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Abstract—Automated breast volume scanner (ABVS) is an
ultrasound imaging modality used in breast cancer screening.
It has high sensitivity but limited specificity as it is hard to
discriminate between benign and malignant lesions by echogenic
properties. Specificity might be improved by shear strain imaging
as malignant lesions, firmly-bonded to its host tissue, show
different shear patterns compared to benign lesions, often
loosely-bonded. Therefore, 3-D quasi-static elastography was
implemented in an ABVS-like system. Plane-wave instead of
conventional focussed transmissions were used to reduce scan-
times within a single breath-hold. 3-D strain tensor was obtained
and shear strains were reconstructed in phantoms containing
firmly- and loosely-bonded lesions. Experiments were also sim-
ulated in finite-element-models (FEM). Experimental results,
confirmed by FEM-results, indicated that loosely-bonded lesions
showed increased maximal shear strains (~ 2.5%) and different
shear patterns compared to firmly-bonded lesions (~ 0.9%).
To conclude, we successfully implemented 3-D elastography in
an ABVS-like system to assess lesion bonding by shear strain
imaging.

Index Terms—Automated Breast Volume Scanner, ultrasound,
elastography, shear strain, breast, cancer, plane wave, quasi-static
elastography

I. INTRODUCTION

REAST CANCER is the most commonly diagnosed type

of cancer and leading cause of cancer death in women
worldwide [1]. To reduce mortality and improve survival
prospective, early and accurate diagnosis of breast cancer
is necessary. In breast cancer detection, mammography is
currently the gold standard and is based on differences in x-ray
absorption between fatty and cancerous tissue. Unfortunately,
mammography has a reduced sensitivity in women with dense
breast tissue, i.e. the ratio non-fatty (glandular) to fatty tissue
is increased.

As alternative for mammography, ultrasound imaging is
widely used and is especially suitable for women with dense
breasts. The limitation of ultrasound is the use of hand-
held transducers resulting in an operator depending imaging
method. To overcome this limitation, the automated breast
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volume scanner (ABVS) (Siemens healthcare, Issaquah, WA,
USA) was introduced. This scanner consists of a 1-D array
ultrasound transducer of 123 mm that translates over the breast
while collecting ultrasound data by conventional focussed line-
by-line acquisitions (scan time per volume approximately 60
s). Next, a 3-D volume of the breast can be reconstructed, and
detection and classification of breast lesions can be performed
based on echogenic properties of tissue structures in breast.

In the past years, several clinical studies were published
that investigated the clinical performance of the ABVS and
they reported high sensitivity and specificity in differentiating
benign and malignant lesions [2], [3]. In these studies, patients
were mostly only included if they already had a clinical reason
to undergo a breast examination or biopsy. However, Wojcinski
et al. [4] investigated specifically the clinical performance of
the ABVS in breast cancer screening. They reported that the
ABVS is a reliable imaging method with high sensitivity and
fair inter-observer agreement. Conversely, they also reported a
high number of false-positive results which may lead to high
recall-rates, expensive second-look ultrasound examinations,
and unnecessary biopsies. Therefore, improving the specificity
of the ABVS would be of interest to improve breast cancer
detection and screening.

Mapping of mechanical properties of different breast tis-
sues might be a solution to improve discrimination between
malignant and benign lesions, and so to increase specificity.
Krouskop et al. [5] reported that Young’s moduli of ductal
carcinomas (300-500 kPa) were higher than for benign breast
tissue (e.g. fibrous, glandular, and fatty tissue were reported
to have Young’s moduli of 200, 60, and 20 kPa at 20%
pre-compression, respectively). Quasi-static elastography, as
proposed by Ophir et al. [6], is one of the ultrasound-based
methods to visualize these differences in stiffness by obtaining
strain images. Briefly, pre- and post-deformation ultrasound
data sets of the target tissue are recorded and cross-correlated
to calculate displacements and strain values. In the past
decades, quasi-static elastography has been further improved
and evaluated including the development of coarse-to-fine
cross-correlation based displacement estimation strategies [7],
[8], the introduction of a least-square-strain estimator [9],
and evaluation of the clinical performances in breast cancer
detection. Sadigh et al. [10] concluded in a systematic review
of clinical studies that quasi-static breast elastography has a
good diagnostic performance in discriminating between benign
and malignant lesions. Another development has been the
expansion of quasi-static elastography to the third dimension
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(3-D) since the introduction of 2-D array transducers [11], and
1-D array transducers that were swept in elevational direction
[12], [13], [14]. In a recent study [15], we successfully imple-
mented 3-D quasi-static elastography in a volumetric breast
scanner and especially focussed on axial strain as a measure
for lesion stiffness. However, besides stiffness, lesion bonding
might also be an excellent choice to discriminate between
benign and malignant lesions, and more specifically between
fibro-adenoma and carcinoma. In the fifties, Fry [16] reported
that fibro-adenoma are loosely-bonded to their surrounding
tissue whereas carcinomas are firmly-bonded. Discriminating
by lesion bonding would be of added value, since stiffness of
fibro-adenoma and some types of carcinomas are quite similar
at lower pre-compressions [5].

