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ABSTRACT

Breast cancer is the most common cancer type among women. Approximately 40,000 women are expected
to die from breast cancer every year. While digital mammography has a central role in the early diagnosis
of breast cancer, many cancers are not visible in mammography, for example in women with dense breast
tissue. Contrast enhanced magnetic resonance imaging (CE-MRI) of the breast is often used to detect lesions
not visible in mammography. Lesions with suspicious characteristics on CE-MRI need to be further assessed
with MRI-guided biopsy. However, MRI-guided biopsy is expensive, time consuming, and not widely available.
In this paper, a novel method for a matching tool between MRI and spot mammograms is proposed. Our
aim is to transfer information that is only visible in MRI onto mammographic spot projections, to enable
X-ray guided biopsy even if the lesion is only visible in MRI. Two methods of registration in combination
are used; a biomechanical model based registration between MRI and full view X-ray mammograms and a
subsequent image based registration between full mammograms and spot mammograms. Preliminary results
assessed for one patient from the Medical University of Vienna are presented. The target registration error
(TRE) of biomechanical model based registration is 2.4 mm and the TRE of the image based registration is 9.5
mm. The total TRE of the two steps is 7.3 mm.
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1. INTRODUCTION

Breast cancer is the most frequent cancer among women'.? It affects 2.1 million women each year. Despite the
improvements in diagnosis and therapy, breast cancer also remains one of the leading causes of cancer-related
deaths. In 2018, 15% of all cancer deaths were caused by breast cancer.®> Magnetic resonance imaging (MRI)
may detect additional lesions which are not visible when using conventional imaging methods such as X-ray
mammography or ultrasound.* Depending on the degree of suspicion, these lesions may be either followed up
or a biopsy is required.” While ultrasound can be used to identify and biopsy the suspicious lesion identified by
MRI, in some cases no correlate can be identified on ultrasound and an MRI-guided biosy is needed.® Therefore,
for lesions that cannot be identified by ultrasound nor X-ray mammography, MRI-guided breast interventions
remain crucial. MRI-guided biopsies, however, are expensive and a recent survey has identified a significant
shortage of facilities that can perform MRI-guided breast interventions in European countries as well as in other
countries.” Without them, MRI findings cannot be translated into a clinical workflow. That is why a lack of
MRI-guided breast interventions is considered a serious problem.®

In this paper a new approach for a clinical workflow is proposed as shown in Figure 1: instead of using MRI-
guided biopsy, the position of a lesion visible only in MRI will be transferred to X-ray guided biopsy by a model
based image registration, allowing an X-ray guided lesion workup. First, the lesion detected by MRI is aligned
with the full X-ray mammogram using a biomechanical model based registration. Our method originates from
our earlier work.? It has been applied in an automated registration workflow and tested with clinical datasets'.!?
Second, the localization of the lesion in the full mammogram is transferred to the spot mammogram, which is
taken during X-ray guided biopsy, using an image based registration. In this work, we apply our method to

images from an X-ray guided biopsy device from Fischer Imaging Corp., in which the patient lies prone.!!
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Figure 1. Suspicious breast lesions detected by MRI. Top row/solid lines: traditional workflow using costly MRI-guided
biopsy. Bottom row/dashed lines: proposed new workflow by image registration.

In this paper, we focus on presenting the basic methods to use X-ray guided biopsy instead of MRI-guided
biopsy for a clinical workflow. We also discuss the methods of image registration, which have been developed.
We present preliminary results with a clinical dataset regarding this workflow.

