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Abstract
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Axial-shear strain elastography was described recently as a method to visualize the state of
bonding at an inclusion boundary. Although total shear strain elastography was initially proposed
for this purpose, it did not evolve beyond the initial reported Finite Element Model (FEM) and
Simulation studies. One of the major reasons for this was the practical limitation in estimating the
tissue motion perpendicular (lateral) to the ultrasound (US) beam as accurately as the motion
along the US beam (axial). Nevertheless, there has been a sustained effort in developing methods
to improve the lateral motion tracking accuracy and thereby obtain better quality total shear strain
elastogram (TSSE). We hypothesize that in some cases, even if good quality TSSE becomes
possible, it may still be advantageous to utilize only the axial-shear strain (one of the components
of the total shear strain) elastogram (ASSE). Specifically, we show through FEM and
corroborating tissue-mimicking gelatin phantom experiments that the unique “fill-in” discriminant
feature that was introduced recently for asymmetric breast lesion classification is depicted only in
the ASSE and not in the TSSE. Note that the presence or conspicuous absence of this feature in
ASSE was shown to characterize asymmetric inclusion s’ boundaries as either loosely-bonded or
firmly-bonded to the surrounding, respectively. This might be an important observation because
the literature suggests that benign breast lesions tend to be loosely-bonded, while malignant
tumors are usually firmly-bonded. The results from the current study demonstrate that the use of
shear strain lesion “fill-in” as a discriminant feature in the differentiation between asymmetric
malignant and benign breast lesions is only possible when using the ASSEs and not the TSSEs.
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Ultrasound (US) elastography (Ophir et al. 1991) is now a well-established technique, which
has been incorporated into many commercial ultrasound scanners used in clinical practice.
This technique involves acquiring US (RF/envelope) signals from an imaging plane in tissue
before and after a small applied quasi-static compression and computing all the local axial
displacements in the imaging plane. The gradients of these displacements are then used to
generate a map of the local axial strains in the tissue. This strain map is referred to as an
axial strain elastogram (Ophir et al. 1999).
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Based on the axial strain elastograms alone, elastography has been shown to be helpful in a
wide variety of clinical applications such as in detecting tumors in breast and prostate tissues
(Céspedes et al. 1993; Garra et al. 1997; Hiltawski et al. 2001; Lorenz et al. 1999),
monitoring HIFU therapy in the prostate (Souchon et al. 2003), thyroid tumor classification
(Lyshchik et al. 2005; Bae et al. 2007), lymph node characterization (Săftoiu et al. 2006),
monitoring thermal ablation (Kallel et al. 1999, Righetti et al. 1999; Bharat et al. 2005;
Souchon et al. 2005), and in intravascular plaque characterization (de Korte et al. 2000). The
utility of elastography for the reduction of the rate of unnecessary breast biopsies has
recently been demonstrated by Regner et al. (2004), Svensson et al. (2005), Barr (2006) and
Burnside et al. (2007). It is reasonable to assume that any additional independent mechanical
tissue parameters that can be imaged with elastography may either improve current
elastographic performance and / or find utility in newer applications.
We have shown that in addition to the axial strain, which is one of the strain tensors that
describe the target deformation, it is feasible to image another strain tensor in the form of the
axial-shear strain (Thitaikumar et al. 2007). We have demonstrated that the axial-shear strain
distribution pattern around an inclusion is directly influenced by the bonding at the
inclusion-background boundary using simulations, gelatin-phantom experiments, and breast
lesions in vivo (Thitaikumar et al. 2007). Results from an initial study to evaluate the
potential of axial-shear strain elastograms (ASSEs) to differentiate between fibroadenomas
(reported to be loosely-bonded to their host tissue (cf. Fry 1951)) and cancers (reported to be
firmly-bonded to the surrounding tissue (cf. Fry 1951)) in the breast have been very
promising (Thitaikumar et al. 2008, 2011). The earlier work on ASSEs had assumed a
simple, circularly-symmetric inclusions. More recent papers have corroborated our original
reports on the utility of ASSE for breast lesion classification using this inclusion model (Xu
et al. 2010, Varghese 2011).
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Recently, we extended the simple circularly-symmetric inclusion model to a more general
elliptical geometry with an arbitrary orientation with respect to the axis of compression. For
ease of description, we will refer to this more general model as “asymmetric inclusion
model”. With this generalization, we have shown that finite, non-zero, interior axial-shear
strains were present only in “loosely-bonded” asymmetric inclusions. This phenomenon was
referred to as “fill-in” (Galaz et al. 2009, Thittai et al. 2010)*. The presence or absence of
this “fill-in” was shown as a potential easily-recognizable feature that could distinguish
benign fibroadenomas from malignant breast lesions (Thittai et al. 2010). Our original
observation on the presence of “fill-in” only in the loosely-bonded, asymmetric inclusion
model, and its conspicuous absence in the firmly-bonded asymmetric inclusion was
independently corroborated and reported recently (figure 3 in Xu et al. 2011).
It should be noted that almost all of the work discussed in the preceding paragraph focuses
on estimating and imaging the local distribution of axial-shear strain (the 1st term of
*Please note that Thitaikumar and Thittai refer to the same author who had a name change recently.
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equation 1 below) in an elastically inhomogeneous material. The total shear strain is defined
as the sum of the axial- and lateral-shear strain components (both terms in eqn. 1), where (u,
v) are the lateral and axial displacement components along the x- and y-axes, respectively
(Timoshenko and Goodier 1970).
(1)

