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ABSTRACT

Ultrasound computer tomography (USCT) is a promising modality for breast cancer diagnosis which images
the reflectivity, sound speed and attenuation of tissue. Elastic properties of breast tissue, however, cannot
directly be imaged although they have shown to be applicable as a discriminator between different tissue types.
In this work we propose a novel approach combining USCT with the principles of strain elastography. So-
called USCT-SE makes use of imaging the breast in two deformation states, estimating the deformation field
based on reconstructed images and thereby allows localizing and distinguishing soft and hard masses. We use a
biomechanical model of the breast to realistically simulate both deformation states of the breast. The analysis
of the strain is performed by estimating the deformation field from the deformed to the undeformed image by
a non-rigid registration. In two experiments the non-rigid registration is applied to ground truth sound speed
images and simulated SAFT images. Results of the strain analysis show that for both cases soft and hard lesions
can be distinguished visually in the elastograms. This paper provides a first approach to obtain mechanical
information based on external mechanical excitation of breast tissue in a USCT system.
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1. INTRODUCTION

Ultrasound computer tomography (USCT) is a promising modality for breast cancer diagnosis, which is ap-
proaching clinical applicability.!™ By acquiring signal data from all around the imaged object, it is able to
derive reflectivity as well as transmission images. While reflectivity images qualitatively depict interfaces be-
tween tissues, transmission images provide a quantitative measure of the sound speed and acoustic attenuation
in the object.

Elastic properties of breast tissue have shown to be applicable as a discriminator between different tissue
types,* especially to distinguish between benign and malign masses.” For linear elastic material, the Young’s
modulus is coupled to the sound speed and density. For reconstruction of USCT images, the density contrast
is yet mostly assumed to be constant. Hence the elastic properties can not directly be derived from the imaged
properties. Approaches exist to estimate relative tissue stiffness by combining sound speed and attenuation
images.5

Ultrasound elastography is an imaging technique, which estimates the elastic properties of tissue using me-
chanical excitation of the object. In quasi-static methods, the mechanical excitation is applied to the tissue by
a constant stress, which results in a strain. This strain is approximated by estimating the deformation field
between data acquired before and after the stress is applied.” Since the applied stress is usually unknown, this
technique is able to derive only qualitative stiffness maps, in which hard and soft tissues can be distinguished
relative to each other and/or relative to surrounding tissue. Such methods are therefore often be referred to as
strain elastography or strain ratio elastography.® In contrast, dynamic methods mechanically excite the tissue
by time-varying forces, e.g. by external vibration or using acoustic radiation force, and thereby induce shear
waves within the tissue. By estimating the velocity of the shear wave traveling through the tissue and assuming
a linear-elastic material, the Young’s modulus can be calculated, resulting in a quantitative measure of the tissue
stiffness.”
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Figure 1: Illustration of the modeled imaging situation.

In this work we propose a novel approach combining USCT with the principles of elastography. Due to
the potentially simple integration in existing USCT systems (see section 2), we decided to implement a strain-
elastography (SE) approach. So-called USCT-SE makes use of imaging the breast in two deformation states,
estimating the deformation field based on reconstructed images and thereby allows localizing and distinguishing
soft and hard masses. A first simulation study is presented: we use a biomechanical model to simulate different
deformation states of the breast (section 2.2) and simulate USCT images for both deformation states (section
2.3). Based on these images we estimate the strain using a non-rigid image registration (section 2.4).

2. METHODS
2.1 Basic idea

The basic idea of performing USCT-SE is to mechanically excite the breast tissue while acquiring the image data
in a fixed setup of transducers. The mechanical excitation in the present paper is achieved during imaging in
prone position by pulling the breast in an area around the mamilla downwards. Such a mechanical excitation
may in practice be achieved without or with only small modifications of existing systems: For example, the
SoftVue (Delphinus Medical Technologies)* and QTscan (QT ultrasound)’ systems both use dedicated devices
to pull down the breast in order to stabilize it during imaging in prone position.

In our proposed method, the breast is imaged in two deformation states: relaxed (referred to as "unde-
formed”) and stretched (referred to as ”deformed”), see Figure 1a). As in the conventional setup, we assume
that reflectivity, sound speed and attenuation images can be reconstructed given the imaging aperture. In our
evaluation we use a hemispherical setup (Figure 1b), similar to e.g. the distribution of transducer in the KIT 3D
USCT device.? The raw data in such a USCT device is taken by sequentially emitting approximately spherical
waves into a water bath surrounding the breast, while all other transducers in the aperture acquire the signal
data. From the signal data, transmission and reflection images are reconstructed offline.