2. METHODS

The general idea of this work is establishing a registration method between MRI and spot mammogram images
taken during X-ray guided biopsy. It consists of two steps of image registration as shown in Figure 4, involving
three modalities. Each modality images the breast in a different configuration. For MRI images, 3D images in
prone position are acquired with the breast subject to gravity. For full mammograms, a 2D image of the patient
in the upright standing position is acquired, while the breast is compressed between two parallel compression
plates. A small burst of X-rays is produced from the machine passing through the breast to a detector positioned
at the opposite side. For spot mammograms, a 2D image of size 50x50 mm with a detailed view of the compressed
breast is taken in prone position in devices of e.g. Fischer and Lorad. In this paper the spot mammograms in the
clinical workflow are taken using a Fischer table. For keeping the lesion in a fixed position during the procedure,
the breast is compressed between two plates. Once the lesion is properly detected, a pair of images is taken after
moving the X-ray tube and the detector assembly +15° and -15° relative to the 0° position.!!

2.1 Biomechanical model based registration

First, we developed a method for MRI to full X-ray mammography registration.!? It uses the breast geometry
as imaged with MRI in 3D to estimate a configuration of the breast that is comparable to its shape in X-ray
mammography. The deformation applied virtually to the MRI is simulated by a biomechanical model.

For obtaining the patient specific breast geometry, we mainly concentrate on image segmentation for three
tissues: fatty, glandular, and muscle tissues. Our implementation uses Fuzzy C-means'? and K-means'? clustering
of the image intensities. If available, the information of the tissues imaged with different MRI protocols can be
combined. For simplicity, we model the shape of the breast until a certain offset after the sternum position in
posterior direction. Based on the segmented MRI, the model geometry is generated, dividing the breast anatomy
into approximately 2000 ~ 2500 4-node elements using a tetrahedral meshing algorithm. The meshing algorithm
first divides the outer and inner surfaces of the breast tissues into a triangular mesh based on the Delaunay
triangulation.!? Afterwards the volumetric mesh is filled with tetrahedrons in-between. Each element of the
mesh is assigned to tissue-specific material properties according to the labels of regions produced by the meshing
algorithm. We are applying an isotropic hyperelastic neo-hookean material model'® to account for nonlinear and
incompressible tissue behaviour during the deformation process for the breast. It is determined by two material
constants Cy; and D1, as a function of Young’s modulus E and Poisson’s ratio v. The incompressibility for the
model is approximated by assuming v = 0.495 for all of the three tissues. Additionally, the Young’s modulus
is assumed to be 1100 Pa for the fatty tissue, 2500 Pa for the glandular tissue and 6000 Pa for the muscle
tissue which is in the same range of our previous work.!®Our simulation is started using these empiric standard
parameters.
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Figure 2. Schematic of the breast geometry in the biomechanical simulation before deformation (a). Schematic of the
breast deformed after applying the compression plates (b). Schematic of the inner distribution of tissues showing fatty
(green) and glandular tissue (white) in the compressed breast (c).

In posterior direction we model the fixation of the breast at the chest wall. In terms of boundary conditions,
the breast is attached to the body by modeling the muscle as an undeformable body. Nodes at the interface
between the muscle and other tissue are restricted in moving in anteroposterior direction.

The deformation simulation for the mammographic compression consists of two steps. We first estimate the
breast in an unloaded state, i.e. in a configuration in which no mechanical deformation and no gravity is applied
to the breast. Secondly, we add compression plates to simulate the mammographic compression. We fix the lower
compression plate at the inframammary fold and then move the upper plate downwards to compress the breast
until the desired compression thickness is reached as shown in Figure 2. The boundary condition is thereby
defined as a displacement of the compression plates. We use acrylic glass plates modeled by 8-node hexahedrons.
The compression thickness is read out from the mammogram meta data. The compression of the breast model is
achieved by defining a contact between the breast surface and the plate surface. Since the material is considered
nearly incompressible, the applied deformation results mostly in a change of shape and not in a change of volume.

We use the Finite Element Method (FEM) to solve the mechanical deformation problem. The mechanical
deformations are computed using the dynamic FE solver in the commercial FEM software ABAQUS.'”

