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Purpose: Features extracted from axial-shear strain images of breast masses have been previously

utilized to differentiate and classify benign from malignant breast masses. In this paper, we com-

pare shear strain patterns exhibited by both the full-shear (axial and lateral component) versus only

the axial-shear strain component for differentiating between bound masses (malignant) when

compared to unbound masses (benign).

Methods: We examine different breast mass characteristics such as mass shape, asymmetric loca-

tion of masses, stiffness variations, and mass bonding characteristics to background tissue to assess

their impact on shear strain patterns generated due to a uniaxial applied deformation. Two-

dimensional finite element simulations of both circular and elliptical inclusions embedded within a

uniform background were utilized. Different degrees of bonding were characterized using friction

coefficient values ranging from 0.01 to 100 denoting loosely bound to firmly bound masses. Single-

inclusion tissue-mimicking phantoms mimicking firmly bound and loosely bound ellipsoidal

masses oriented at four different angles to the applied deformation were studied to corroborate the

mass differentiation performance.

Results: Our results indicate that the normalized axial-shear strain and full-shear strain area fea-

tures are larger for bound when compared to unbound masses. A higher stiffness ratio or contrast

between the inclusion and background also improves differentiation. Larger applied deformations

reduce the discrimination performance for masses with friction coefficients lower than 0.4, due to

increased mass slippage with applied deformations. Potential errors with the use of these features

would occur for unbound inclusions at larger applied deformations and for asymmetric mass

positions within the background normal tissue.

Conclusions: Finite element and tissue-mimicking phantom results demonstrate the feasibility of

utilizing both the normalized axial-shear and full-shear strain area features to classify breast

masses. Differentiation between bound or unbound masses was not affected by the mass size or

shape for masses where the applied deformation is normal to the mass surface. Shear strain patterns

vary significantly especially within unbound masses, when the mass surface is not normal to the

applied deformation. Discrimination performance for unbound masses was improved by

utilizing only the normalized shear strain area patterns located outside the mass as illustrated in this

paper. VC 2011 American Association of Physicists in Medicine. [DOI: 10.1118/1.3651461]
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I. INTRODUCTION

One out of eight women (12%) will be diagnosed with breast

cancer during her life time in the United States, accounting

for approximately 28% of all new cancer cases among

women.1,2 The primary goal of screening modalities is early

detection of breast cancer. However, only 40% of the high-

risk women undergo regular screening mammograms in the

United States.3 Of these patients, about 1.3%–2.5% also

underwent a breast biopsy.4,5 Unfortunately, the benign to

malignant ratio for breast biopsies ranges from 5.0 to 0.2 for

women in different age ranges, leading to more benign

masses being biopsied.4,5 Incorporating new noninvasive

and nonionizing imaging features to further differentiate

solid masses as benign could improve the early detection

accuracy and thereby reduce unnecessary biopsies.

Both quasi-static6–10 and dynamic11–14 ultrasound elastog-

raphy based approaches that are noninvasive and nonionizing

modalities, show promise for the differentiation of benign

from malignant breast masses.6,15–18 Variations in the stiff-

ness of breast masses in axial-strain images was initially used

for differentiation,15 followed by utilization of a size-

discrepancy or size-ratio feature derived from the differences

in the visualization of the breast mass on ultrasound B-mode

and axial-strain images.19–21 Use of additional features that

utilize the bonding characteristics of breast masses to sur-

rounding normal tissue have also been reported.22–27 Since

cancers infiltrate into surrounding normal tissue, they are far
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less mobile and exhibit reduced slippage during deformation

in contrast to benign masses like fibroadenomas that are not

firmly attached to surrounding normal tissue.22–27

Shear strain imaging has been shown to provide new and

additional novel features that can be utilized to differentiate

benign breast masses (unbound) from malignant masses

(bound).22–24 The full-shear strain component includes contri-

butions from both axial-shear and lateral-shear due to the

applied deformation. However, many investigators utilize

only the axial component of the estimated local displacements

to generate axial-shear strain images,25–27 while ignoring the

contributions of the lateral-shear component.22–24 This repre-

sents a practical solution since estimation of lateral displace-

ments from radiofrequency (RF) data acquired along the 0�

insonification or backscatter direction can be noisy leading to

additional noise artifacts in the shear strain image.

