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Major contributions

The overarching concept of the thesis was to introduce mechanical
imaging to the OpenVCT software platform. The planning was done
with all supervisors together with the author. The effort of this was
built upon the OpenVCT (Barufaldi et al., 2018) software, and the
meshing of the breast phantoms by Oliver Diaz. The framework for
simulating mammographic compression of a breast phantom originates
in the study by Lago et al. (2013).

The presented work resulted in a preliminary computer model of
the breast of MI acquisition which was not present in the OpenVCT
pipeline before.



Abstract

A change in stiffness of breast tissue is often connected to a patholog-
ical change. Some types of breast cancer such as infiltrating ductal
carcinoma can be up to eight times stiffer than fat tissue. It has been
found that during compression of the breast there will be a local area
of relatively high stress at the breast surface at the location of a tu-
mour. This type of mechanical imaging of the breast has been able to
find cancers which can be difficult to find in mammography.

Virtual breast phantoms have been growing in number and com-
plexity for the past couple of years. The breast models have been used
to validate medical imaging modalities and their great advantage is
their low computation time. Considering the advantage of using vir-
tual breast phantoms and mechanical imaging, combining these two
aspects could prove to be advantageous.

In this thesis a Finite Element model of a breast with a linear
elastic material model was subjected to mammographic compression.
A tumour was inserted to study the surface pressure values of the
breast phantom. As a first step, it was tested how the simulated
surface pressure matched the stress patterns seen with mechanical
imaging on real breasts. The tumour’s stiffness, size, and location
was varied. For all simulated examples, a local area of relatively high
stress at the location of the tumour was found. This is in agreement
with available clinical data although on the lower end of the reported
stress ranges.



Sammanfattning

Styvhetsförändringar i bröstvävnad är ofta kopplade till en patologisk
förändring. Vissa cancertyper som infiltererande duktalt carcinom
kan vara åtta g̊anger s̊a styv som fettvävnaden runt omkring. Genom
att komprimera bröstet och mäta trycket p̊a bröstets yta har man
identifierat att det blir en lokal förhöjning i tryck där det finns en
tumör. Med hjälp av den här typen av mekanisk avbildning av bröstet
har man kunnat hitta cancertumörer som kan vara sv̊ara att hitta med
mammografi.

Simulerade bröstfantomer har ökat b̊ade i antal och komplexitet de
senaste åren. Bröstfantomen har använts för att validera medicinska
avbildningssystem och den största fördelen med modellerna är den ko-
rta beräkningstiden. Med tanke p̊a denna fördel av att kunna simulera
många bröst p̊a kort tid, samt fördelen med mekanisk avbildning hade
det varit fördelaktigt att kombinera dessa tv̊a aspekter.

I detta projekt simulerades kompression av ett bröst med hjälp
av Finita Element Metoden. En tumör lades till i bröstet för att un-
dersöka om de simulerade resultaten av trycket i bröstet överensstämde
med klinisk data. Tumörens styvhet, storlek och läge i bröstet vari-
erades. I alla simulerade exempel identifierades lokala omr̊aden med
högt tryck som överensstämde med tillgänglig klinisk data.
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1 Introduction

Breast cancer is the most common cause of death for women world-
wide. Breast cancer accounts for 25% of all cancer cases affecting
women (Stewart & Wild, 2014). In Sweden alone, there are 8000
cases of breast cancer every year (Bröstcancerfonden, 2019).

The rate of survival depends largely on when the cancer is detected.
For this reason mammographic screening has been established in many
countries worldwide (Gotzsche et al., 2013).

Despite the screening, not all cases of cancer detected, and some
cancer tumours are missed. This is mainly because of unclear charac-
teristics of the tumour or that it is too small to be detected (Garra et
al., 1997).

A complement to mammographic breast screening which is cur-
rently being studied is mechanical imaging of the breast. Mechanical
imaging involves applying force to an object to obtain information
about its material properties (Sarvazyan et al., 2009).

Considering tumour tissue is stiffer than normal breast tissue,
when the breast is compressed it has been shown that there will be
relatively higher stress at the location of a tumour in comparison to
the rest of the breast (Dustler et al., 2012)(Förnvik et al., 2013).