After the deformation simulation, the deformation field is applied to the segmented MRI image, resulting in
a volume containing the deformed configuration of the breast. The deformed MRI volume is calculated by linear
interpolation of the deformation field at all voxels and bilinear interpolation of the voxel intensities. This volume
serves as basis to carry out an X-ray-like projection. A raycasting algorithm is applied for this purpose. We take
into consideration the geometry of the X-ray acquisition process using the available information from the meta
data such as source to detector distance, source to patient distance, and compression thickness.

We optimize the biomechanical model based registration in order to adapt it to patient specific character-
istics and uncertainties in the meta data. For this purpose we optimize a number of parameters, such as the
compression thickness from the mammogram’s meta data which might have an error in the range of 5 mm,'® the
Young’s modulus of fatty and glandular tissue, the positioning of the compression plate and a possible patient
rotation around the three main axes. Optimization is done using a simulated annealing scheme with 15 iterations
optimizing all the parameters at once. The employed optimization criteria is to measure the shape similarity of
the deformed MRI and the full X-ray image. For this purpose we use the dice coeflicient to calculate the overlap
of the full X-ray mammogram with the projection of the deformed MRI.

A more detailed description of the biomechanical based registration can be found in Hopp et al.!

2.2 Image based registration

After aligning the MRI to the full X-ray mammogram, an image based registration is implemented as shown in
Figure 3 in order to align the full X-ray mammogram to the spot mammogram. Two pre-processing steps are



done before the alignment.

First, a resampling is applied, since spot mammograms have a resolution which may differ from the resolution
of the full view mammogram.!! In our available data, the image resolution of the full view mammogram is 0.05
mm/pixel while the image resolution of the spot mammogram is 0.0488 mm/pixel.

Second, the spot mammogram is rotated by either 90 degrees or 270 degrees, depending on which breast was
examined, in order to match the presentation of the breast in the full mammogram.

After pre-processing, the alignment is done using a 2D convolution of the full X-ray mammogram with the
spot mammogram. The spot mammogram is considered as a kernel which slides over the full X-ray mammogram,
performing an element-wise multiplication and then summing up results into a single output pixel. This matching
process allows resolving a translational transformation between both images. We take into consideration to use
the spot mammogram at 0° rotation angle to be in the same position of the full X-ray mammogram. Hence,
we assume that, although both images have been taken in a different imaging situation as explained before,
the deformation state is comparable. The position of the maximum of the convolution is considered as the
transformation parameter of the left top corner of the registered image.

2.3 Evaluation method

We evaluate the accuracy of our registration methods using annotated lesions in the three modalities as a
landmark. The Target Registration Error (TRE) is defined as the Euclidean distance between the center of
the predicted lesion in the registered image and the center of the annotated lesion from the radiologist in the
unregistered image.

3. RESULTS

We tested the methods using one patient dataset from the Medical University of Vienna. The dataset consisted
of a full set of MRI images taken with and without contrast agent on a Siemens 3T Trio Tim device, a full field
digital cranio-caudal view (CC) mammogram taken on a Philips Mammo MicroDose L30 digital mammography
device, and a spot view mammogram acquired at a 0° rotation angle of the compression plates taken during
X-ray biopsy on a Fischer table. The dataset was selected such that a landmark could be clearly identified by a
radiologist in all modalities for evaluation purposes. As a landmark, the circumference of the lesion in the MRI
volume is defined by six points, representing the maximal expansion of the lesion in each direction. Accordingly,
within the full and spot mammogram, four points representing the maximal expansion of lesion in each direction
were acquired from an experienced radiologist as shown in Figure 4. The center point was calculated as the
arithmetic mean of these points.

To evaluate the accuracy of the registration we applied two steps: the TRE of landmarks is calculated for
each registration step separately compared to the originally annotated lesions by the radiologist in the three
modalities. Afterwards, the TRE of both registration steps in combination is calculated based on the predicted
lesion position originating from the MRI annotation from the first step. This is given as an input for the second
step (image based registration) to predict the position in the spot mammogram image.