The ability to use the total shear strain (εx,y) for assessing the inclusion bonding properties
was first shown through finite element simulation and US simulation studies more than a
decade ago (Konofagou et al. 2000). Later, it was shown that using only the axial
of the total shear strain had a practical advantage in terms of superior image
component
quality (ThitaiKumar et al. 2005). This is due to the well-known US limitation that the
estimation of motion along the direction of the US beam axis is significantly more precise
than estimation of the motion across the US beam axis. Therefore, the relatively inferior

NIH-PA Author Manuscript

image quality of the lateral component estimate
was seen as the primary practical
reason for developing ASSE (ThitaiKumar et al. 2006, 2007, 2007a, 2008, 2011, Chen et al.,
2010, Garcia et al. 2011, Xu et al. 2010, Varghese 2011).
Moreover, we report in this paper that in certain cases it may be necessary to use the axial
shear strain image for fundamental reasons. This is because important unambiguous features
that are present in the shear strain components (axial- or lateral- component alone) may be
completely absent in the total shear strain image. Specifically, we demonstrate below
through simple Finite Element Modeling (FEM) and tissue-mimicking gelatin phantom
experiments that the “fill-in” discriminant feature (Galaz et al. 2009, Thittai et al. 2010) can
be imaged and utilized only by using the ASSE and not the total shear strain elastogram
(TSSE).
In addition to the above demonstration, we also show in this paper that the inclusion “fill-in”
that is visualized in ASSE can be interpreted effectively as an image of rotation, which is
defined by Timoshenko and Goodier (1970) as
(2)
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Note that unlike the total shear strain defined in Eq. 1, the difference between the two
components defines the rotation.

MATERIALS AND METHODS
Finite Element Modeling
A 2D plane strain model was built by using the finite-element modeling (FEM) software
ANSYS® (Ansys Inc, Canonsburg, PA) in a manner similar to what was described in our
previous papers (Galaz et al. 2009, Thitaikumar et al. 2007). Briefly, the geometry consisted
of a single stiff elliptical inclusion embedded in a homogenous, softer background with
overall dimensions of 40 mm by 40 mm. The centroid of the inclusion was placed at the
center of lateral axis of symmetry and the long axis of the inclusion was oriented at 45°
axially. The FEM phantom was meshed with quadrilateral elements of 8 nodes, 4 nodes at
the corners of the quadrilateral and 1 more node at the mid-point of each side. These
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elements are preferred for plane strain problems (Young and Budynas 2002). The Young’s
modulus values of the inclusion and background were set to of 42 kPa and 21 kPa,
respectively. A constant Poisson’s ratio value of 0.495 was set for the inclusion and the
background materials to model essentially incompressible conditions.
By default, the degree of bonding at the inclusion-background boundary was modeled as
being firmly-bonded by the FEM software. However, the FEM software allows the users to
define contact elements and assign a coefficient of friction (μ) at the inclusion-background
boundary to simulate varying degrees of bonding (Thitaikumar et al. 2007). In that paper we
showed that μ values close to 0 simulate loosely-bonded boundary condition, whereas when
μ approaches 1 the strain patterns start to resemble that of firmly-bonded boundary
condition. For the purposes of this study, we created a loosely-bonded inclusion by
assigning μ=0.01. The model was subjected to a uniaxial compressive strain of 1% by
loading it from the top. The node at the axis of lateral symmetry at the bottom of the model
was confined in the axial and lateral direction to avoid any rigid motion of the whole model.
The pre- and post-compression node coordinate positions were saved and processed in
MATLAB® (Mathworks, MA) to compute the axial-shear strain, lateral-shear strain, total
shear strain and the rotation images.
Phantom Experiment

