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Abstract

Breast cancer is the most common cancer among women. Breast MRI (Magnetic Ressonance Imaging)
and tomosynthesis are two image modalities widely used for the early detection and diagnosis of breast
diseases. The combination of these two imaging modalities can aid this diagnosis and help improve
the treatment. However, the combination of these methods is a challenging task due to different di-
mensionalities of the produced images and different patient positioning. A possible approach is the
utilization of biomechanical FE (Finite Elements) models that simulate, in a physically realistic way,
the deformations produced by the tomosynthesis compression. Therefore, the aim of this study is to
develop patient-specific FE biomechanical models of the breast to determine how different modelling
aspects can influence the simulation outcomes and ultimately affect the results of the fusion of these
techniques. Furthermore, this study can serve as a guideline in different clinical applications: breast
imaging registration, multimodality data fusion and breast surgery planning. Three patient-specific
biomechanical models of the breast were created from MRI images. After segmentation, FE models
were generated and submitted to large tissue deformation, to simulate the tomosynthesis compression.
Different modelling aspects were varied and analysed, with special focus on internal structures of the
breast: fibroglandular tissue and tumor. The FE simulations have shown the importance of the different
amounts of fibroglandular tissue inside the breast, along with the presence of tumor and its location.
Further developments are needed to improve the accuracy of the results as well as methods to validate
the models built.
Keywords: Breast Cancer; Breast imaging; MRI; Tomosynthesis; Finite Elements.

1. Introduction

Breast cancer is the second leading cause of death
in women. Although this type of cancer is usually
associated with a favorable prognosis, according to
the World Health Organization, around 2 million
new cases were diagnosed which led to approxi-
mately 6 hundred thousand deaths in 2018 [1, 2].

Early detection is a key factor in maximising
probability of survival. Many different diagnostic
tools exist and together with advances in detection,
diagnosis, and treatment monitoring via radiolog-
ical imaging, patient-adapted treatment response
and prognosis is possible. MRI, X-ray mammog-
raphy, ultrasound imaging and more recently, to-
mosynthesis, are the imaging modalities used for
the early detection and diagnosis of breast diseases
[3]. X-ray mammography is the standard and most
used imaging technique for early disease detection
in screening programs. However, the generated im-
ages present low contrast in dense breasts, making
it harder to locate suspicious lesions within the un-
compressed breast as a result of the superimposition

of different tissues. This decreased sensitivity in
denser regions can be addressed by using tomosyn-
thesis, which acquires 3D views of the breast.

MRI images, on the other hand, are 3D images of
the breast which offer high contrast for soft tissue
and high diagnostic accuracy, being specially used
for denser breasts. In fact, DCE-MRI has the high-
est sensitivity for detection of breast cancer. How-
ever, the coarse resolution of MRI images does not
provide fine details of the fibroglandular structures
and microcalcifications, unlike X-ray mammograms
or tomomsynthesis generated images [4, 5].

Due to their different physical origin, tomosyn-
thesis and MRI can provide complementary infor-
mation about the internal tissues of the breast.
Therefore, by combining the available imaging in-
formation, a more accurate diagnosis and, hence, a
more effective medical treatment of the breast dis-
eases can be achieved [6].

Image fusion has been a big focus in the last
decades [7, 8]. The fusion of information from these
two modalities is a challenging task due to the dif-
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ferent poses in which the images are acquired (up-
right and prone positions) [9, 10], the large and
complex deformation of the breast, different dimen-
sionality and resolution of the images. A possi-
ble approach for this combination is the utiliza-
tion of biomechanical FE models that simulate, in a
physically realistic way, the deformations produced
by the tomosynthesis compression. The resulting
model of the compressed breast can be used to gen-
erate the deformed configuration of the MRI image,
corresponding to the virtual tomosynthesis.

The main goal of this thesis is to determine how
different modelling aspects can influence the FE
simulation outcomes in order to ultimately combine
MRI and tomosynthesis in the most accurate way
possible. This study can also serve as a guideline
in different clinical applications which make use of
FE breast modelling, such as breast image registra-
tion, multimodality data fusion, breast surgery, and
biopsy.