2.2 Simulation of deformation with biomechanical model

We use a biomechanical model of the breast based on our earlier work® !? in order to simulate both deformation
states of the breast. In this work we use a 2D model, which is constructed from a sagittal slice of a segmented
MRI image. The segmentation distinguishes fatty and fibroglandular tissue, skin and muscle. Moreover we

*http://delphinusmt.com/
Thttps: //www.qtultrasound.com



artificially inserted a tumor of diameter 1 cm. The model geometry is derived by meshing the pixels into a
quadrilateral mesh. The mesh consisted of approx. 34,000 elements with an element size of 0.5 mm.

The tissues are modeled nearly incompressible with a Poisson’s ratio of v = 0.495. Further tissue non-linearity
is accounted for by a neo-hookean material model. Mechanical material parameters for fat, fibrograndular, skin,
muscle and tumor tissue were derived from literature.!!: 12

By restricting the upper-most nodes from moving, we model a rigid fixation of the breast at the body. The
boundary conditions for the deformation simulation are defined by grouping surface nodes of the model in a radius
of 1.5 cm around the mamilla and applying a displacement constraint downwards on them with an adjustable
magnitude. In our experiments we applied a displacement of 10 mm. The computation is performed using the
commercial FEM software ABAQUS using the dynamic FEM solver with quasi-static time stepping.

2.3 Simulation of USCT images

Based on the tissue labels in the segmented MRI we assigned the acoustic properties sound speed and attenuation
as well as a density to every pixel with values taken from literature.'® Thereby the images represent the tissue
contrast in an idealized way, i.e. considering a perfect reconstruction. For our first experiment, we use the
so derived sound speed image in its undeformed and deformed configuration. The deformed configuration was
obtained by a linear interpolation of the deformation field. Each pixel position inside an element was expressed
in barycentric coordinates with respect to the node positions after deformation. Afterward the barycentric
coordinates were used as weighting factors for the displacements at the nodes in order to derive the according
position in the undeformed element. Subsequently a bilinear interpolation of the sound speed value was carried
out.

In our second experiment, we used the sound speed, attenuation and density information to simulate signal
raw data by a two-dimensional straight ray forward simulation. We simulated a hemispherical aperture with
64 emitters and 256 receivers (Figure 1b). The simulation is based on point scatterers at all positions where
impedance changes occur. For discretization we calculate the impedance from the sound speed and density
map and take the derivative to extract impedance changes at the interfaces of tissues. The scatter amplitude
is proportional to the magnitude of the derivative. The time of flight and attenuation of reflections at these
interfaces are calculated based on the sound speed and attenuation maps. Finally an optimal pulse'? is folded into
the signal for all time of flights of reflections and transmission. From the simulated signal raw data we reconstruct
images using synthetic aperture focusing technique (SAFT) with sound speed and attenuation correction.'® The
purpose of the second experiment was two-fold: first, we analyzed whether the deformation field can be computed
from SAFT images. Second, the reconstructed images are more realistic than ideal sound speed and attenuation
images as they e.g. include typical imaging artifacts such as grating lobes.

2.4 Image-based strain estimation

After having set up a simulation framework based on biomechanical modeling and simulating USCT images in
sections 2.2 and 2.3, the actual strain estimation method for USCT images needed to be developed. Several
approaches have been proposed in literature for conventional ultrasound elastography. Most are operating on
one-dimensional signal data acquired with and without compression and thereby consider axial deformation
only.'® Methods include e.g. the matching of signals by correlation.® Both axial and lateral displacement may
be considered by two-dimensional estimators such as e.g. block matching.'”

Due to the different imaging situation in USCT with transducers surrounding the object, signal based strain
estimation cannot be trivially transferred from conventional ultrasound elastography. In this work we instead
decided to estimate the two-dimensional displacement field based on the USCT images directly. This leads to
a typical image registration problem in which the undeformed configuration of the breast is the reference image
and the deformed configuration of the the breast is the moving image. As nonlinear deformations are expected
in soft tissue, a nonlinear transformation model should be the method of choice.