Our laboratory has developed approaches that utilize

angular displacements estimated using beam steering to

estimate both axial and lateral displacements in response to

an applied deformation. Techavipoo et al.24 proposed an

approach to obtain normal and shear strain tensors using RF

echo data collected using phased array transducers, trans-

lated to obtain data along a scan plane. Rao et al.28 imple-

mented this approach using beam steering on a linear array

transducer, along with one-dimensional (1D) cross-

correlation based displacement tracking for the angular data

sets. Both these approaches assumed that estimated displace-

ment noise artifacts were independent and identically distrib-

uted, modeled using a zero-mean normal probability density

function. Chen and Varghese29 extended this analysis,

eliminating assumptions on the angular displacement noise

artifacts by incorporating them into the least-squares strain

estimation using a cross-correlation matrix of the displace-

ment noise artifacts.

Most of the previous analysis described in the literature

has been performed with spherical inclusions or masses.26

However, since most breast masses are not spherical and

manifest as masses with different shapes, theoretical30 and

experimental31 axial-shear strain patterns associated with cy-

lindrical inclusions with an elliptical cross-section in tissue-

mimicking (TM) phantoms have been reported. In-vivo
examples of benign breast masses with ellipsoidal shapes

and non-normal orientations to the scanning plane have also

been discussed.31 Analytic solutions of the elasticity

distribution of bound ellipsoidal inclusions have also been

previously described in the peer-reviewed literature.32

In-vivo results on breast masses demonstrating the use of

“normalized area of the axial-shear strain regions” was first

reported by Thittaikumar et al.26 Changes in the normaliza-

tion of the feature, primarily through utilization of breast

mass dimensions obtained from the axial-strain image along

with use of the acronym NASSA to denote the “normalized

axial-shear strain area” feature was reported in Xu et al.27

The NASSA feature has been utilized as a discriminant to

classify breast masses as benign or malignant in the

literature.25–27

In this paper, we use finite element analysis (FEA) soft-

ware to model and evaluate both the normalized axial-shear

strain area (NASSA) and the normalized full-shear strain

area (NFSSA) features exhibited by different inclusion

shapes (spherical and ellipsoidal masses) and for asymmetric

positioning of ellipsoidal masses within an uniformly elastic

background. Changes in the NASSA and NFSSA feature val-

ues for these inclusion shapes are presented for variations in

the friction coefficient between the mass boundary and back-

ground tissue modeling the attachment of the mass to back-

ground tissue.33 Different mass dimensions characterized by

variations in the major (a) and minor (b) diameters of the

mass, stiffness ratios, applied deformation and orientations

of the mass with the background tissue are also studied.

Simulation results are then corroborated using experimental

TM phantoms with both symmetric and asymmetrically

positioned ellipsoidal masses.

II. MATERIALS AND METHODS

II.A. Finite element model

Two-dimensional (2D) axisymmetric finite element simu-

lations for both spherical and ellipsoidal masses embedded

in a uniformly elastic background were modeled for shear

strain imaging analysis using ANSYS (ANSYS Inc., Pittsburgh,

PA) software. Since the simulation was performed in 2D, a

cross-section of the ellipsoidal mass was modeled under

plane strain conditions; referred to as an ellipse or elliptical

model in our FEA simulations. The simulated FEA phantom

model was fixed on the bottom surface to model the attach-

ment of breast tissue to the chest wall, and was free to move

on both sides. A “quasi-static” compressive deformation was

then applied to the top surface of the phantom. The term

quasi-static refers to the use of a uniaxial applied deforma-

tion that is not vibratory, enabling the use of the simpler

Hookean equation Kx ¼ F0, where K denotes the stiffness

matrix, x the displacement and F is the applied uniaxial de-

formation.6,18,34 For the 2D model with the embedded spher-

ical mass, a single-inclusion with a 10 mm diameter was

embedded within a uniform background with dimensions

40� 40 mm. In a similar manner, the 2D ellipsoidal mass

model, utilized a single elliptical mass characterized by

major (a along the x-direction) and minor (b along the y-

direction) diameters of 12 and 9 mm, respectively,

embedded within a uniformly elastic background.