To calculate the TRE of the first processing step, the Euclidean distance between the projected center of
the lesion marked in the MRI and the lesion marked in the full X-ray mammogram is measured as shown
in equation 1. TREB;omechanical 18 calculated twice; without and with optimization. Before optimization,
TREBiomechanical Using only the empiric standard parameters is 7 mm as shown in (Figure 5 left). After
optimization, TREB;omechanical has been improved to 2.4 mm as shown in (Figure 6 left). The green dot
represents the center of the lesion that was marked by the radiologist and the red dot represents the predicted
lesion center from the biomechanical model based registration.

For the second processing step, the displacement of centers of lesions is estimated from the alignment of spot
mammogram and full X-ray mammogram images using equation 2 and TREmagebased 1S 9.5 mm.

In order to calculate the total TRE, the predicted position in the spot mammogram based on the two steps
of the registration is compared to the ground truth marking in the spot mammogram. T RFE;,; is calculated
as well before and after optimization. TRE4,1, in this case using equation 3 is 4.8 mm as shown in (Figure 5
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Figure 3. Image based registration in two steps: preprocessing and convolution method. Preprocessing (a): Scaling
(first) and rotating (second) of spot mammogram. Convolution method (b): The convoluted image from the full X-ray
mammogram and spot mammogram (first). The spot mammogram is aligned with the full X-ray mammogram based on
the maximum position of the convolution method (second).

right), while after optimization TRFE;stq; is 7.3 mm as shown in (Figure 6 right). It has been realized that before
optimization the TREBiomechanical ad T REmagebased cOMpensates partly, which results in having a total error
of 4.8 mm. However after optimization, our T REB;omechanical has been decreased to 2.4 mm, which shows that
the TREmagebased has a higher effect on our total error.

TREBiomechanical - ||CXR - C]\/[RIH (1)

TREImagebased = ||CCR - C’XRH (2)

TRETotal = ||OCR - CCRpredictedH (3)
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Figure 4. Two step image registration between MRI and spot mammograms for X-ray guided stereotactic breast biopsy.
To register MRI (left) with full view mammograms (middle), a biomechanical model based registration is used. To register
spot mammograms (right) with full view mammograms (middle), an image based registration is applied. Yellow rectangles
indicate the marked lesions in all modalities by an expert radiologist.
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Figure 5. The predicted lesion from the biomechanical model based registration in full X-ray mammograms without
optimization (left). The predicted lesion based on the two steps of registration in spot mammogram (right).

4. DISCUSSION AND CONCLUSION

We presented an approach to align MRI volumes with spot mammograms taken during X-ray guided biopsy.
To our best knowledge, an image registration between MRI, full X-ray mammograms and spot mammogram for
X-ray guided stereotactic breast biopsy has not been presented before. The method is based on two registrations
steps: a biomechanical model based and an image based registration. After applying the model based method to
virtually compress the MRI, an X-ray like projection is created, which is aligned with the full view mammogram.
Afterwards the full view mammogram is aligned with the spot mammogram to deliver spatial correlation with
X-ray guided biopsy.

Preliminary results were presented. Though only a small dataset of one patient has been used, our proposed
methods provide promising results with a total TRE of 7.3 mm. Since our methods after optimization shows
that image based registration has higher effect on our total error we are planning in future to evaluate different
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Figure 6. The predicted lesion from the biomechanical model based registration in full X-ray mammograms with opti-
mization (left). The predicted lesion based on the two steps of registration in spot mammogram (right).

deformation models instead of only assuming translational movement.

In future, we will validate the results with more clinical datasets. Also, the influence of the TRE on the
proposed workflow will be analyzed in order to answer the question of whether a matching-guided biopsy is
possible in a clinical setting. Having such a method would allow performing the broadly available and less
expensive X-ray guided biopsy even to a lesion that can only be seen in MRI.
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