In order to consider these requirements, our prototype implementation uses a non-rigid image registration
based on a free-form deformation with cubic B-splines. For this purpose the MATLAB library ”Medical Image
Registration Toolbox” (MIRT) is used.!® We selected a multi-resolution approach with five hierarchical levels.
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(a) Undeformed FEM model
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(b) Deformed FEM model

Figure 2: Polygon mesh of the breast model before (top) and after (bottom) the biomechanical simulation was
applied. For the biomechanical simulation nodes close to the mamilla are pulled with a displacement of 10 mm.
From left to right the E-modulus of the tumor was set to 1.00 kPa, 6.41 kPa, 16.38 kPa and 42.52 kPa.

The sum of squared differences (SSD) was used as similarity measure and the distance between the supporting
points of the B-spline was set empirically to three pixels (1.5 mm) in order to allow complex deformations. The
toolbox implements a gradient-based optimization (Implicit Euler method) and a curvature-based regularization
(penalized Laplacian of the displacements). The maximum number of iterations at each hierarchical level was
set to 500 and iterations were stopped if the similarity measure changes less than 107°.

Tissue specific stiffness reflects in more or less deformation relative to its surrounding tissue. Hence we are
computing relative changes of the deformation field by visualizing the gradient magnitude of the deformation
field for qualitative analysis.

For analysis in the second experiment we restrict the computation of the deformation field to a region of
interest (ROI) around the lesion in order to stabilize the non-rigid image registration process.

3. RESULTS

Figure 2 shows the undeformed and deformed configuration of the breast phantom after performing the biome-
chanical simulation with different stiffness of the included tumor. From left to right material parameters for the
neo-hookean material of the tumor were calculated from a Young’s modulus (E-modulus) of 1.00 kPa, 6.41 kPa,
16.38 kPa and 42.52 kPa according to different tumor types measured in the ex-vivo experiments conducted by
Samani et al.'' For reference, the E-modulus of fatty and glandular tissue was 3.24 and 3.25 kPa respectively.
Depending on its stiffness, the shape of the tumor is considerably different in the deformed configuration of the
breast. With increasing E-modulus, the elongation of the lesion in y-direction reduces. In the extremest case
(Figure 2b right), the lesion is barely deformed.
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Figure 3: Magnitude of the gradient of the deformation field estimated by non-rigidly registering the deformed
to the undeformed sound speed image. The value range has been normalized to the maximum magnitude of all
cases. The colormap ranges from blue (low values) to red (high values).

For our first experiment we used the ideal sound speed image for estimation of the deformation field as
described in section 2. We display the gradient of the magnitude of the deformation field for the entire breast
in figure 3. For the lesion which is less stiff than the surrounding tissue (Figure 3a, ratio of E-modulus between
lesion and surrounding tissue approximately 0.3), a high gradient magnitude can be observed at the position
of the lesion (red color), while for all lesions which are modeled stiffer than the surrounding tissue (Figures
3b to 3d, ratios equaling 2.0, 5.1 and 13.1 respectively), the gradient magnitude is comparably low (dark blue
color). Especially close to the front of the breast, where displacement nodes were defined for the deformation
simulation, artifacts can be observed as the non-rigid registration seems to compensate small deformations
between rigidly and non-rigidly deformed areas: for nodes subject to the boundary condition of the FEM
simulation, the displacement is constant, while nearby nodes may be displaced strongly due to the applied force.
Furthermore a low-frequent displacement artifact with medium magnitude can be observed extending from the
tumor position towards the breast surface (light blue color). Nevertheless the tumor can in all cases be visually
differentiated from surrounding tissue.

For the second experiment, we estimated the deformation field from the reconstructed SAFT images in a
ROI, assuming that the suspicious lesion is depicted in the SAFT image and that the ROI can be defined by
an operator as in conventional elastography. Figure 4 illustrates the result of the image registration process of
this ROI for the case in which the lesion had a lower stiffness as the surrounding tissue. The undeformed image
(Figure 4, first image) was used as reference image and the deformed image (Figure 4, second image) was used
as moving image. After applying the non-rigid registration, the structures in the deformed image line up well
with the undeformed image as illustrated in the third and fourth image of Figure 4.