In 2000, it was demonstrated that it is feasible to visu-
alise lesion mobility by ultrasound shear-strain imaging [17].
Thitaikumar et al. [18] showed in finite element simulations,
phantoms and in-vivo studies that axial-shear strain distribu-
tion around a lesion is highly affected by the lesion bonding.
The potential of shear-strain imaging in lesion classification
was confirmed by Xu et al. [19]. Their study (123 patients)
resulted in a sensitivity and specificity of 0.86 and 0.80
respectively in classifying breast lesions by normalised axial
shear-strain distributions. In these and other studies [20], [21],
only the axial-shear strain component is used to evaluate
lesion bonding since this component is of superior quality
compared to the lateral-shear component. In the axial-shear-
strain-approach, the operator has to rotate the probe until the
maximum shearing occurs in the 2-D imaging plane. In 3-
D, we want to avoid this user dependency and therefore a
parameter is required which is not depending on imaging plane
or the direction of shearing. Hence, we propose the maximal
shear strain parameter, since it does not only take into account
the axial-lateral shear component but also all other shear
strain components. Multiple approaches have been developed
to calculate the (3-D) strain tensor (e.g. Lagrangian speckle
model estimators [22], [23]; multilevel hybrid strain algo-
rithms [24] and normalized cross-correlation). In this study, we
implemented iterative multilevel normalized cross-correlation
[25] and least-squares-strain estimation [9] to calculate the
entire 3-D strain tensor.

First steps in the implementation of elastography in the
ABVS were shown in recent studies [15], [26]. Tyagi et al.
[26] proposed a method to obtain shear moduli in breast
tissue by conventional ABVS scanning. Although initial results
are promising, this method has some practical limitations. To
prevent and correct for motion and breathing artefacts, 20
volumes had to be obtained with a total scan time of =15 min-
utes. Plane-wave imaging can reduce the scan times such that
two entire volumes can be obtained within one breath-hold.
Furthermore, post-processing times and data storage space can
be reduced when only two volumes have to be processed
to calculate elastic properties. Finally, this study only used
the axial displacement component to determine mechanical
properties, whereas lateral and elevational displacement, and
(shear-) strain components might provide additional informa-
tion about breast lesions and tissue.

Therefore, in this study, quasi-static elastography was im-

plemented in a 3-D ABVS-like system to reconstruct the entire
3-D strain tensor and to enable evaluation of all (shear-)
strain components. To prevent breathing artefacts in future
in — vivo examinations, scan times were decreased below
one breath-hold (< 10 s) by ultrasound plane-wave instead of
conventional line-by-line acquisitions. Summarized, the aim of
this study was to verify whether it was possible to implement
3-D volumetric shear-strain imaging combined with plane-
wave acquisitions in an ABVS-like system to improve lesion
discrimination by bonding.

II. MATERIALS AND METHODS

A. Plane-wave imaging

Plane-wave imaging is an ultrasound technique [27], [28]
in which multiple subsequent elements (e.g. 128) are excited
with fixed difference in delay between adjacent elements to
generate an unfocused so-called plane wave. Subsequent, the
reflected and scattered radio-frequency (RF) signals are col-
lected for each transducer element (RF-element data). Finally
beam-formed RF-data can be reconstructed from RF-element
data by applying a beam-forming algorithm. In this study,
we utilize delay-and-sum (DAS), a technique based on the
expected time-of-flight in the RF-element data, to reconstruct
every point defined in the ultrasound grid [29]. The used
ultrasound grid had a resolution of 21 um (axial, £6 points
per wavelength) and 82 pm (lateral, 2.4 points per pitch).
Furthermore, apodization (70 % hamming window) and an
F-number of 0.875 were implemented in receive. As the
RF-element-data were recorded frame-by-frame in ABVS-like
scanning, the RF-data were also beam-formed frame-by-frame.

B. Displacement estimation

Axial, lateral, and elevational displacements (u, u; and u,
respectively) were calculated by cross-correlation of pre- and
post-deformation beam-formed RF-data volumes. An iterative
3-D cross-correlation algorithm was used to calculate the
displacements [30], [15], [25]. In the first step, 3-D cross-
correlation was performed on axially down-sampled enve-
lope data (factor eight) to find a coarse estimate of the
displacements. In subsequent steps, the search kernel size was
reduced and 3-D cross-correlation was performed on RF-data
with the displacement of the previous iteration as offset to
calculate more accurate displacements at sample level. As
finer kernel settings were used in every subsequent iteration,
the spacing in the displacement grid also decreased for each
iteration (table I). In the final iteration, displacements were
calculated for every single frame in the elevational direction
(500 pm), every 15 sample points axially (315 um), and every
4 lines laterally (328 pm), resulting in axial and lateral kernel
overlaps of 60% and 80%, respectively. The window and
kernel sizes, and displacement grid settings for all iterations
were based on [31] and can be found in table I. After the
final iteration, the cross-correlation peak of each displacement
point was interpolated (3-D, spline) to calculate displacements
on subsample level.
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TABLE I
OVERVIEW OF KERNEL AND SEARCH WINDOW SIZES, AND RESOLUTION OF THE DISPLACEMENT GRID FOR EACH ITERATION. ENVELOPE DATA (ENV)
WERE USED IN THE FIRST ITERATION AND RF-DATA IN ALL SUBSEQUENT ITERATIONS.