Since the early 2000s there have been studies regarding simulated
virtual breasts (virtual breast phantoms). The simulated breasts are
used in so-called ”virtual clinical trials”. Virtual clinical trails are
simulations of clinical trials which can be used to validate different
medical imaging modalities used in breast imaging, such as mammog-
raphy and digital breast tomosynthesis (Vieira et al., 2013)(Young et
al., 2013).

The strength of virtual clinical trials is their speed at which they
can be run. Through virtual clinical trials it is possible to run a high
number of simulations, which would have taken considerably longer
than if it was done clinically (Bakic et al., 2018a).

Considering the results in detecting cancers from mechanical imag-
ing and the advantage of virtual clinical trials, the combination of
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these aspects could prove advantageous in finding cancer.

1.1 Purpose of the thesis

The purpose of this master’s thesis is to introduce a mechanical imag-
ing aspect to the OpenVCT software platform (Barufaldi et al., 2018),
by considering the advantage mechanical imaging has in finding tu-
mours that would otherwise remain undetected and most importantly
whether a tumour is benign or not.

To use mechanical imaging on the current virtual breast phantoms,
and considering we are interested in the local changes in pressure of
the breast, a more complex mechanical model of the breast would be
needed.

Additionally, the following questions are to be answered:

• How does the location of a lesion affect the stress at the surface
of the breast phantom?

• How does the stiffness of a lesion affect the stress at the surface
of the breast phantom?

• Does the size of the lesion affect the stress at the surface of the
breast phantom?

2 Background

2.1 Anatomy of the breast

The breast consists mostly of glandular tissue and fat, surrounded
by fibrous connective ligaments (Ramiao et al., 2016). The base of
the breast attaches to the thorax through the pectorial facia which
is a sheet of connective tissue that in turn attaches to the pectorialis
major.

The center of the breast and its upper portion is mainly glandular
tissue which consists of ducts and secretory lobules which produces
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milk. The lobes have excretory ducts that connect to the lactiferous
sinus, which in turn connects to lactiferous ducts in the nipple and
areola area. See figure 1.

The fibrous connective ligaments previously mentioned are called
Cooper’s ligaments and are a type of fibrous tissue that is fixed to
the overlying skin and the underlying pectorial facia of the breast.
Cooper’s ligaments aid in maintaining the internal structure and in-
tegrity of the breast (Vorrherr 1974, p. 26).

Figure 1: Anatomy of the breast. Adapted from Ramiao et al., 2016.

2.2 Mammography

Mammography is a medical imaging modality which uses X-rays in
order to image the breast, mainly in order to detect cancers. Different
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tissues will have different X-ray absorption and these small differences
provide image contrast. Cancer can be detected by its characteristic
shape and appearance.

There are two standard types of how the breast can be compressed,
which is cranio-caudal (CC) and mediolateral oblique (MLO), see fig-
ure 2. Compression of the breast is done both to increase the image
quality and reduce the amount of radiation absorbed by the patient.

In CC the breast is compressed horizontally (the transverse plane)
while in MLO the breast is compressed laterally (the coronal plane)
and the plates can be rotated between 45°-55°. Both views comple-
ment each other as CC provides with visualization of the central part
of the breast and have less overlap of dense tissue while MLO provides
with better juxta-thoracic imaging.

During a mammography examination the breast is placed between
what is called a ”breast support” and a compression plate. The breast
support is fixed while the compression plate will compress the breast.
The breast is compressed roughly to 50% of its original thickness.
After this an X-ray image of the breast is taken (Andersson et al.,
1978),(Kim et al., 2006),(Curry et al., 1990).

2.3 Biomechanical properties of the breast

In a study done by Krouskop et al. (1998) the mechanical properties
of fat, glandular tissue, fibrous tissue, invasive ductal carcinoma and
intraductal carcinoma was investigated.

It was found that the elastic modulus of fat did not change with
strain level, whereas the glandular tissue’s elastic modulus increased
with increasing strain. As was the case for fibrous tissue.

Both the intraductal carcinoma and the invasive ductal carcinoma
were significantly stiffer than other tissues. Especially invasive ductal
carcinoma had a higher elastic modulus than any other type of tissue
tested.