For this purpose, patient-specific FE models for
three different breasts were built. One of the main
reasons FE were used in this study had to do with
the ultimate goal of generating a virtual tomosyn-
thesis image from the MRI data using displacement
fields resulting from the simulation. However, for
this study, the focus was set on the previous step,
to guarantee the utmost accuracy of multi-modal
imaging data fusion. Therefore different parame-
ters were analysed: geometries; the fibroglandular
tissue position and its different amounts; tumoral
presence and different tumoral locations within the
breast with respect to other tissues.

2. Breast Anatomy and Cancer

The breast is composed of three main tissues, as
seen in Figure 1: glandular, adipose and skin, how-
ever it is also composed of connective tissue which
gives shape and consistency to the breast. The
fibroglandular tissue, also known as the glandu-
lar parenchyma, varies a lot across patients and
its amount relative to the total breast volume is
known as breast density [10]. Breast densities can
be extremely variable in all ages. The propor-
tion of fat and fibroglandular tissue can vary across
time for a single subject due to changes in the hor-
monal environment of the breast, such as age, preg-
nancy, menopause and hormone replacement ther-
apy. Generally, after menopause, the breast density
decreases due to the replacement of glandular tissue
by fatty tissue [11].

The type of breast cancer is generally determined
by the origin of the growth of cancer cells, which is
almost always in the lobes, lobules, or ducts [11].
Therefore, the fibroglandular tissue represents the
population of breast cells at risk of carcinogenic
transformation [12]. However, breast cancer can

Figure 1: Medially, the internal mammary artery
and branches are seen. The TDLU, the site of ori-
gin of most of metaplastic, hyperplastic, and neo-
plastic processes of the breast, is demonstrated.
At midline, the pectoralis major and minor mus-
cles are usually seen depending on patient anatomy.
Each breast contains approximately 15 to 20 lobes.
Adapted from [11].

grow into the supporting tissue between the ducts,
blood vessels, lymph nodes, and other breast struc-
tures, so they offer a higher chance of metastasis.
These type of tumors are designated: infiltrating or
invasive carcinomas [13].

3. Background

Since the breast is a highly deformable organ, it
would be valuable to obtain a physically realistic de-
formation in both the surface and internal tissues to
acquire some prior knowledge about its behaviour
[10]. It is possible to do that using FE modelling,
which is a powerful tool that enables analysis and
evaluation of structures and systems for which there
are no analytical models or solutions for. This is a
result of the complexity of the material properties
and boundary conditions involved in the modelling
of the breast.

Due to these large scale deformations, there has
been considerable interest in deformation modelling
to capture the transformation of the breast between
different imaging sessions and between imaging and
biopsy or surgical resection. Many of these meth-
ods have focused on biomechanical modelling and
how FE can be utilised to create non-rigid image
registration methods to solve the inter and intra-
modality correspondence problems as well as corre-
spondence between images and the physical space
of an intervention. This is the focus of this study:
the search for the conditions that most affect the
simulation with the ultimate purpose of combining
two imaging modalities.

Biomechanical modelling of the breast can, there-
fore, provide physically realistic breast deforma-
tions, since it stores information about the geom-
etry and structure of the organ. In order to create
this type of biomechanical model which focuses on
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Figure 2: Schematic summary of the most important steps carried out in this study: combination of
two imaging methods; selection of the segmentation method (semi-automatic, using Python or manual,
using ITK SNAP); filter application using Meshlab; FE simulation using Abaqus; model update using
SolidWorks.

the combination of MRI and X-ray generated im-
ages, it is necessary to segment the MRI images
and follow the normal steps for the creation of a
FE model.

4. Methods

Three patient-specific models were built based on
the segmentation of MRI images, using the seg-
mentation tool: ITK SNAP® (University of Penn-
sylvania and University of Utah, USA) [14] and
Python® (Python Software Foundation). The
meshing tool MeshLab (Visual Computing Labora-
tory of ISTI-CNR, Italy) [15] was used to improve
the model. It was then tested using the FE solver
ABAQUS® (Dassault Systèmes Simulia Corp.,
USA) and remodeled using SOLIDWORKS®

(Dassault Systèmes SolidWorks Corp., USA). A
schematic summary of the most important steps
carried out in this study is displayed in Figure 2.