A distinct boundary referred to as the contact interface

was created along the inclusion embedded within back-

ground surrounding tissue to model the bonding of the inclu-

sion surface and background tissue. Different degrees of

bonding at the mass=background interface was modeled

using friction coefficient values ranging from 0.01 to 100

depicting unbound to bound masses.33 For modeling malig-

nant masses, the inclusion was bound or attached to the sur-

rounding medium, which was implemented in ANSYS by

gluing (a friction coefficient value around 100 provides simi-

lar results) the contact surfaces together during the modeling

step. The benign mass, on the other hand (unbound mass)

was implemented in ANSYS by assigning a lower friction

coefficient value to the contact interface elements at the

boundary.
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Two different tissue material types were utilized in the

FEA model to simulate the TM phantom that includes both

tumor and normal surrounding tissue. We assumed that both

these tissue materials were isotropic, and homogeneous,

requiring only two constants to describe the deformation

response.34 Young’s modulus and Poisson’s ratio. The Pois-

son’s ratio for both the background and inclusion materials

was set to 0.495 simulating incompressible tissue. The

Young’s modulus, on the other hand was set to different val-

ues for the tumor and the background based on the experi-

mental results reported in the literature for breast tissue.35

The ratio between the Young’s modulus values of the inclu-

sion and background represents their relative stiffness con-

trast. Since shear strain distributions are generated at the

background=inclusion interface, we are more interested in

the variation of these patterns at the interface or boundary of

the inclusion. Thus, the meshed regions around these interfa-

ces were assigned with a finer mesh density in order to

obtain accurate lateral and axial displacement information

from the FEA simulation. The pre- and postdeformation dis-

placement information describing both the axial and lateral

displacements were output from the ANSYS software and

interpolated to a regular Cartesian grid using MATLAB (The

Mathworks, Natick, RI). This interpolated data were utilized

to evaluate the respective strain and shear strain

distributions.

II.B. TM Phantom corroboration

Four single-inclusion TM phantoms each with a single

ellipsoidal inclusion were studied to corroborate the mass

differentiation performance between the axial-shear and full-

shear features, respectively. An ellipsoidal mass with dimen-

sions ð19� 14� 14Þ mm was embedded within the center of

a uniform cubic background with dimensions ð80� 80� 80Þ
mm for each phantom. The selection of the ellipsoidal mass

dimensions was based on mass dimensions reported in in-vivo
studies.19–21,25–27 The acoustic and elastic properties of the

TM materials used in the phantom and the phantom produc-

tion procedure have been previously described in Madsen

et al.36,37 The Young’s modulus values for the various materi-

als in the phantoms were obtained using dynamic mechanical

testing via an EnduraTEC ELF 3220 (Bose Corporation,

EnduraTEC Systems Group, Minnetonka, MN). The Young’s

modulus values and contrasts (ratio of Young’s moduli

between the mass and background) are shown in Table I.

The ellipsoidal masses were positioned at the center of

the cubic background material. For the phantoms with

representations of benign ellipsoidal masses, a layer of petro-

leum jelly was applied around the masses before they were

embedded in the uniformly elastic TM background. On the

other hand, for the ellipsoidal masses that mimic malignant

tumors, infiltration of the masses into the background was

assured by “gluing” the masses to the previously congealed

surrounding background material with molten TM back-

ground material. The phantoms with unbound ellipsoids

(Phantoms 1 and 3) simulate a benign tumor with the sym-

metrically and asymmetrically oriented masses with stiffness

values that are 4.2 and 3.2 times greater than the background

material, respectively. Phantoms 2 and 4 also have a modu-

lus contrast of 4.2 and 3.2, respectively, with respect to the

background TM material. Application of the quasi-static de-

formation on different surfaces of the cubical phantom there-

fore provides different relative angles of the major axis to

the applied deformation surface. Thus, for the ellipsoidal

mass in the symmetrical phantoms (Phantom 1 where the

ellipsoid was bound to the background material; representing

a cancer, and Phantom 2 where the ellipsoid was unbound to

the background material; representing a benign tumor), we

evaluate shear strain patterns obtained along both the 0� and

90� orientation of the mass with the background. In a similar

manner, for the phantoms with the asymmetrical mass, we

evaluate shear strain patterns for both 30� and 60� orienta-

tions of the major axis of the mass with the background

(Phantom 3 where the ellipsoid was bound to the background

material and Phantom 4 where the ellipsoid was unbound to

the background material).