NIH-PA Author Manuscript

In order to corroborate the FEM predictions, we utilized previously-acquired experimental
data from tissue mimicking phantom studies (Thittai et al. 2010). Specifically, we utilized
the data obtained from an elastographic experiment performed on “Phantom 4” (Loosely
bonded inclusion: phantom height=80 mm, width=80 mm, θ ~ 45°)). The readers are
referred to the reference for detailed description of the phantom preparation and
experimental set up.
Data Acquisition
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A Sonix 500-RP (Ultrasonix Medical Corporation, BC, Canada) ultrasound scanner, with a
128-element linear array, 10-MHz center frequency was used for data acquisition. The
radio-frequency (RF) sampling rate was 40 MHz. The transducer was attached to a
compressor plate (80 × 40 mm), which was in turn attached to a precision computer-driven
digital motion controller (Chandrasekhar et al. 2006). The phantom was submerged in water
during imaging. The phantom was compressed from the top by a small amount that
corresponded to an applied strain of 1%. Pre- and post-compression RF data sets were
acquired from the phantom at 10 different planes along the elevational direction. The planes
were separated by at least 3 mm (~elevational beamwidth) to obtain independent frames for
subsequent averaging. The ASSEs, Lateral-shear strain elastograms (LSSE) and TSSEs were
obtained from the experimental data using the algorithm described briefly below.
Displacement tracking and ASSE, LSSE, and TSSE generation
The displacement tracking algorithm consisted of a multilevel, coarse-to-fine, 2-D blockmatching scheme similar to those presented in the literature (Zhou and Hall 2002; Shi and
Varghese 2007; Lopata et al. 2009). The principal difference was the use of the sum square
difference (SSD) similarity measure in the coarse level on the envelope of the signal,
followed by the cross-correlation (CC) measure on the RF signal in the fine level around the
SSD-tracked coarse displacement region. This algorithm was described along with a flow
chart in Thittai et al. (2010). Readers are referred to that paper for a detailed description.
After obtaining the axial displacement using the 2-D tracking method, the ASSE was
generated by extending the staggered strain estimation originally proposed by Srinivasan et
al. (2002) for axial strain estimation. In the extended version, the axial displacements are
staggered along the lateral direction to estimate the axial–shear strain (ThitaiKumar et al.
Ultrasound Med Biol. Author manuscript; available in PMC 2013 November 01.
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2007). Similarly, the LSSE was generated by staggering the lateral displacements along the
axial direction. The total SSE was obtained as the sum ASSE and LSSE and scaled by a
factor of ½ (see Eqn. 1). The rotation elastogram was obtained using Eqn 2.

RESULTS
FEM
Figure 1 compares the images of the axial- and lateral- components of the total shear strain
as predicted by the FEM. The total shear strain obtained as half the sum of these two
components is also shown. Note that finite, non-zero axial- and lateral- shear strains,
referred to previously as “fill-in”, are visible inside the inclusion in the axial-shear strain and
lateral-shear strain images, respectively. Interestingly, the opposite polarities of the two
components cancel each other out such that there is no observable “fill-in” in the total shear
strain image. As opposed to the total shear strain image, the axial- and lateral-shear strains
reinforce each other to yield finite non-zero values inside the rotation image. It is easy to
observe that the rotation image resembles the axial-shear strain image with only very slight
differences in the strain pattern outside the inclusion. Also, note the presence of a thin ring
of high strain values along the inclusion boundary in all cases.
Phantom experiments
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Figure 2 compares the ASSE, LSSE and TSSE obtained from the phantom experiment. As
expected, observe that the LSSE is of appreciably inferior image quality compared to the
ASSE. However, despite this limitation, “fill-in” can be visualized only in the ASSE and the
LSSE and is essentially absent in the TSSE, as predicted by the FEM results. Also, note that
the rotation elastogram has finite values inside the inclusion and resembles the ASSE
although it is visibly much noisier.
Apart from the “fill-in” effect, we also observe the presence of a thin, high-contrast axialshear and lateral-shear strain zone that has opposite polarity of that of the values inside the
inclusion in the experimental elastograms. This is in part due to the finite resolution effects
of the ultrasound system and partly due to a physical separation (a thin gap of finite
dimension) that exists between the inclusion and background which is created during the
manufacture of loosely-bonded condition. These reasons are similar to those that were
thoroughly investigated and reported earlier (ThitaiKumar et al. 2007).