Iteration Kernel Window Resolution

(ax x lat x ele) pm?® (ax x lat x ele) pum3  (ax x lat X ele) pum
1 — envy 4200 z 820 x 1500 8400 x 1722 x 4500 2520 x 2624 x 500
2 - RF 2100 « 820 =z 1500 4200 x 1722 x 4500 1260 x 1312 x 500
3— RF 1050 x 410 = 1500 2100 = 902 z 4500 630 x 656 = 500
4— RF 525 x 410 x 1500 1050 902 x 4500 315 x 328 x 500

tAxially and laterally down-sampled (factor six and two respectively).

C. Strain estimation
11-by-1 point least-square-strain estimation [9] was used to
calculate the following strain components (s):

Si,j = Oz
J

D

with w; displacements in ¢ direction derived to x; in j
direction, i € (z,y,2), and j € (x,y,z). Axial, lateral
and elevational directions are represented by z, x and y
respectively.

The 3-D strain tensor was reconstructed by these compo-
nents according to the next equation:

Exx Exzy Exz
Cij = |Cyx Cyy Eyz| =
Ezox Ezy Ezz
Sey+Sya SzztSza (2)
Sxx ) )
Syz+Say SyzT5zy
2 Syy 2
SzztSaxz SzytSyz P
2 B) zz

To calculate the 3-D maximal shear strain (€3pspear), first
the three eigenvalues of the strain tensor were calculated which
represent the principal strains (€prin1, 2 and 3)- The difference
between the maximal and minimal principal strain values
(prin1 and €p,4,,3, respectively) represents the maximal shear
strain [32]:

Eprinl 5 5pr7,n37 (3)
with Eprinl Z Eprin2 and Eprin2 Z Eprin3
As the elevational resolution might be insufficient for dis-
placement and strain estimations, the 2-D maximal shear strain
(€2Dshear) Was also calculated analogous to €3pspeqr but
neglecting the elevational strain components:

€3Dshear =

Eprinl — Eprin2
prin prin
€2Dshear = 9 3 (4)

with Eprinl Z Eprin2

D. Shear-strain phantom

Two block phantoms (40 mm x 40 mm x 40 mm) containing
each an ellipse-shaped lesion were made from polyvinyl
alcohol (PVA) (Mw 85,000-124, 000; Sigma-Aldrich GmbH,
Steinheim, Germany) with 1% silica scatter particles (silica gel
60, 0.015-0.040 mm; Merck KGaA, Darmstadt, Germany) as

described by Surry et al. [33]. To ensure homogeneous freez-
ing of the phantom and homogeneous mechanical properties,
PVA was dissolved in 60% demineralized water and 40% ethy-
lene glycol (technically suitable as anti-freezing liquid; Sigma-
Aldrich GmbH, Steinheim, Germany). Phantom 1 contained
a lesion that was firmly bonded to its surrounding whereas
phantom 2 contained a loosely bonded lesion. To produce
different kind of bonding situations, first lesions (ellipsoid;
length, width, and height of 8.5, 8.5, and 10 mm respectively)
were made by freeze-thawing a 10% PVA solution once. Next,
only the loosely-bonded lesion was coated with a thin layer
of latex. Liquid PVA solution (7.5%) was poured at 40°C in
two block-shaped moulds in which the lesions were hung by
a wire in the mould centre. The coated lesion did not bond
to its surrounding whereas the other non-coated lesion could
be considered as bonded due to cross-linking of the lesion
PVA with the surrounding PVA. Finally, the block phantom
underwent two freeze-thaw cycles. Afterwards, the lesion-to-
surrounding ratio of axial strain (€:z;..:0, ° €zzeurrounding)
was experimentally determined as approximately 4 : 1 in
both phantoms. This ratio was also used in the finite element
simulations.