The TM phantoms were scanned using a Siemens ACU-

SON S2000 real-time clinical scanner (Siemens Ultrasound,

Mountain View, CA) equipped with a VFX 9L4 linear-array

transducer operating at a 6 MHz center frequency. A single

focal zone was selected at a depth of 40 mm, also located at

the center of the phantom. RF data at a 40 MHz sampling

frequency were acquired. The transducer was held in a

motion controlled stage and embedded within a compres-

sional plate to provide a uniform quasi-static deformation to

the top surface of the phantom. A quasistatic deformation

was applied on the top surface of the selected TM phantoms.

In order to estimate lateral displacements, beam steering to

obtain angular RF data ranging from �15� to 15� in incre-

ments of 1� were acquired. These beam steered pre- and

postdeformation RF data were acquired before and after a

deformation of 1% of the phantom height (0.8 mm) which

was aided by positional stage as illustrated in Fig. 1. A com-

pression plate larger than the dimensions of the TM phantom

top surface was used to provide a uniform deformation.

TABLE I. Young’s Modulus values of the TM phantom materials and their respective Modulus contrasts.

No.

Background

dimension (mm)

Inclusion

dimension (mm) Angle

Bound=

unbound

Young’s Modulus

(I=kPa)

Young’s Modulus

(B=kPa)

Contrast

(I=B)

1 40� 40� 40 19� 14� 14 0�=90� Unbound benign 48.0 11.3 4.2

2 40� 40� 40 19� 14� 14 0�=90� Bound malignant 48.0 11.3 4.2

3 40� 40� 40 19� 14� 14 30�=60� Unbound benign 58.7 18.2 3.2

4 40� 40� 40 19� 14� 14 30�=60� Bound malignant 58.7 18.2 3.2
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II.C. Displacement estimation

Angular displacements (displacement along beam direc-

tion) were estimated from pre- and post- deformation RF

data pair along each beam steering angle using a 1D cross-

correlation algorithm with 2D tracking of the displace-

ment.23 Angular displacements along each beam direction

were separated into their axial- and lateral displacement

components, respectively. A 1D cross-correlation algorithm

was utilized, since 2D cross-correlation blocks have to be

parallelogram shaped with an appropriate angle for the angu-

lar data sets. Efficient approaches to process angular data

sets with 2D cross-correlation blocks have yet to be devel-

oped. Only median filtering was used to remove outliers in

the angular displacement estimates obtained using 1D cross-

correlation analysis with 2D motion tracking. In addition,

only displacement estimates with a normalized cross-

correlation coefficient value greater than 0.75 were used in

the least-squares strain estimation. A window size of 3 mm

along with a 75% overlap was used to perform displacement

estimation using the RF data. However, since the angular

displacements were estimated along each beam steering

angle, they have different pixel grid locations. In order to

make the angular displacement vectors amenable for image

registration, they were interpolated onto the zero-angle spa-

tial grid using bilinear interpolation. The axial- and lateral-

displacement components were then estimated from the

angular displacements using a least-squares approach previ-

ously described by Techavipoo et al. and Rao et al.28,38

II.D. Shear strain tensor estimation and normalization

Axial- and lateral- displacements interpolated to the zero-

angle grid, and estimated from the beam steered RF data were

utilized to calculate the axial-shear and full-shear strain tensor

for comparison in this paper. The shear strain (or full-shear

strain) tensor along the ultrasound scan plane is defined by

Full� Shear Strain ¼ 1

2

@dz

@x
þ @dx

@z

� �
;

ezx ¼
@dz

@x
; exz ¼

@dx

@z
: (1)

where dz and dx represent the axial- and lateral displacement

components in the zero-angle grid, respectively. The full-

shear strain tensor includes both the axial-shear strain tensor

(ezx)26 and the lateral-shear strain tensor (exz).

Both the axial-shear strain tensor and full-shear strain ten-

sor were calculated from the local displacement components

using a least-squares strain estimator.39 The shear strain ten-

sor was further filtered by an adaptive median filter with

dimensions of 5� 3 pixels for the axial-shear strain tensor,

3� 5 pixels for the lateral-shear and 3� 3 pixels for

full-shear strain tensor, respectively.