4.1. Segmentation

Segmentation consists in dividing an image into re-
gions to delineate the organs or differentiate the
parts of the body. The outcome will correspond
to the MRI image voxels’ labeled according to a
specific region [9]. This can be performed automat-
ically or manually and for this study, both these
approaches were tested.

For the first patient, two different models were
built in regards to material composition. In one
model, the whole breast was considered to be uni-
form: being composed of one single tissue. In a
second model, a distinction between the fibroglan-
dular and adipose tissues was made. This second
model was then created for the two other patients.
For both cases, in order to have a robust, simple
and easily computed model, some of the tissues sur-

rounding the breast had to be neglected: the rib
cage, muscle, ligaments and pectoral fascia. The
skin and ligaments were also ignored in both mod-
els, however, its influence was taken into account in
the choice of the materials.

4.1.1. Semi-automatic Segmentation

In order to reduce computation time by limiting
user interaction, semi-automatic segmentation was
used. This would allow to obtain segmented im-
ages with the desired level of tissue differentiation
to which it would only be necessary to apply a mask
in a segmentation program of choice, in this case
ITK SNAP.

The segmentation was implemented in Python
and the first step consisted in the normalizing the
images, followed by manually segmenting the torso,
in order to generate a background mask to remove
noise artefacts. Afterwards, with the purpose of re-
ducing noise and smoothing the intensity differences
within each tissue, a median filter was applied. The
last step consisted in applying a clustering algo-
rithm that could separate structures, according to
its intensity values’. The algorithm used was K-
Means [16]. ITK SNAP is then used to generate
3D medical images, through a mask.

4.1.2. Manual Segmentation

Manual segmentation was done directly on ITK
SNAP which reduces one step in the pipeline and
ultimately generates better results, seeing that all
the imperfections can be manually corrected. This
was the method chosen to generate all the different
models. However, it will be less cost effective since
it involves a more thorough and hands-on experi-
ence.

The resulting file was imported to MeshLab in
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order to improve the mesh quality, by applying
the Laplacian smoothing and iso-parametrisation
resampling [17]. The result was then exported to
the FE solver ABAQUS and the 3 models were cre-
ated, as seen in Figure 3.

Figure 3: Perspective view of the 3D FE models
generated after segmentation for (from left to right):
Patient 1; Patient 2 and Patient 3.

4.2. Material Properties
The definition of the material properties of the
breast is a very difficult task since few studies have
been conducted [18]. Furthermore, breast tissue
properties are known to change considerably with
age, during the menstrual cycle, and pregnancy [18].
Therefore, these depend heavily on the individual,
so a customized constitutive relationship would be
preferred [18]. However, for this study, the same
material properties were defined for the 3 patients:
all tissues were considered to be isotropic, linear
elastic and were considered to be nearly incompress-
ible. This last assumption can be done due to the
fact that breast tissues are mainly composed of wa-
ter, thus implying a definition of the Poisson ratio
close to 0.5, which means that the volume of the
breast is conserved when it is being deformed.

As described in the beginning of the section, two
types of models were built: one composed of one
material and another made of two materials. Both
are based on approximations regarding the distinc-
tion between tissues. As a result, some adjustments
had to be made to the values found in the bibliog-
raphy. The values used for both models are based
on Wellman’s [19] and Gefen’s studies [20] and are
displayed in the Table 1.

4.3. Convergence Study
In order to ensure that the FE analyses were not
being influenced by the type of elements and size
used, a convergence study was performed on 9 dif-
ferent models with different number of nodes. The
type of elements used were linear tetrahedral ele-
ments (C3D4). This study was done while keeping
the material properties unchanged: Young’s modu-
lus, E= 10 kPa and Poisson’s ratio= 0,48, as well as
applying the same type of displacement in the mod-
els. After analyzing the evolution of the Von Mises
and principal stress in the y direction and taking

into consideration the number of nodes and, conse-
quently, the simulation cost, the chosen number of
elements was 40 000.