E. Experiment

The two shear-strain phantoms were positioned under a
custom-build translational stage that enabled vertical and hor-
izontal translation of a mounted L12-5 50 mm transducer
(ATL, Bothell, WA, USA) that was connected to a Verasonics
V1 ultrasound research system (Verasonics, Kirkland, WA,
USA) to enable plane-wave imaging. An ultrasound trans-
parent membrane (S2000, Siemens healthcare, Issaquah, WA,
USA) was positioned between the phantom and ultrasound
transducer. To collect pre-deformation data, element data were
recorded every 0.5 mm (elevational direction) by plane-wave
acquisitions. As this transducer was multiplexed by subsets
of subsequent 128 elements, three sub-acquisitions were used
to cover the entire field-of-view. Therefore, a plane wave
was transmitted by a sub-set of the first, centre and last 128
elements, and received by the first, centre and final 85 elements
respectively. All sub-acquisitions were subsequently acquired
with 8 kHz, which we consider to be a high enough pulse
repetition rate to assume all sub-acquisitions were acquired
at equal elevational position. The transducer translated with a
constant speed 20 mm-s~! while collecting data. According to
[15] and [34], collected RF-data, and displacement and strain
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estimates are minimally affected by this speed. Thereafter, the
acquisitions were repeated but the transducer and membrane
were lowered (0.5 mm axially) to ensure deformation of the
entire phantom and not only under the transducer surface.
Next, element data were collected post-deformation. The entire
protocol was performed for both phantoms. After the data
collection, the obtained ultrasound data were beam-formed,
and displacements and strain were calculated as described
earlier.

FE. Finite element model

To compare experimental with theoretically expected results
and to evaluate different degrees of bonding, the experiments
were also simulated by a finite element model similar as in [18]
but extended to the third dimension in this study. Therefore, the
experimental phantoms were mimicked in the finite element
package ANSYS Mechanical 17.2 (ANSYS, Canonsburg, PA,
USA). A block phantom (40 mm x 40 mm x 40 mm; Young’s
modulus 20 kPa) was simulated with an ellipse-shaped lesion
(length, width, and height of 8.5, 8.5, and 10 mm respectively;
80 kPa) and an angle of 15° between the longest lesion axis
and axial ultrasound axis to match the experimental config-
uration. The Young’s modulus ratio (lesion to surrounding)
was similar as the same strain ratio in the experiments (see C.
Shear-strain phantom). For the simulations, the bottom plane
was fixed; axial (z) displacement of 0.5 mm was applied
homogeneously to the top lateral-elevational (x-y) plane and
all side planes were free to displace. The coefficient of friction
between the surfaces of the inclusion and surrounding was
varied between 0.001 (fully loosely) and 10 (firmly bonded)
to simulate different levels of lesion bonding. This coefficient
is the ratio of the frictional resistance and normal force acting
between two surfaces. Next, the simulated displacements were
exported and interpolated from the mesh grid positions to the
same displacement grid used for the experimental data. Finally,
the strain components were calculated as described before.

G. Post-processing

Elastographic signal-to-noise ratio (SN R) and contrast-to-
noise ratio (CNR) of the shear strain results (€2pspeqr and
€3Dshear) Were calculated [35]:

SNR = Ssignal 7 (5)

Osignal

2
CNR — 2(5’;2‘9”@[ - Sgack:g’r‘ound) ) (6)
Usignal + Uback:ground

The shear strain values in a 4.5 mm thick shell around the
lesion were considered as signal (Ssignai). The background
signal (Spackground) Was represented by shear strain values
measured in two spheres right and left above the lesion, see
Fig. 1.

Fig. 1. a) 3-D visualisation of region-of-interest (ROI) of Ss;gnq; (1) and
Shackground (2) used to calculate SN R and C'N R values. The ROI of (1)
includes only a 450 pm thick area around the annotated lesion; b) example
of experimentally acquired log-compressed B-mode image of the XZ-plane
through the centre of the loosely-bonded lesion with the ROI of (1) and (2)
indicated. The position of the background ROI was similar as in [31], [35],
but extended to the third dimension.

III. RESULTS

A. Displacements

In Fig. 2 and 3, the lateral (u,), elevational (u,) and
axial (u,) displacement fields of both phantoms as obtained
by simulations and experiments are visualized. Since a z-
deformation (0.5 mm) was applied, it was expected that u,
showed a gradient from 0 to 0.5 mm, which was confirmed by
both the simulated and experimental results in both phantoms
(Fig. 2c, f, and 3c, f). Furthermore, the u, and u, were
expected to have a range between —0.25 and +0.25 mm
as incompressibility was assumed as can be seen in the
simulated results in Fig. 2. In the experimental results (Fig. 3),
this range could also be observed for u, in both phantoms
(Fig. 3a and 3d). The simulations showed also this gradient
in u, (Fig. 2b and 2e). However, it was not observed in the
experimental results (Fig. 3b and 3e). This might be caused by
the transducer pushing forward the phantom after lowering the
transducer axially which was not modelled for the simulated
displacements. Note that the expected u,, between —0.25 and
0.25 mm, was smaller than the elevational inter-frame distance
(0.5 mm).