In order to utilize the shear strain area feature, we first

have to normalize these shear strain areas for performing

comparisons over different mass dimensions (since tumor

mass dimensions vary across patients) and under different

scanning conditions where the applied deformations may

also vary. The stiffness ratio or contrast between the mass

and background tissue was another factor utilized for nor-

malization of the shear strain area. Normalized axial-shear

strain regions first reported by Thittaikumar et al.26 utilize

mass dimensions or areas estimated from ultrasound B-mode

images, which can be subjective and depend significantly on

the operator’s expertise. Stravos40 reports in his book that

most fibroadenomas are visualized as isoechoic and only

two-thirds of the malignant masses appear as hypoechoic

masses on ultrasound B-mode images. In our shear strain

area normalizations coined NASSA in Xu et al.27 and

NFSSA for the full-shear strain area, we utilize mass dimen-

sions estimated from the axial-strain image, where they are

clearly visualized and can also be obtained using automated

segmentation based approaches.41–43 The previously

reported normalized shear strain area feature, however,

included shear strain regions that could occur both within

and outside the breast mass.26,27 To further differentiate

shear strain patterns, those that occur outside the masses

(OM) are denoted as NASSA_OM and those within masses

(IM) are denoted by NASSA_IM as shown in Fig. 2. The

normalized shear strain patterns shown in Fig. 2 were

obtained using FEA simulations for unbound masses. Nor-

malized shear strain areas visualized within breast masses

denoted by NASSA_IM was previously described as “fill-in”

by ThittaiKumar et al.30,31 for only unbound masses They

have also reported that the “fill-in”30,31 depends on the mass

orientation, with larger values obtained for unbound

FIG. 1. Schematic diagram of RF data acquisition using a linear array trans-

ducer with beam steering. Note that z represents the direction of the applied

deformation also referred to as the axial direction and x represents the lateral

direction, respectively. The beam steered angle for insonification is varied

from �h� to þh�. A compression plate larger than the top surface of the

phantom is used to provide a uniform deformation.

FIG. 2. Shear strain area mappings demonstrating the region mapped using

the normalized axial-shear strain area (NASSA) (truncated from 10 to 30

mm) (a) The normalized shear strain area outside the mass (NASSA_OM)

(b) and normalized shear strain area inside the mass (NASSA_ IM) (c)

obtained using FEA simulations for an unbound mass with a friction

coefficient of 0.2. A 1% shear strain corresponds to 0.01 on the colorbar.
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masses oriented at an angle (asymmetric) to the applied

deformation.

III. RESULTS

Shear strain images shown in Fig. 3 were obtained from

both FEA simulations (i) and TM phantom based experimen-

tal results (ii) with the inclusions oriented at both 0� (a) and

60� (b) to the applied deformation. The red regions denote

positive shearing strain while the regions in blue denote neg-

ative or shearing strains in the opposite direction. The direc-

tion of the shearing strain is identified relative to the

direction of the applied deformation. A comparison of the

shear strain patterns between axial-shear (top row) and full-

shear (bottom row) is presented for ellipsoidal masses. Since

the FEA simulations are 2D, a cross-section with an ellipti-

cal shape was utilized. Shear strain images are depicted for

friction coefficient values of 0.2 and 10 denoting representa-

tive unbound and bound masses, respectively. Details on

phantom construction for the experimental TM phantoms

were presented in the previous section. Observe the distinct

variations in the shear strain patterns between the bound and

unbound masses: where (1) The “halo” (or larger strain value

region) around the inclusion for the unbound mass no longer

exists for the bound mass;33 this concept was described pre-

viously in Rao et al.33 for spherical inclusions under shear

deformations. The presence of the “halo” was due to the

presence of shearing forces on the inclusion when it was ori-

ented at an angle to the applied deformation, and is another

feature that can be used to differentiate between benign and

malignant breast masses; (2) The magnitude of the normal-

ized full-shear strain area patterns are slightly lower than

that seen with axial-shear alone; (3) Normalized shear strain

area patterns outside the breast masses (NASSA_OM and

NFSSA_OM) appear to be larger for the bound mass26 when

compared to the unbound ones; (4) Normalized shear strain

areas visualized inside breast masses denoted by NASSA_IM

and NFSSA_IM, previously described as “fill-in”30,31 for the

unbound mass are not observed for the bound mass in both

simulations and experiments; (5) The negative and positive

shear strain area patterns also vary along the contact interface

for asymmetric location of the mass in background tissue.