4.4. Zero Gravity State Estimation
During a MRI scan to the breast, the subject lies in
prone position. However, during a tomosynthesis,
the patient is standing up and the breasts are being
compressed. This means that the direction of grav-
ity in the patient’s body is changing depending on
the imaging method being performed. Therefore,
the natural state of the model will correspond to
the unloaded configuration, before being deformed
by any force, including gravity [9]. In order to ob-
tain a realistic biomechanical model of the breast it
is necessary to determine a correct starting loading
condition, which is known as the unloaded reference
state [9, 21].

Although this removal of external forces will cor-
respond to an unreal state, it is of big importance to
accurately represent the stress-free unloaded refer-
ence configuration of the breast in order to provide
reliable physics-based modeling of the large defor-
mations. Besides that, this reference configuration
can be used as an ideal shape from which informa-
tion and features from all images of the breast can
be mapped and interpreted.

The deformation resulting from the application
of gravity is highly dependent on the constitution
of the breast, meaning that depending on many
factors (patient’s BMI (Body Mass Index) and age
(being pre or post menopausal)), the amount of fi-
broglandular tissue is going to change, leading to a
softer, and therefore, more deformable tissues and
vice versa.

There are several ways to approach this problem:
by manually inverting the gravity load by using it-
erative methods or by using inverse FE approaches
[9]. The chosen approach to invert gravity involved
applying a volumic displacement from the nipple
to the base of the breast (in the y-axis direction),
of 10% of the size of the breast segmented from the
MRI. This value was chosen according to the results
previously obtained by different authors [17, 22].

On the posterior part of the breast, a boundary
condition of type ”Encastre” was applied, as seen
in Figure 4, meaning that the surface is considered
to be fully built-in. This is considered to be a sim-
plification since, from an anatomical point of view,
the breast is not rigidly fixed to the body [9].

The resulting mesh reveals to have excessive el-
ement distortion, therefore a remeshing algorithm
needs to be enforced, using SOLIDWORKS. How-
ever this leads to detail loss. This approach involved
extracting the coordinates of the nodes correspond-
ing to the deformed state of the breast and cre-
ating a volume which would then be imported to
ABAQUS.
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Table 1: Material properties used for the modulation of the two FE models of the breast: uniform and
two tissue model.

Model Material Formulation Parameters Reference

Single
Tissue

Uniform
Linear
Elastic

E = 0.01 MPa
Wellman et al. [19]ν = 0.48

ρ = 900 kg/m3

Two
Tissues

Adipose
Linear
Elastic

E = 0.025 MPa

Gefen et al. [20]

ν = 0.40
ρ = 900 kg/m3

Fibroglandular
Linear
Elastic

E = 0.66 MPa
ν = 0.40

ρ = 900 kg/m3

Figure 4: From left to right: model of the breast
with a boundary condition applied, in red, of type:
”Encastre”, meaning that the nodes on that sur-
face are movement free, for Patient 1; Model of
the breast with two boundary conditions applied,
in blue, of types: ”Encastre”, on the posterior part
of the breast, and mechanical displacement from
the nipple to the posterior part of the breast, for
Patient 1.

4.5. Paddle Compression

In order to simulate the tomosynthesis, the breast
must be compressed. For this study, the exact dis-
placement is applied to the breast until it reaches
the body part thickness registered in the tomosyn-
thesis header. This information was only available
for Patient 1 (42 mm) and 3 (50 mm), therefore the
resulting height for the second patient had to be
determined through a mean of the heights for the
10 different patients that underwent tomosynthesis
(43.1 mm).

The displacement was applied using plates which
were modeled using SOLIDWORKS. The full model
is displayed in Figure 5. The interaction between
tissues and plates was modelled with a contact
model where one of the paddles was fixed and the
other suffered displacement in the z-direction (i.e.
head-to-toe direction). The plates were defined as
rigid bodies and rigid body constraints were as-
signed to each of them. The interactions between
these plates and the breast were defined as fric-
tionless and two contact pairs were defined between
both plates and the breast. Furthermore, a tie-type
constraint between these two parts was also defined.