Moreover, already in 1953 Andersson et al. showed that a change
in stiffness in tissue is connected to a pathological change. In another
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Figure 2: Image of the two standard types of mammographic view.
On the left is cranio-caudal (CC) to the right is mediolateral oblique
(MLO). MLO can be compression of the breast between 45°-55°. The
”L” in both images signifies it is the left breast which is being com-
pressed. Adapted from Sweeney et al., 2018.

study by Sarvazyan (1993) it was shown that fibroadenoma on aver-
age was four times stiffer than normal tissue and Waltz et al. (1993)
showed that fibroadenoma could be eight times less stiff than carci-
noma. In other words, benign tumours such as fibroadenoma are less
stiff than malign tumours such as carcinoma.

2.4 Elastography

Elastography is the science of procuring an image displaying the me-
chanical properties of tissue (Ophir et al., 1996). This is done by
adding compression to the tissue and recording the resulting radiofre-

5



quency (using ultrasound). The radiofrequency in this case is a small
quasi-static compressive force. The radiofrequency is recorded both
before and after compression. From this the axial strains can be es-
timated and the resulting image that is called an elastogram, shows
the relative change in strain for an object as it is compressed. The
elastogram can then be compared with images from for example ul-
trasound to find lesions that would otherwise not have been detected.

For example, in ultrasound examination when lesions are too sim-
ilar from a echogenic perspective (ability of the tissue to echo back)
to the surrounding tissue, they are difficult or even impossible to de-
tect (Hricak, 1995)(Garra et al., 1997). As elastography measures the
relative strain of the tissue, it becomes apparent as the tumors are
stiffer than the surrounding normal tissue (Ophir et al., 1996)(Belaid
et al., 1994).

2.5 Mechanical imaging

Mechanical imaging involves determining the mechanical properties
in a body as it is subjected to a determined force. The properties can
be acquired by for example compressing the object and record the
mechanical stress (Sarvazyan, 2009).

2.5.1 Work on breast mechanical imaging by Dustler

In a study by Dustler et al. (2017) it was shown that mechanical imag-
ing could be used to discern malignant tumours from benign tumours
and is mechanical imaging’s greatest advantage.

A total of 155 women took part in the study, all who had been
recalled from mammography screening. It was shown that by measur-
ing the local pressure in the breast during mammographic compres-
sion malignant tumors could be discerned from benign by using the
Relative Mean Pressure on lesion Area (RMPA) of the tumour.

The median RMPA was 3.0 in the case of malignant tumors (biopsy
proven), 1.3 for benign tumors which were biopsy proven and 1.0 for
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tumours which were not biopsy proven. The differences were signifi-
cant (p <0.0001).

2.6 Virtual Clinical Trials

Virtual clinical trials, in short VCT, are computer generated simu-
lations of clinical trials. The entire process of a clinical trial can be
simulated and everything that it entails: acquisition of data from pa-
tients, processing of images or other relevant data, readers interpreting
the data, etc. VCTs can also be tailored to a number of purposes de-
pending on what is needed; if only a certain part of a clinical trial
is of interest then specifically that part can be simulated (Bakic and
Maidment, 2012)(Diekmann et al., 2009).

Specifically for VCTs concerning breast imaging, breast phantoms
are generated as to simulate the breast of a virtual patient. If for
example a mammography procedure was simulated in a VCT, first a
breast phantom would be generated and then subjected to simulated
compression. The deformed breast phantom would be used to cre-
ate the corresponding X-ray image of the phantom. The necessary
image processing of the X-ray images would be done to get a fully
processed X-ray image of the breast phantom, and possibly read by
virtual readers (Maidment, 2014).

2.6.1 The OpenVCT software platform

The open source software platform OpenVCT (Barufaldi et al., 2018)
was developed at University of Pennsylvania, and is a pipeline consist-
ing of a number of simulations modules. Each module is a specialized
part, from generating a breast phantom to having a virtual reader (in
this case a virtual radiologist) scrutinize the generated mammogram
from the breast phantom, as it would have been done in a real clinical
trial. See figure 3 for the full OpenVCT pipeline.
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Figure 3: Flowchart of the full pipeline of the OpenVCT software
platform. Adapted from Barufaldi et al., 2018.

2.6.2 The breast phantoms of the OpenVCT-pipeline

In a study done by Bakic et al. (2018a) breast phantoms were created
by using an octree-based recursive partitioning method originating
in Pokrajac et al. (2012). The user chooses the size of the breast,
whether it has lesions or not, size of the lesions, amongst other input
parameters.