This was also observed for the results obtained with the exper-

imental TM phantoms in Fig. 3(ii). Symmetric shear strain

patterns are observed for ellipsoidal inclusions oriented at 0�

to the applied deformation surface as shown in Fig. 3, which

was consistent with the results reported with the previous

spherical inclusion studies.22,27,31,44

Shear strain images shown in Fig. 3 (ii) represent ellipsoi-

dal TM phantom results oriented at 0� and 60� to the applied

deformation. Note that the TM phantom results exhibit simi-

lar characteristics as those described for the FEA simulation

results. However, the TM phantom results include additional

noise artifacts around the bottom of the ellipsoidal masses,

primarily due to the lower signal-to-noise ratio (SNR) asso-

ciated with the echo signal and attenuation in the phantom.

As shown in Fig. 3 (ii), both axial-shear strain and full-shear

strain images exhibit lower SNR in regions below the center

of the phantom. We therefore utilize shear strain estimates

obtained in regions above the center of the phantom

(�40 mm) for quantitative experimental analysis.

Previous studies based on spherical masses have demon-

strated that a threshold set at 20% of the applied deformation

provided an optimal value for the NASSA and NFSSA fea-

tures. The threshold was obtained by multiplying the applied

deformation and strain contrast by a fixed percentage value

(see Fig. 4). Shear strain estimates with absolute values

larger than this threshold and appropriately scaled to tumor

dimensions were utilized to estimate the normalized NASSA

or NFSSA feature values. The red regions on the shear strain

image in Fig. 3 therefore represent shear strain estimates

larger than the positive value of the threshold, while the blue

regions represent shear strain estimates smaller than the neg-

ative threshold. Plots of both the NASSA [Fig. 4(a)] and

NFSSA feature [Fig. 4(b)] with threshold values ranging

from 10 to 40% in increments of 10% are shown in Fig. 4

for elliptical masses, for friction coefficient ranging from

0.01 to 100. Observe from Fig. 4, that a threshold of 20% of

the applied deformation provides an optimal value for both

NASSA and NFSSA features for differentiation between the

modeled FEA elliptical inclusions consistent with the previ-

ously described results for spherical inclusions. Previously

published in-vivo results25,27 have reported on the use of

NASSA features obtained utilizing a threshold level of 20%27

and 25%, respectively.25,26,30 In general, lower thresholds pro-

vide improved discrimination at the cost of increased noise in

the shear strain features. The 20% threshold value is also used

in this paper. Also note from Fig. 4, that NFSSA features pro-

vide a better differentiation between lower friction coefficient

and high friction coefficient masses when compared to the

NASSA feature.

Variations in the NASSA and NFSSA features values

based on inclusion dimensions are shown in Figs. 5(a) and

5(b), versus the friction coefficient similar to that plotted in

Fig. 4. Figure 5 presents three different inclusion dimensions

characterized by the ratio of the minor to major diameter

(b=a). The inclusion with a b=a value of 1 corresponds to a

spherical inclusion. The NASSA feature value shows the

same trend (i.e., the feature value saturates for lower friction

coefficient values (unbound masses), increases linearly for

friction coefficient values in the 0.5–10, range, while saturat-

ing again for friction coefficient values larger than 10)

[Fig. 5(a)] for inclusions with different b=a. They also dem-

onstrate a larger variance, along with a reduced difference

between the two saturation levels when compared to the

NFSSA feature shown in Fig. 5(b). Both features demon-

strate low values for unbound inclusions that increase as the

mass become progressively attached to the background

tissue.

Variations in the feature values for changes in the stiff-

ness contrast between the inclusion and background tissue

are shown in Fig. 6. Three values of the back-

ground=inclusion ratio were studied, namely 1:3, 1:5, 1:10

to evaluate if stiffening of the inclusion would change the

shear strain patterns. The Young’s modulus of the back-

ground tissue was set to 10 kPa in our FEA analysis. Note
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that these background=inclusion stiffness contrast ratios pos-

sess similar variations in the NASSA and NFSSA feature

values as shown in Fig. 6. However, the difference between

the NASSA and NFSSA feature values between the unbound

to bound masses are larger for stiffer masses or those with an

increased stiffness contrast (1:5 and 1:10). The increased

difference obtained between the feature values for unbound

to bound masses is significant, since we model benign

masses as unbound while malignant masses are bound or

attached to the background normal tissue through infiltration.