DISCUSSION
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It is clear from the results that in the case of loosely-bonded asymmetric inclusions the “fillin” feature is present only in the images of the axial-and lateral- component of the shear
strain and not in the total shear strain image. This is an important observation as it suggests
that in some clinical cases where observing the “fill-in” is important for tumor classification,
imaging only one of the components may be fundamentally advantageous to imaging the
total shear strain. Additionally, given that the axial-shear strain is of superior image quality
compared to the lateral-component (see Fig 2), the results from this paper demonstrate the
advantage of using only the ASSE compared to LSSE or TSSE.
Moreover, the images of rotation shown (figure 1d and 2d) add a very interesting
interpretation of the “fill-in” observed in the ASSEs. It is clear from figure 1c and 2c that the
total shear strain inside the inclusion is zero and therefore Eqn. 1 yields
this relationship in Eqn. 2 it becomes clear that
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strain component. In other words, it can be said that it is the rotation and not the total shear
strain which has useful information about whether the inclusion is bonded or not. This
makes intuitive sense, i.e., a bonded lesion cannot rotate, nor would a loosely-bonded
symmetric lesion. Only loosely-bonded asymmetric lesion would rotate. ASSE essentially
provides this information, but is much superior in image quality compared to rotation image
that is nosier due to computation involving the lateral-shear strain component.
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There has been a sustained effort to develop algorithms to improve the quality of lateraldisplacement motion tracking for elastography over the years (cf. Konofagou et al. 1998,
Tanter et al. 2002, Techavipoo et al. 2004, Jiang and Hall 2010). The interest has been to
obtain better quality lateral displacement estimates that will in turn result in better quality
estimates of lateral-shear strain and thereby total shear strain (cf. Konofagou et al. 1998,
2000, Techavipoo et al. 2004, Jiang and Hall 2010). In a recent report, Xu et al. (2011)
compare the ASSE and TSSE (which is referred to as full-shear strain in their paper) through
FEM and phantom experiments. They corroborate our previous findings that unique “fill-in”
feature in ASSE is present only for loosely-bonded, non-normally oriented (w.r.t axis of
compression), elliptical inclusion and not for firmly-bonded inclusion (see Figure 3 in Xu. et
al. 2011). However, one may notice that the ASSE and TSSE reported in Xu et al (2011)
look almost identical. Also, the total-shear strain pattern shown in figure 3 in Xu et al.
(2011) for firmly-bonded inclusion at normal orientation (0°) is different from the totalshear strain image published by the same group previously (figure 7 in Rao et al. 2007) and
others (figure 2.2 in ThitaiKumar 2007), although it was for circular inclusions.
While it is important to sustain efforts in the above direction, this paper shows that there are
cases where utilizing only one component may offer unique benefits. Specifically, the
results from the current study demonstrate that the use of “fill-in” as a feature in the
identifying inclusion boundary condition as either loosely-bonded or firmly-bonded is
possible using only the ASSEs and not the TSSEs. This is an important observation because
the literature suggests that benign breast lesions tend to be loosely-bonded, while malignant
tumors are usually firmly-bonded (Fornage et al. 1984).

CONCLUSIONS
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In this paper, we have shown using an FEM and tissue-mimicking gelatin phantom
experiments that the dramatic occurrence of fill-in is observable only in the ASSE and not in
the total shear strain image. The results confirm that not only it is advantageous to use
ASSE, which is one of the components of total shear strain, but it may be the only quality
image that can exploit the ‘presence’ or ‘absence’ of fill-in to assess the bonding conditions
of asymmetric inclusions.
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Figure 1.

FEM predictions of (a) Axial-shear strain (b) Lateral-shear strain (c) total shear strain
images and (d) Rotation image. Note constant color bar for all three images. The red and the
blue color encode the directional polarity of axial-shear strain (blue-negative, red-positive).
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Figure 2.
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Elastograms obtained from Phantom experiment of (a) ASSE (b) LSSE (C) TSSE and (d)
Rotation elastogram. The corresponding B-mode image of the phantom is provided in (e).
Observe the presence of “fill-in” in ASSE and not in TSSE. Observe that the image quality
of ASSE is appreciably better compared to LSSE or TSSE or rotation elastogram.
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