The breast phantom is divided into three different regions depend-
ing on tissue: the subcutaneous, interior and retromammary, see figure
4. Both the subcutaneous (the anterior part of the breast) and retro-
mammary (the deeper part of the breast, closest to the chest wall)
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regions usually consist of compartments of relatively large size and
are mainly labelled adipose tissue (fat tissue). The interior region of
the breast consists of smaller compartments which are mostly labelled
as glandular tissue. Overall the breast is built up by several types of
tissue such as skin, adipose tissue, fibrous ligaments, and fibroglandu-
lar tissue, as well as lesions.

Figure 4: (a) Virtual breast phantom generated in the OpenVCT
phantom generation pipeline. I is the subcutaneous part of the phan-
tom, II the interior and III the retromammary. (b) The same breast
phantom with compartments of labelled tissue belonging to each part.
(c) A close-up, marked by the red square in (b), where I-III show the
different compartments in the phantom. Adapted from Bakic et al.
(2018).

2.6.3 The phantom deformer of the OpenVCT pipeline

The phantom deformer in the OpenVCT pipeline uses the Finite El-
ement Method to approximate how the breast phantom is deformed
during compression. The breast phantom is resting on the fixed breast
support and compressed by the compression plate, similarly as in
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mammography. The solution is calculated through the usage of the
Finite Element solver software FEBio (FEBio).

As for the mechanical properties of the breast phantom, a Neo
Hookean material model was assumed for the entire breast. The Neo
Hookean material model is used when modelling materials with hyper-
elastic behaviour (Han et al., 2012). This approximation was done as
the internal mechanical properties of the phantom was not the highest
priority but rather that the computation time was decreased and as
low as possible. The importance of having fast simulation is that a
great amount of phantoms can be run in a relatively short amount of
time (Lago et al., 2013).

3 Theory

3.1 Mechanics

3.1.1 Stress

The definition of stress is the force per unit area of a material or
object, see equation 1.

σ =
F

A
(1)

where σ is the stress, F is the applied force on the body and A is
the area upon which the force is applied.

The force in question can be both external forces in the case of
a force applied to the outer surface of the object or internal forces
coming from the material inside the object. Stress is measured in
Pascal (Pa), with 1 Pa = 1 N/m2 (St̊ahle 2015, p. 13).

3.1.2 von Mises stress

The definition of von Mises stress is the stress that creates the same
distortion energy as created by all combined applied stresses. See
equation 2 for the von Mises stress defined in 3 dimensions:
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σVM =
√
σ2
xx + σ2

yy + σ2
zz − σxxσyy − σyyσzz − σzzσxx

+
√

3(τ 2
xy + τ 2

yz + τ 2
zx)

(2)

where σxx is the stress in the x-plane, σyy the stress in the y-plane,
σzz the stress in the z-plane, τxy the shear stress in the xy-plane, τyz
the shear stress in the yz-plane and τzx the shear stress in the zx-plane
(Ford, 1963).

3.1.3 Strain

The definition of strain is the relation between an object’s length
before and after deformation. The equation for relative change in
length of an object can be seen in equation 3 and the resulting strain
is described by equation 4.

L0 − l0
l0

=
u(x+ ∆x)− u(x)

∆x
(3)

ε = lim
∆x→0

u(x+ ∆x)− u(x)

∆x
=
du

dx
(4)

where ε is the strain, L0 is the length of the object after deforma-
tion and l0 is the original length of the object.

Strain is unitless (St̊ahle 2015, p. 2).

3.1.4 Young’s modulus

Young’s modulus, also called the modulus of elasticity, describes the
relationship between stress and strain for a material, see equation 5.

E =
σ

ε
(5)

where E is the Young’s modulus, σ is the stress and ε is the strain.
A material with a high Young’s modulus would be a stiff material while
a material with a lower Young’s modulus would be a weaker material.
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3.1.5 Linear elasticity

Elastic materials are defined as materials that will regain their orig-
inal shape after deformation. In other words, the material will not
permanently deform under force. A linear elastic material is defined
by the equation:

σ = Eε (6)

where σ is the stress put on the material, E is Young’s modulus
and ε is the strain of the material.