For this study, all the surface nodes of the poste-
rior part of the breast, corresponding to the tissue
that follows the pectoral muscle, were constrained
in the x-direction (i.e. lateral-medial direction) and
in the y-direction (anterior–posterior) to prevent
rigid body displacements of the whole breast.

Figure 5: Von Mises stress on the breast model be-
fore the application of displacements (left) and after
the application of the second half of the total dis-
placements for Patient 1 (right).

During large breast deformations, several factors
can interfere with the stability of the FE optimiza-
tion, affecting the numerical solutions. Skin folding
can affect the topology of the elements in a certain
area, making these undergo a large deformation [9].
This can occur particularly for large breasts, due to
contact with the MRI breast coil or in cases where
the subject is clothed during scanning [23]. In fact,
this affects this study by not allowing the appli-
cation of the desired displacement in a single run.
Therefore, the same remeshing algorithm must be
applied after the first half of the compression.

For the model with two tissues, the fibroglandu-
lar part was built using SOLIDWORKS and was
simplified as a cylinder. The size of this geometric
shape was based on the relative proportion of dense
breast for each patient. Furthermore, in order to
understand the influence of different fibroglandular
tissue’s amounts on the results, different sizes were
manually generated.

Since the fibroglandular tissue tends to be more
concentrated towards the posterior part of the
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breast, that was the location chosen for its place-
ment, however, different positions were tested with
the purpose of determining whether the position
of this tissue within the breast affects the results.
Two of the patients used in this study had tumoral
masses located in the breast, so in order to create
models as close to reality as possible and to under-
stand the influence of a tumor in the modulation
of the breast, a tumor was modeled and included
in all the different models. The material properties
used for the tumor were based on the studies car-
ried out by Gefen et al. [20] and were set to a ten
fold increase compared to the fibroglandular tissue.

The origin of the growth of cancer cells is gener-
ally in the fibroglandular tissue, however, it can also
be found in different structures, such as the sup-
porting tissue or in the fatty tissue around a duct.
Therefore, 7 out of 13 cases have the tumor placed
inside and for the 6 remaining cases, the tumor was
inserted in the adipose tissue.

5. Results and Discussion

A line starting in the posterior portion of the breast
to the nipple was created in order to go through the
different materials that constitute the breast: adi-
pose, fibroglandular tissue and tumor. These points
correspond to nodes in the breast’s mesh. Values for
the hydrostatic stress, stress along the third prin-
cipal direction (S33) and logarithmic strain in the
z-direction (LE33) were collected and are displayed
in plots containing the evolution of these variables
throughout the breast. These three variables were
all negative, as expected, due to the compressive be-
haviour of this study and will be further analysed
in their absolute value.

5.1. Fibroglandular Tissue Position

Two different fibroglandular tissue positions were
tested for Patient 1, in order to determine if its
placement had influence in the results. The graphs
revealed no big differences between the maximum
Von Mises tension and logarithmic strain values, for
the two different positions. This result could allow
to conclude that the position of this stiffer tissue in-
side the breast has no influence on the simulations
and should be neglected. However, the Von Mises
stress was not the best variable to be used for this
test since it measures the energy of the deviatoric
stress, which is the part of the stress tensor which
changes the shape, but not the volume. Therefore, a
best alternative would have been to choose a prin-
cipal stress or the hydrostatic stress. Taking this
into consideration, the different placements for the
fibroglandular tissue could possibly have a bigger
effect on the simulations than expected. Neverthe-
less, it continues to be a plausible assumption.

5.2. Measuring Stress and Strain
As mentioned previously in the subsection 4.5, the
results obtained in terms of stress and strain for
the various models correspond only to the second
compression. However, with the purpose of under-
standing the order of magnitude involved in a full
compression, the sum of both steps was performed
for one of the models, for Patient 1.

For both stress and strain, the results for the first
half were smaller than for the second. This is a re-
sult of the change in geometry (height of the model)
while applying the same displacement in both steps.
Furthermore, since the area of the breast changes
between steps, the difference between values is high-
lighted even further.

5.2.1. Unchanged Fibroglandular Tissue
Amount

A comparison between different patients with the
same amount of fibroglandular tissue was made,
which led to the conclusion that the results across
patients does not vary significantly. This can be a
result of different factors: the compression applied,
tissue constitution, geometry and dimensions. The
plot for Patient 1 is displayed in Figure. 6.

