may
be more suitable to be implemented in conjunction with
techniques such as robotic palpation [28], [29], where the
motion of the ultrasound probe can be achieved accurately
through the use of a robotic system while the elastographic
images are estimated or by incorporating internal actuators
within the ultrasound probe, like was described in [13]
for sub-pitch approach to overcome the lateral resolution
limitations. Whatever the approach, we think it may be
relevant for the translation of this ultrasonic technique
to situations or regions where the use of inexpensive
imaging technology and/or portable ultrasound equipment is
necessary. However, finding the optimal trade-off between
the stepping angle and the angular amplitude would enable
the election of one of these approaches. Even though the
clinical significance of this study is limited in comparison
with studies were Young’s modulus, Poisson’s ratio, and
others parameters, are estimated [30], [31], [32], the rotation
elastogram is a direct estimation of the macro-mechanical
behavior of benign tumors as fibroadenomas andmay be used
as a complementary parameter to improve the breast tumor
diagnosis using ultrasound elastography. Furthermore, the
use of machine and deep learning methods can improve tissue
motion estimation, which can become relevant for enhancing
the quality of RE image [33].

V. CONCLUSION
In summary, we have demonstrated that it is techni-
cally feasible to improve the rotation elastogram image
quality for small angular amplitude values αmax if the
number of displacement images used during the spatial
image compounding is increased, which reduces the elas-
tographic noise during the compounding process. Despite
some differences between simulations and experimen-
tal methodologies, the experimental results confirm the
prediction of our simulation study. However, its clini-
cal applicability requires an exhaustive US probe posi-
tion control synchronized with the US image acquisition
process.
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