An observation was that the displacement gradient rotated
90° inside the loosely bonded lesion compared to the sur-
rounding tissue for u, and u, (Fig. 2a,c; 3a,c) which was
also reported in [36]. This rotation in gradient was especially
visible in the gradient (s) of the displacements in perpendicular
direction (e.g. u, in z-direction, see Fig. 4 and 5). Since the el-
lipsoid lesion was only slightly rotated in the xz-plane, rotation
was limited in the y-direction (Fig. 4c and 5c). Consequently,
the gradient was not rotated inside the lesion compared to the
surrounding tissue (Fig. 2b). The small increase of s, around
the loosely bonded lesion (Fig. 5c) may be caused by the
transducer movement, especially since this increase was not
observed in the simulations (Fig. 4c) in which this movement
was not modeled. Rotation was not observed in the firmly
bonded lesion as rotation and shear were restricted by the
high degree of connectivity (Fig. 4d-f and 5d-f).
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Fig. 2. Lateral (u), elevational (uy) and axial (u) displacements fields by
finite element model for loosely and firmly bonded phantom. Displacements
uz and u, were visualized in the xz-plane, and w,, in the yz-plane. All planes
cut through the middle of the lesion. The dimensions of all figures were 25
mm x 25 mm, and the middle of the transducer was assumed as x = 0 and
z = 0; the middle frame as y = 0.
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Fig. 3. Lateral (u), elevational (uy) and axial (u.) fields by the experiments
for loosely and firmly bonded phantom. Displacements u, and u. were
visualized in the xz-plane, and uy in the yz-plane. All planes cut through
the middle of the lesion. The dimensions of all figures were 25 mm x 25
mm.
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Fig. 4. Images of the gradient (s) of the finite element model lateral (x), axial
(z) and elevational (y) displacements in axial (sz.), lateral (s,z) and axial
direction (sy ), respectively. All planes (xz and xy) cut through the middle
of the loosely or firmly bonded lesion. The dimensions of all figures were
(25 mm x 25 mm).

Fig. 5. Images of the gradient (s) of the experimental lateral (x), axial (z) and
elevational (y) displacements in axial (sz2), lateral (s.z) and axial direction
(syz), respectively. All planes (xz and xy) cut through the middle of the
loosely or firmly bonded lesion. The dimensions of all figures were (25 mm
X 25 mm).
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Fig. 6. Shear components (€z2, €y and €zy) of the simulated loosely and
firmly bonded lesions. The components are visualized in the planes (25 mm
x 25 mm) they act on and cut through the centre of the lesion.

B. Shear-strain components

The next step was to inspect the three shear components of
the strain tensor (2). First observation in the simulated results
was that the absolute shear strain in the xz-plane (e,,) was
increased (£+3.5%) around the loosely bonded lesion (Fig. 6a)
compared to the other components (£2.0%) (Fig. 6b-c). Rota-
tion of the lesion was mainly expected in the xz-plane due to
the geometry of the lesion. Compared to the loosely bonded
lesion, the firmly bonded lesion showed much smaller absolute
shear strain values for all components (Fig. 6). Similar patterns
and intensities were also visible in the experimental data as
can be seen in Fig. 7. However, the absolute intensities of the
shear in yz- and xy-plane were also increased compared to
the simulated results, indicating rotation might have occurred
in y-direction. The components that were partly estimated by
y-displacements resulted in images with increased noise levels
(Fig. 7b-c and 7e-f), which can be explained by the reduced
accuracy of elevational displacement estimation (Fig. 3b-e).
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Fig. 7. Shear components (€zz, €yz and €44) of loosely and firmly bonded
lesions by the experiments. The components are visualized in the planes (25
mm x 25 mm) they act on and cut through the centre of the lesion.

C. Maximal shear strain

In the final step, the maximal shear strain was calculated
by the reconstructed shear strain tensor (2). The results of
the simulations and experiments can be seen in Fig. 8 and
9, respectively. Note that the yz- and xy-planes are planes
cutting through the inclusion of the upper and left quarter of
the inclusion respectively instead of through the centre as in
the previous figures. The highest intensity of the shear strain
(> 3.7%) was observed in the right upper and bottom lower
part around the loosely-bonded lesion in both simulated and
experimental results (Fig. 8a-c and 9a-c). The two areas with
increased shear strain corresponded to areas along the long
axes of the ellipsoid lesion. In the firmly bonded lesion, the
shear strain was increased minimally (< 1.4%) around the
lesion (Fig. 8d-f, 9d-f). Furthermore, the experimental and
simulated results seemed to show similar shear strain patterns
and values.

In Fig. 10, the maximal shear strain of the experimental
(loosely and firmly bonded lesion) and of the simulated results
(lesion with different degree of bonding) were presented. The
shear strain intensity decreases with an increasing degree of
friction in the simulated results which was confirmed by the
experimental results. In Fig. 10a, the entire halo around the
lesion was used as signal area, whereas in Fig. 10b only the
upper-left part was used. In the latter area, the difference
between loosely and firmly was even stronger as only the area
in which high shear strain occurred was evaluated. The shear
strain values (25th, 50th and 75th quartile) and the related
SNR- and C'N R-values were summarized in table II (rows
indicated by 3-D).