Figure 6: Evolution of the principal stress along
the direction of compression (S33) and hydrostatic
stress (top); logarithmic strain in the same direc-
tion (LE33), for the nodes selected along the line
segment, for Patient 1, with 15.6% fibroglandular
tissue (bottom).

The stress along the third principal direction
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(S33) is bigger than the hydrostatic stress because it
corresponds to the mean of all principal stress com-
ponents. The reason why S33 and the hydrostatic
stress have very similar values in the adipose tissue,
has to do with the fact that the first two principal
components (S11 and S22) have very small values
compared to S33. Regarding tissue constitution,
the stiffer the tissue is, the higher the stress will be.
An example for that is the almost null stress in the
adipose tissue and high stress for the fibroglandular
tissue.

Logarithmic strain starts with a plateau during
the presence of the fibroglandular tissue, since a
stiffer tissue is associated with a smaller deforma-
tion. Immediately after, there is an increase which
is associated with the presence of the adipose tissue,
which is softer, and will therefore deform more.

5.2.2. Varying Amount of Fibroglandular
Tissue

The change in fibroglandular tissue amount led to
very similar results which only differed in the length
of the plateau, which is a result of the increasing
height of the cylinder (fibroglandular tissue) result-
ing in more points being selected. The behaviour
of the curves were similar across the several mod-
els for each patient. Generally, the bigger the fi-
broglandular tissue, the lower stress and logarith-
mic strain values would be, as seen in Figure 7.
This can be a consequence of the distribution of the
stresses throughout a bigger volume, reducing the
local stress in a specific point and the diminishing
strains for stiffer tissues.

Figure 7: Evolution of the principal stress along
the direction of compression (S33) and hydrostatic
stress for the nodes selected along the line segment,
for all the different models built for Patient 1.

Moreover, according to Moshina et al. [24], the
denser the breast (higher VDG value), the higher
the compression pressure used for the mammogram
is. Since the tomosynthesis device uses an auto-
matic method to stop the compression based on the
response of the tissue, if the stresses are low, the

compression is bound to continue: meaning that
the compression pressure should increase for those
cases. This result corroborates the lowering of the
stress for patients with higher VDG. Therefore, for
these cases, the compression pressure should have
been increased, to guarantee a more accurate simu-
lation. From a clinical standpoint, higher compres-
sion pressure is associated with a more painful ex-
perience during a compression, therefore, patients
with higher VDG are most likely to have an un-
pleasant experience.

5.3. Models with Tumor

The evaluation of the location of the tumor inside
the breast and its influence in the stress along the
third principal component, the hydrostatic stress
and the logarithmic strain was considered. The pa-
tients suitable for this study were Patient 1, which
had two models with the same fibroglandular tis-
sue amount and different tumoral locations and Pa-
tient 3, which had different models with different
amounts of fibroglandular tissue and locations for
the tumor.

The increase in stress in the area of the tumoral
mass has to do with its properties. Tumoral masses
have a Young’s modulus superior to fibroglandular
tissue (ten times the value used for the fibroglandu-
lar tissue, in this study), leading to a much stiffer
tissue. As a consequence, when this model is sub-
jected to a compression, the region of the tumor will
deform less and have more tensions accumulated in
that region. In fact, the logarithmic strain shows
that the closer to the tumoral mass, the closer this
strain is to zero. Which is the opposite to what
happens for the stress.

Furthermore, as a result of the tissue stiffness,
models with tumor inside the fibroglandular tissue
should lead to higher stress values, as opposed to
models with tumor outside, as seen in Figure 8.
Since the fibroglandular tissue is stiffer than the
adipose tissue and the tumor is even more stiff than
both, if the two tissues are adjacent, the tensions
will combine. Apart from tissue’s properties, two
other factors can justify lower stresses in models
with tumor placed closer to the nipple: the breast’s
normal geometry and the lack of boundary condi-
tions. Since the posterior part of the breast is in
full contact with the paddles when compressed and
the region of the nipple is not, lower stresses will be
generated in that region.