A larger difference would enable improved discrimination

between the benign and malignant breast masses. In

FIG. 4. Plots depicting variations in the NASSA and (a) NFSSA (b) for ellip-

soidal inclusions for different threshold values obtained using FEA

simulation.

FIG. 5. Plots showing variations in the NASSA (a) and NFSSA (b) feature

values for ellipsoidal inclusions with different b=a value obtained using

FEA simulation.

FIG. 3. Shear strain images obtained using FEA simulation (truncated from 10 to 30 mm) (i) and corresponding TM phantom experiments (truncated from 24

to 51 mm) (ii). Comparison of the shear strain patterns obtained using axial-shear (top row) to that obtained with full-shear (bottom row) for elliptical and el-

lipsoidal inclusions oriented at an angle of 0� (a) and 60� (b) to the applied deformation for different bonding conditions are shown. A 1% shear strain corre-

sponds to 0.01 on the colorbar.
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addition, note that the difference is larger for the NFSSA

feature value, indicating that higher stiffness contrast

improves discrimination with the use of the NFSSA feature.

Variation in the features due to the applied deformation

(AD) is shown in Fig. 7. Observe that both NASSA and

NFSSA feature values with friction coefficient lower than

0.4 are unstable for larger applied deformation (>5%),

probably due to increased mass slippage.

Finally, we evaluate the impact of inclusion orientation with

respect to the applied deformation for both bound and unbound

masses based on both FEA simulations [Figs. 8 and 9 (i)] and

experimental TM phantom results [Figs. 8 and 9 (ii)]. For FEA

simulation, we evaluate the impact of asymmetric inclusion

orientation by rotating the elliptical inclusion from 0� to 90� in

steps of 10� (relative to top surface of the model where the de-

formation is applied), assigning the unbound inclusions with a

0.5 friction coefficient value and gluing the contact interface of

bound model together. For the TM phantom, both the NASSA

and NFSSA quantitative feature values are extracted from the

upper half of the corresponding shear strain image, respectively

(above the phantom center (�40mm)). The full-shear strain

image was obtained by processing beam-steered RF data

between 615�. Since only four TM phantoms were con-

structed results are presented for the NASSA and NFSSA fea-

ture values for ellipsoidal inclusions oriented at 0�, 30�, 60�,
and 90�, respectively, for both the bound and unbound phan-

toms. Observe that both the feature values, namely NASSA

and NFSSA present with values that are larger along all orien-

tation angles when compared to the unbound inclusion; also

note that both the NASSA and NFSSA values vary signifi-

cantly with orientation angle for the unbound mass, indicating

that the asymmetric mass location with respect to the applied

deformation may significantly impact the differentiation

between bound and unbound masses. The best discrimination

between bound and unbound masses was obtained for mass

orientations of 0� and 90�, respectively. In addition, observe

that the overall NFSSA feature values are lower than NASSA

feature values both for FEA simulation results (i) and TM

phantom results (ii) in Figs. 8 and 9.

Discrimination was worse when the mass was oriented at

an angle due to the increased shear strains within these

masses.30,31 One way to circumvent this would be to apply

deformations with the mass oriented at 0� or 90� to the

applied deformation. Note that the NFSSA feature was more

stable and constant for the bound inclusions when compared

to the NASSA feature value as observed in the simulation

results. The simulation results are based on 10 different

FIG. 6. Plots showing the impact of various stiffness ratio values on the

NASSA (a) and NFSSA (b), respectively.

FIG. 7. Impact of applied deformation on NASSA (a) and NFSSA (b).

FIG. 8. Plots demonstrating the impact of inclusion orientation to the applied

deformation for both FEA simulations (top row or i) and experimental TM

phantom results (bottom row or ii). Column (a) demonstrates the variations

in the NASSA feature values while column (b) presents the same for the

NFSSA feature values. The error bars denote the standard deviation of the

mean feature value estimated from ten independent sets of RF data acquired

on the TM phantoms.