D. 2-D and 3-D maximal shear strain

In Fig. 8, 9 and 10, the maximal shear strain (€3pspeqr) Was
calculated using all nine components in the strain tensor (2).
As displacement u,, suffer from reduced accuracy (Fig. 3b,e),
an option was to calculate the maximal shear strain by only
the components acting in the xz-plane (€2pspear). These
results can be seen in table II (rows indicated by 2-D), and
Fig. 11 and 12. In both the simulated and experimental results,

Loosely

Firmly

Fig. 8. Maximal shear strain (€3pgheqr) calculated using all components of
the strain tensor. £3pspeqr Of the loosely and firmly bonded lesion by finite
element modelling is visualized in the xz-plane that cut through the centre
of the lesion, and the yz- and xy-plane that cut through the left quarter and
upper quarter of the lesion respectively.

€,

SDShear(xz) s(SDShear (yZ) ECsDShear(Xy)

Loosely

Firmly

Fig. 9. Maximal shear strain (€3pShear) calculated using all components
of the strain tensor. €3pgpeqr Of the loosely and firmly bonded lesion by
measurements is visualized in the xz-plane that cut through the centre of the
lesion, and the yz- and xy-plane that cut through the left quarter and upper
quarter of the lesion respectively.
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Fig. 10. Overview of the maximal shear strain (€3pSheqr) in the full halo (a)
and left-upper quarter halo (b) around the lesion, indicated by the dark gray
area of the sphere in the right corners. The halo thickness was half the mean
radius of the lesion. The experimental shear strain was visualized as open dot
(50th percentile) and error bars (25th and 75th percentile); Results of the
loosely (degree of bonding towards 0) and firmly bonded lesion (degree of
bonding more than 1) were plotted at the left and right side of the graph, the
corresponding degree of bonding was an approximate since the exact degree
of bonding could not be determined. The finite element data was plotted for
each simulated degree of bonding similar to the experimental data whereas
the filled dots represent the 50th percentile, and the lower and upper limit of
the gray area (dashed lines) the 25th and 75th percentile.

0885-3010 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TUFFC.2018.2849687, IEEE

Transactions on Ultrasonics, Ferroelectrics, and Frequency Control

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. XX, NO. X, MONTH YEAR 7

TABLE 11
OVERVIEW OF THE MAXIMAL SHEAR STRAIN VALUES (25th, 50th AND 75th QUARTILE), SN R AND C'N R VALUES OF THE LOOSELY AND FIRMLY
BONDED LESION OF THE FINITE ELEMENT SIMULATIONS (SIM) AND EXPERIMENTS (EXP) CALCULATED BY ALL STRAIN TENSOR COMPONENTS (3-D)
AND ONLY COMPONENTS ACTING IN THE XZ-PLANE (2-D). ALL VALUES WERE PROVIDED USING THE FULL AND THE UPPER-LEFT QUARTER HALO
AROUND THE LESION AS SIGNAL. IN THIS TABLE, A DEGREE OF BONDING OF 0.001 AND 10 WERE USED IN THE SIMULATIONS FOR THE LOOSELY AND
FIRMLY BONDED LESION RESPECTIVELY.

Full halo Upper-left quarter halo
€a5th  €soth  €7sth  SNR - CNR  ea5tn €soth €75t SNR CNR
(%) (%) (%) (dB)  (dB) (%) (%) (%) (dB)  (dB)
Loosely Sim 2-D 1.4 2.2 3.2 5.2 6.2 2.3 3.2 4.3 7.6 14
3-D 1.9 2.6 3.5 7.1 11 2.7 3.4 4.6 9.0 17
Exp 2-D 1.0 1.5 2.5 3.7 5.8 1.2 2.5 3.7 4.8 11
3-D 1.6 2.3 3.4 4.6 8.2 2.0 3.1 4.2 6.9 14
Firmly Sim 2-D 0.82 1.0 1.2 13 —-74 0.90 1.1 1.2 13 —21
3-D 0.92 1.1 1.2 14 -11 1.0 1.2 1.3 14 -32
Exp 2-D 0.57 0.8 1.2 5.9 —24 0.63 0.90 1.2 7.7 —16
3-D 0.92 1.1 14 10 —6.5 0.87 1.1 1.4 10 -—11
sZDShear(XZ) aZDShear (yZ) s2DShear(Xy) aZDShear(Xz) E2DShear (yZ) aZDShear(Xy)

Loosely

Firmly

Fig. 11. Maximal shear strain (€9pgheqr) calculated using only x and z
components of the strain tensor and the y components were neglected, i.e.
assumed zero. €2pSheqr Of the loosely and firmly bonded lesion by finite
element modelling is visualized in the xz-plane that cut through the center
of the lesion, and the yz- and xy-plane that cut through the left quarter and
upper quarter of the lesion respectively.

the intensity, SNR and CNR of e3psheqr Were decreased
compared to €3pspeqr €Xcept for the CNR in the simulated
results of the firmly bonded lesion. This exception can be
explained by a more homogeneous background signal used
to calculat the C'N R. This decrease was expected as shear in
elevational direction was neglected resulting in lower maximal
shear strain intensities which can also be seen comparing
Fig. 8 (e3pshear) and 11 (e2psheqr)- The CNR in firmly
bonded lesion were negative for experiments and simulations,
indicating that the contrast between the maximal shear strain
and background was smaller than the variance of the signal
and background. This can also be seen in Fig. 9 and 11 in
which the shear strain around the lesion was hardly visible.