The evaluation of both models for Patient 3 re-
vealed the influence that both fibroglandular tissue
and tumoral mass could have on the model before
and after its presence, as seen in Figure 8. In fact, it
showed that the tumor’s influence was twice as big
as its physical presence in the breast and the glan-
dular tissue also had an impact that extended 13%
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past its presence. This is a result of the distribution
of tensions and stresses, which tend to accumulate
in or next to stiffer tissues.

Figure 8: Evolution of the principal stress along
the direction of compression (S33) and hydrostatic
stress for the nodes selected along the line segment,
with 8.6% fibroglandular tissue and tumor outside
the fibroglandular tissue (top); 29.6% fibroglandu-
lar tissue and tumor inside the fibroglandular tissue
(bottom). Both for Patient 3.

Tumor progression is associated with internally
generated forces and forces arising from inter-
actions with its microenvironment, which allows
the tumour to disarrange adjacent healthy tissue
and migrate into surrounding spaces. During this
rapid tumor cell reproduction process, intratumor-
generated solid stress is a result of cells growing into
one another and straining the tumor’s microenvi-
ronment, which ultimately strains the surrounding
healthy tissue. Additionally, externally generated
solid stresses are also created due to the adjacent
tissue, which attempts to resist tumor expansion
[25]. Taking this into consideration, the presence of
stresses with high magnitude in the tumor area and
its surrounding region are not only a result of the
applied compression, but can also justify the influ-
ence this tissue can have on the surrounding tissues
and the tumor proliferation. Varying the amount
of glandular tissue will lead to similar results to the
ones obtained for models without tumor presence.

5.4. Shear Strain Evaluation

A shear stress evaluation was performed on the
models with 15.6% fibroglandular tissue, for the
three patients, with the aim of validating the model
built. The results would reveal which direction
would be more overpowering and how the model
would behave under such deformations.

Shear strain should not be as relevant as normal
strain for this simulation. At most, it should be
more significant in the interface between the pad-
dle and the breast tissue, which is what happens
during a breast compression. This not only justifies
the location of the biggest logarithmic strain values
in the breast but also validates the model and the
results, since they are concordant with reality.

Regarding the different directions in which the
shear strain is measured, Patient 1 and 3 have the
biggest logarithmic shear strain values in the coro-
nal plane, as opposed to Patient 2, which has the
biggest shear strain in the sagittal plane, as seen
in Figure 9. This is a clear result of the different
geometries and dimensions. Patient 1 has a sim-
ilar length and width and slightly bigger height,
which can explain the dominance of the logarith-
mic shear strain in the coronal plane. Patient 2 has
a much bigger height than width (bigger influence
in the sagittal plane). Patient 3 has a big length
and an even bigger height, which not only explains
the proximity of the values obtained for the coronal
and sagittal plane, but also leads to the possibility
for either of the directions to be the primary one.

6. Conclusion

This study represents an advance towards the im-
provement of tomosynthesis and MRI image fusion,
in a sense that it highlights the most important vari-
ables to be taken into account when generating a FE
model of the breast. Put differently, this consists in
a sensibility analysis which determines which fac-
tors had a greater influence on the biomechanical
breast models under a tomosynthesis compression:
breast tissue constitution and its different geome-
tries.

Regarding tissue constitution, the fibroglandular
tissue’s position was studied, which led to the con-
clusion that it had no effect on the simulations. The
presence of a stiffer tissue led to higher stress and
lower strain values in that region. The amount of
fibroglandular tissue for each patient was also stud-
ied and the results in terms of stress and strain
were as expected: an increase in the amount of
fibroglandular tissue was associated with the low-
ering of stresses and strains. This was a result of
the dispersion of stress throughout the stiffer tissue
and the increased difficulty to deform the breast.
Which can be an explanation to why the tomosyn-
thesis device applies more compression pressure to
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Figure 9: Shear strain measured for models with 15.6% glandular tissue for Patient 1, from left to right:
in the coronal plane (1,3), with tumor inside the fibroglandular tissue; for Patient 2, in the sagittal plane
(2,3), with tumor outside the fibroglandular tissue; for Patient 3, in the coronal plane (1,3), with tumor
inside the fibroglandular tissue.

breasts with higher glandular percentage. As a re-
sult, these values can point to the possible low com-
pression pressure used in certain simulations. More-
over, pain and discomfort tend to increase during an
exam which involves higher compression pressures.
Therefore, the association between the compression
pressure values and the pain/discomfort felt during
an exam can lead to another interesting conclusion:
since more glandular tissue percentage requires an
increased amount of compression pressure, patients
with those increased tissue’s percentages tend to
suffer more during an exam.