From the deformation field which was computed to derive the registered deformed image, the gradient was
calculated as presented in section 2.4. Figure 5 shows the normalized magnitude of the gradient of the deformation
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Figure 4: Illustration of the image registration process between undeformed SAFT image and deformed SAFT
image. After applying the non-rigid registration the registered deformed image is derived. As can be seen in the
difference image between the registered deformed image and the undeformed image, the structures line up well.
This example shows the case in which the tumor has an E-modulus of 1kPa.

field as a semi-transparent colored overlay on the reconstructed SAFT image. The same colormap as in the first
experiment has been used ranging from dark blue (low values) to red (high values). For the low stiffness lesion
(Figure 5a) a high gradient magnitude can be observed (red color) at the position of the tumor as it is highly
deformed compared to surrounding tissue. For stiffer lesions (Figures 5b to 5d), the gradient magnitude is
considerably smaller inside the tumor (blue/turquoise color) as the tumor does change its shape only marginally
by the breast deformation. A halo of higher magnitude can be observed around the lesion, which expresses the
increased deformation of surrounding tissue. The representation of the stiffness analysis is gradually changing
from low to high stiffness.

4. DISCUSSION AND CONCLUSION

In this work we presented a novel approach, called USCT-SE, to perform strain elastography imaging with
ultrasound computer tomography setups. To our knowledge this is the first time such an approach has been
proposed. The aim of this paper was to verify the feasibility using simulated data. For this purpose we applied a
non-linear biomechanical model to obtain realistic image data of a deformed and undeformed breast. For strain
analysis we applied a non-rigid image registration between the deformed and undeformed breast to derive the
deformation field. The magnitude of the gradient is used for visual representation of relative tissue stiffness.
Results of the strain analysis show that soft and hard lesions can be distinguished visually in the elastograms.
Also a trend can be observed, that by the color scale the tumors of different stiffness higher than the surrounding
tissue can be distinguished relative to each other.

Until now the strain analysis has been limited to ideal sound speed images and slightly more realistic simulated
SAFT images. In future the method needs to be validated with more realistic noisy data, data containing artifacts
and finally also with experimental data. A simple image-based analysis with a non-rigid registration has been
applied to obtain the deformation field. While this method was able to distinguish soft and hard lesions visually
in nearly ideal data, artifacts in the images can be observed, especially close to the displacement device. This
can potentially be mitigated by a different regularization or locally adaptive spacing of the supporting points of
the B-Spline deformation. For experimental data, the application of this method needs to tested and optimized
as artifacts in the reconstructed images may cause the optimization of the non-rigid registration to be stuck in
local minima.

This paper provides a very first approach to obtain mechanical information based on external mechanical
excitation of breast tissue in a USCT system. In existing 2D respectively 2.5D systems, "2 in which a displacement
device can easily be mounted outside the transducer plane, the mechanical excitation may already be achieved
without major loss in image quality. Further research would be required with respect to the optimization of
the displacement magnitude, which until now was set empirically to 10 mm in the biomechanical simulation.
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Figure 5: Gradient of the magnitude of the deformation field semi-transparently overlaid on the reconstructed
SAFT images. The deformation has been estimated in the colored ROI by non-rigidly registering the deformed
to the undeformed cutout from the reconstructed SAFT image. The colormap ranges from blue (low values) to
red (high values).

Furthermore the influence of the limited out-of-plane resolution of 2D and 2.5D systems will need to be analyzed
since the mechanical excitation — and thereby the most prominent deformation of the breast — is applied out-of-
plane. Finally, the image-based strain analysis will need to be extended to 3D for analysis of volumetric images.
3D USCT systems® may on the one hand solve possible problems of the limited out-of-plane resolution. On the
other hand, mounting of a displacement device will be more complex since it would need to be positioned inside
the transducer half-sphere, which may cause additional artifacts in the images.

In future the mechanical excitation may be extended to e.g. inducing vibrations from a vibration plate close to
the patient’s breast or internal displacement of tissue by acoustic radiation force using a focusing of transducers.
The latter two methods would allow implementing shear-wave elastography to quantify the Young’s modulus of
tissues if sufficient frame rates can be achieved.

To conclude, the simulation methods presented in this paper may serve as a basis to analyze the feasibility
of elastography approaches with USCT. The results obtained for the exemplary USCT-SE implementation are
promising and may potentially be applied to existing systems without major modification.
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