IV. DISCUSSION
A. Maximal shear strain

The main observation was that shear strains (€2pgpeqr and
€3Dshear) Of both lesion types showed similar patterns and
intensities in simulations and experiments (Fig. 10) and that

Loosely

Firmly

Fig. 12. Maximal shear strain (€9pgShear) calculated using only x and
z components of the strain tensor and the y components were neglected,
i.e. assumed zero. €spShear Of the loosely and firmly bonded lesion by
measurements is visualized in the xz-plane that cut through the center of the
lesion, and the yz- and xy-plane that cut through the left quarter and upper
quarter of the lesion respectively.

the loosely bonded lesion showed increased shear-strain values
in the halo region (Fig. 10) with sufficient SNR and CNR
values for detection (table II), whereas these values were
decreased for the firmly bonded lesion. Consequently, shear
strain in the latter lesion type was similar to the background
signal resulting in low CNR values. Shear strains were
especially visible at the top-left and bottom-right of the lesion
(Fig. 8, 9, 11, and 12) which was caused by the geometry
and rotation of the lesion and the applied deformation. The
shear strain estimates seemed to be less accurate under the
loosely-bonded lesion (Fig. 9a-b). This was also visible in the
lateral and elevational displacement estimates (Fig. 3a-b). The
latex coating around this lesion type introduced a shadowing
artefact (see the shadowing below the lesion in Fig. 1b) which
can explain the reduced accuracy in this area. This coating
artefact would not be expected in-vivo.
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B. Lateral displacements

The gradient s,,, which is based on lateral displacement
estimates, showed similar values and patterns as the simulated
results, although the results were noisier compared to the
S, derivative which is based on axial displacement estimates
(Fig. 4 and 5). This difference between estimated lateral and
axial displacements can also be noticed in Fig. 3. The main
explanation is that in the axial direction phase information was
available which improved the displacement estimates, whereas
in the lateral and elevational direction this information was
lacking. In the most recently published studies [21], [37], [20],
[19], the gradient s,, was used as a measure for shear strain
and lesion bonding as the s,, component was insufficient for
reconstructing €,..

In this study, €;, and consequently maximal shear strain
was reconstructed as the lateral displacement estimates were
of sufficient quality. Three possible explanations, or a com-
bination of these, could contribute to improved accuracy of
lateral displacements in this study. First, lateral displacements
may be estimated more robustly using 3-D instead of 1-D or
2-D ultrasound data and search kernels for cross-correlation.
Another explanation might be that plane-wave acquisitions
were implemented and RF-data were reconstructed to a beam-
forming grid with multiple A-lines per pitch. This principle
can be considered partly similar to interpolation of conven-
tional line-by-line acquired ultrasound RF-data in the lateral
direction to improve lateral displacement estimates [38], [39].
This improvement was confirmed by Hendriks et al. [40] in
which the effect of multiple A-lines per pitch on the accuracy
of lateral displacement estimates in plane-wave imaging was
investigated. A third explanation might be the implementation
of 3-D spline interpolation of cross-correlation peaks to obtain
sub-sample displacements. In previous studies, 1-D cosine
and 1-D parabolic interpolation were often implemented to
estimate axial and lateral sub-sample displacements indepen-
dently from each other. In this study, 3-D spline interpolation
was used in which axial, lateral and elevational sub-sample
displacement estimations were coupled. According to Azar et
al. [41] and Saris et al. [42], 2-D or 3-D peak interpolation
improves lateral sub-sample displacement estimates and so
might explain the improved lateral displacement estimates in
this study.

Although, the lateral displacement estimates seem to be of
sufficient quality, the axial displacements were still superior.
A strategy to improve the lateral displacement estimates might
be spatial compounding in which large insonification angles
are used to reconstruct lateral displacements [43], [31]. Since
RF-phase information is incorporated in the displacement
estimations, it is expected that the lateral displacements can
be estimated more accurately. Another strategy might be to
improve the lateral resolution in the RF-data itself by coherent
compounding [44]. In this strategy, multiple insonification
angles are used to reconstruct the RF-data and so to de-
crease the lateral point-spread-function. Note that in the latter
strategy, the ultrasound RF-data are compounded prior to
displacement estimation in contrast to spatial compounding
in which displacements are compounded after displacement

estimation of RF-data of individual insonification angles. Next
the improved lateral displacements estimates, a benefit of both
spatial and coherent compounding might reduce the estimation
noise induced by shadowing artefacts (Fig. 1b, 3a-b) due to
multiple insonification angles.