The presence and absence of tumor was also stud-
ied for all different models, where different positions
were considered. The tumor’s position with respect
to the fibroglandular tissue has a big effect on the
results in terms of stress, strain and shear strain.
Regarding stress, if the tumor is inside the fibrog-
landular tissue, the stress values will almost double,
compared to the glandular tissue’s values. When
the tumor is located closer to the nipple, its pres-
ence is masked since the stress and strain values in
that region are very similar to the fibroglandular
tissue’s values. Shear strain behaves differently: it
is generally lower when the tumor is present.

Furthermore, tumor presence influences stress
and strain distribution before and after its presence.
These stresses are also seen in a non-compressed
breast and are a product of the proliferation and
progression of the tumor throughout the breast, af-
fecting the surrounding healthy tissue. Therefore,
it is possible to conclude that the increased stress
values in the tumor region are a product of both
biological factors and the applied compression.

Several aspects regarding the glandular tissue’s
amount and tumor presence have distinct impacts
on the breast’s FE modelling. Thereby making
these modelling variables the key factors resulting
from this sensitivity analysis. Thus, it is of extreme
importance to model these tissue as accurately as
possible with respect to the original MRI image, in
order to have a successful image fusion to aid the
patient’s diagnosis.

6.1. Future Work

To the author’s knowledge, this work is the first to
consider different amounts and positions for the fi-
broglandular tissue and tumoral mass in a context
of FE biomechanical simulations. This is an im-
provement in terms of the evaluation of which pa-
rameters most influence these type of simulations
and how this knowledge can improve the outcome
of the application of these models for image fusion.

Since the end goal of this study is to perform a
virtual tomosynthesis using MRI images, it is im-
portant to create models that best represent the in
vivo conditions in order to later extract the defor-
mation fields that will be applied to the original
image voxels’. However, in this study, the models
built for the different patients have some limitations
which should be considered in order to have a more
reliable and accurate model in the future.

The first limitation has to do with the mechan-
ical properties used for the breast tissues. Since
the definition of the breast’s tissue properties is
still a topic under investigation, a consensus is yet
to be reached. As a result, the properties used
can affect the results by not being as close to re-
ality as possible. Furthermore, all breast tissues
were modelled as linear elastic, isotropic and ho-
mogeneous, when in reality breast tissues, are ob-
served to exhibit nonlinear, anisotropic and time-
dependent mechanical responses under large defor-
mation [3]. Changing the tissues’ properties to
transversely isotropic or anisotropic could lead to
improvements in the results. Another improvement
consists in a simultaneous material model parame-
ter optimization through iteratively updating mate-
rial model parameters to maximize the image sim-
ilarity between the predicted MRI image and the
experimentally acquired MRI image [26].

For this study, the compression of the breast was
not performed in one single step due to big ele-
ment distortion. As a future improvement, the re-
sults could be summed at node level by developing
a computational algorithm which would associate
each node from a model to the corresponding node
belonging to the model used during the second com-
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pression. This could lead to an interesting quanti-
tative analysis of the results.

Finally, a major improvement for this study,
which is complacent with an important limitation,
has to do with the validation of the model and the
FE simulation results. Firstly, by acquiring MRI
images of the the breast before and after compres-
sion, it would be possible to validate the compressed
model geometry. Also, the MRI image of the com-
pressed breast would allow to later evaluate the ac-
curacy of the landmark positions after generating
the virtual tomosynthesis.

Despite the limitations mentioned, this work cor-
responds to an important intermediate step before
the combination of tomosynthesis and MRI. It rep-
resents an improvement regarding breast modelling
using FE, which ultimately helps improve breast
cancer diagnosis.
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