FIG. 9. Plots demonstrating the impact of inclusion orientation to the applied

deformation with and without shearing strains within the inclusion for both

FEA simulation (i) and experimental TM phantom results (ii). Column (a)

demonstrates the variations in the NASSA feature values while column (b)

presents NFSSA feature values. The error bars the standard deviation of the

mean feature value estimated from ten independent sets of RF data acquired

on the TM phantoms.
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angular orientations of the mass, thereby providing more

detail in the variation of the feature values with angle. On

the other hand the experimental results in Fig. 8 (ii) are

based on only four inclusion orientations and also include

noise artifacts inherent with an experimental study. There-

fore, the deviation between the bound and unbound inclu-

sions at orientation of 30� and 60� are not as pronounced as

that observed for the simulation results in Fig. 8 (i). Some of

these artifacts are due to reduced averaging at the sides of

the inclusion due to the reduced coverage with beam steered

data collection and increased ultrasound noise artifacts. The

error bars plotted in Figs. 8 and 9(ii) represent the standard

deviation of the mean feature value (NASSA and NFSSA)

estimated from ten independent sets of RF data acquired on

the TM phantoms. Note that the standard deviation for the

features derived from the unbound phantom was relatively

smaller than that for the bound masses. Since shear strain

patterns within the masses only exists for unbound or loosely

bound masses, and specifically for asymmetric positioning

of the masses, we plotted the NASSA_OM and NFSSA_OM

feature values in Fig. 9. Note that NASSA_OM and

NFSSA_OM were obtained by excluding any shear strain

patterns within the inclusion or mass. As illustrated in Fig. 9,

without accounting for shear strains within masses, both the

NASSA_OM and NFSSA_OM features provide significantly

better differentiation between benign and malignant masses

for all asymmetric orientations of the mass with respect to

the applied deformation. In addition, the NFSSA feature was

more stable for unbound masses as shown in Fig. 9(b).

Further analysis and additional features may be required to

completely characterize masses that are oriented at an angle

to the applied deformation.

IV. DISCUSSION AND CONCLUSIONS

In this paper, we show the feasibility of utilizing both the

NASSA and the NFSSA feature to differentiate between be-

nign or malignant breast masses based on their attachment to

background tissue. Differentiation between bound or

unbound masses was not affected by the lesion size or shape

for symmetric positioning or location of the mass within the

background. On the other hand, for unbound masses shear

strains within the inclusion were enhanced especially with

asymmetric positioning of masses within the background.

For asymmetric masses, these shear strains within the inclu-

sion introduce errors that reduce the ability of both the

NASSA and NFSSA features to differentiate between firmly

and loosely attached masses as shown in Fig. 9. Orientation

of the mass at 0� or 90� to the applied deformation for data

acquisition on patients would be an obvious solution as illus-

trated in Fig. 9. Another option as illustrated in this paper

would be to exclude shear strains within the inclusion as

illustrated with the use of the NASSA_OM and the

NFSSA_OM features, respectively. Mass differentiation and

classification between bound and unbound masses for all ori-

entations with respect to the applied deformation was

improved significantly by excluding shearing strains within

the inclusion or mass. However, we have to keep in mind

that the shearing strains within an inclusion could be an indi-

cator of necrotic regions within a breast mass that could be

significantly stiffer than the surrounding tissue, or perhaps

an indicator of multiple distributed masses.45

Another artifact source are the tracking errors present with

1D cross-correlation based motion tracking, that introduce the

signal decorrelation errors observed at increased depths in the

phantom (for depths>5 cm in Fig. 3) due to lower ultrasound

SNR associated with the echo signal and attenuation in the

phantom. The reduced SNR introduce noise artifacts into both

the NASSA and NFSSA features reducing their ability to dif-

ferentiate between benign from malignant breast masses.

Improved displacement tracking and estimation with 2D ker-

nels, are therefore necessary to estimate angular displacements

with improved accuracy and spatial resolution.

Results reported in the paper also indicate that increased

mass stiffness improves classification using the NFSSA fea-

ture, when compared to the NASSA feature based on the

larger difference in the feature values for bound or unbound

masses shown in Fig. 6. In general increased mass stiffness

with respect to background tissue improves visualization of

the shearing strains. Finally, Fig. 7 also indicates that larger

applied deformations may introduce instabilities due to mass

slippage for both NASSA and NFSSA features for unbound

masses.
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