C. Elevational displacements

As can be seen in the experimental elevational displace-
ments (u,) (Fig. 3b, e), these displacement estimates were less
accurate compared to the lateral and especially axial estimates
(Fig. 3). The inter-frame distance was 0.5 mm while u, was
expected to be less than 0.5 mm. Consequently, u, could only
be estimated by interpolation of the cross-correlation peak.
Solutions to obtain more accurate elevational displacement
estimates might be to decrease the inter-frame distance or
interpolation of ultrasound data to a denser grid. Although
these solutions seem straight forward, a concern might be
the extra amount of collected and stored ultrasound data
and increased processing time. Furthermore, Lopata et al. [7]
showed that interpolation of the cross-correlation peak, which
was applied in this study, and A-line up-sampling resulted in
similar performance in sub-pitch displacement estimation. A
combination of A-line up-sampling with a lower interpolation
factor and cross-correlation peak interpolation might be good
trade-off between estimation accuracy and computational load
[45] to improve the accuracy of elevational displacement
estimates.

Although elevational displacement estimation might be less
accurate, it seemed to contribute to increased signal, SN R and
CNR of the maximal shear strain comparing €3pspeqr and
€2Dshears €specially in the loosely bonded lesion (table II).
Note that the maximal shear strain in this study (experiments
and simulations) were expected to occur predominately in
the xz-plane as the lesion was slightly tilted in this plane.
Therefore, the added value of the shear components in which
the elevational displacements were involved might even be
more increased when the lesion was tilted in the other planes
(xy and yz). Furthermore, the transducer might also induce
shear strain in the elevational direction due to translation
contributing to €3psheqr- Lhis translation might explain the
increased signal difference between €2pspeqr and €3pspeqr i
the experimental compared to simulation results, as this effect
was not considered in the finite element model.

D. Clinical implementation

The results showed that it was possible to obtain multiple
measures for lesion bonding all based on shearing of the
lesion: S.., €., and maximal shear strain (€9pspeqr and
€3Dshear) Szz, the gradient of axial displacements in the
lateral direction, was used in many studies in the past as
measure for shear strain. The shear in the XZ plane (e,,)
could not be reconstructed in these studies as the accuracy
of the lateral displacements was insufficient. However, in this
study, the lateral displacements were sufficient to reconstruct
€4- and the maximal shear strain. Future clinical studies have
to evaluate which parameter will be most robust to be used to
discriminate between loosely (benign) and firmly (malignant)
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lesions. One can speculate that combining more gradient and
shear components, so more information, to reconstruct &,
or the maximal shear strain may result in a more robust
measure to evaluate lesion bonding. However, this will always
be a trade- off between adding information and adding noise
influenced by the accuracy of the estimate for the different
components. This effect of adding noise could be observed
in the comparison between €spspneqr (Fig. 12) and €3pshear
(Fig. 9): in the latter the border of lesion was less visible
probably due to the influence of the reduced accuracy of the
elevational components.

This study mainly focussed on the feasibility of 3-D shear
strain estimation for breast lesion classification and the effect
of different degrees of lesion bonding. However, lesion geom-
etry and position might also affect shear strain estimates. In
this study, a slightly tilted elliptic lesion with different degrees
of bonding was investigated. However, other geometries and
tilting angles were also possible (e.g. elliptic lesion with an
angle 45° to the transducer surface might induce higher shear
strains compared to similar lesion parallel to the surface).
Invasive ductal carcinoma (IDC) originates in ducts and starts
growing in the duct before becoming invasive resulting in
an elliptic geometry with the long axis along the duct. As
ducts connect the nipple with deeper located lobules, the
long axis will almost always be rotated to the transducer and
skin surface which is optimal for inducing shear strains by
slightly deforming the tissue in axial direction. Benign lesions
(cysts and fibro-adenoma) can have different geometries and
rotations. According to Xu et al [46], s,, and €., are not
affected by lesion size or shape but mainly by bonding. It
is also of interest to investigate the effect of geometry on
€9Dshear ANd €3psheqr 1N future studies.

The advantage of plane-wave imaging was the increased
frame rate. In conventional ultrasound, each frame is re-
constructed line-by-line by focussed ultrasound transmission.
Consequently, the acquisition time of one volume in the ABVS
is 60 seconds introducing breathing artefacts and these will
especially affect future elastographic measurements. In plane-
wave imaging, one frame can be acquired by one plane-
wave transmission. For a 192 channel ultrasound system, the
speed-up can be up to 192, reducing the acquisition times
to even below one second, far below one breath-hold to
avoid breathing artefacts. Due to image quality deterioration
in plane-wave imaging mode, coherent compounding might
be required still resulting in a full scan time of less than 5
seconds.

V. CONCLUSIONS

Based on the results of this study, we can conclude that it
is feasible to implement shear strain imaging in an ABVS-
like system to detect lesion bonding. It was shown by phan-
tom experiments and finite element modelling that maximal
shear strain was strongly correlated to lesion bonding, i.e.
firmly and loosely bonded lesions could be discriminated
by measuring the maximal shear strain around the lesion.
Furthermore, plane-wave imaging was implemented to reduce
the acquisition times to enable volumetric scanning within a
breath-hold which is required in future ¢n — vivo applications.
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