Depending on the material, it will only be elastic for a specific
strain range. After this strain range is exceeded, the material is per-
manently deformed. Irreversible deformation is called plastic defor-
mation (Krouskop et al., 1998).

3.1.6 Poisson’s ratio

Poisson’s ratio is the relation between the transverse strain and the
axial strain in an object, see equation 7.

ν = −dεtrans
dεaxial

(7)

where ν is Poisson’s ratio, εtrans is the transverse (perpendicular)
strain and εaxial is the axial (parallel) strain. To clarify further, εtrans
is the strain which is perpendicular to the direction of the force and
εaxial is the strain which is in the same direction as the force.

The transverse strain, εtrans, is negative for tension along its own
axis and positive for compression while the opposite is true for the
axial strain. Poisson’s ratio varies between the values −1 < ν < 0.5
for isotropic linear elastic materials. A negative Poisson’s ratio would
be a material like cork which collapses in on itself and shows minimal
amounts of lateral expansion as it is compressed. A material which has
a Poisson’s ratio of 0.5 would be incompressible and deform elastically,
such as adipose and glandular tissue which has a Poisson’s ratio of ∼
0.5 (Fung, 1993)(Gefen and Dilmoney, 2007).
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3.2 Finite Element Method

The finite element method (FEM) is a method often used to solve
mathematical and mechanical problems that can be described with
differential equations.

The principle of FEM is to divide a region into a finite number of
smaller, less complex compartments. These smaller parts are called
”finite elements”. Approximations that are valid for each element are
made. Once the behaviour for each element has been determined,
the elements can be summed together to give an approximation for
the behaviour of the entire region. The geometry of all the elements
together is called a ”finite element mesh” (Ottosen and Petersson
1992, p. 1).

Between the elements are what are called ”nodal points” where
the variable can be assumed to have a certain value according to the
specific approximation used (Ottosen and Petersson 1992, p. 2).

FEM solves problems by determining elements force and displace-
ment at each nodal point. This is described by equation 8:

Keae = fe (8)

where Ke is the element stiffness matrix, ae the nodal displacement
vector for an element, and fe is the element force vector.

The general procedure of FEM is first to determine the stiffness
of the elements, using the element’s assumed material properties and
equilibrium conditions. Using the derived the equilibrium equations
for the problem, and the boundary conditions are enforced, and the
system of equations for the problem are solved (Ottosen and Petersson
1992, p. 35).

3.2.1 Number of elements in a mesh

The number of elements in a model will determine how accurate the
approximation/solution will be. This is logical as the more elements
and in turn data points there are, a better approximation of the en-
tire system/body can be done. The opposite is true for a coarser
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mesh which has fewer elements (Ottosen and Petersson 1992, p. 2).
However, a finer mesh comes with higher computational costs.

3.2.2 Convergence and convergence criteria

When elements become infinitely small the approximation will be in-
finitely close to the ”real” solution, and this is what we call the ”con-
vergence criteria”.

The converge criteria has two requirements which needs to be ful-
filled; completeness and compatibility, see equation 9.

convergence criterion = completeness + compatibility (9)

Completeness refers to the fact that the approximation (the solu-
tion) to the problem must consist of both constant values and gradient
values. Let’s say that we have a body which has varying temperature
field over it. With a coarse mesh, the temperature value for each
value will vary more than in the case of a finer mesh when the ele-
ments are smaller. In the case when the elements are infinitely small,
we either have that an element has a value of constant temperature
or a constant gradient of temperature. It is from this that we get the
completeness requirement.

Compatibility, also called the conforming requirement, is that the
value in an element, eg. temperature, stress, must be continuous at
the interface with its neighbouring elements.

The convergence criteria is not so strict as not to allow some relax-
ation of the requirements. Specifically, the compatibility requirement
can be relaxed while the completeness criteria cannot.

When elements fulfill the compatibility (conforming) requirement
they are called ”confirming elements” and when this is not the case
they are called ”non-conforming elements” (Ottosen and Petersson
1992, p. 93).
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3.3 PreView, FEBio, and the PostView software

PreView, FEBio and PostView are all free software developed at the
University of Utah (research groups MRL and SCI) and Columbia
University (research group MBL). The reason this software was used
was that FEBio was already implemented into the OpenVCT pipeline.

PreView is a software which allows the user to create geometries,
add a mesh to the geometry, establish boundary conditions and con-
tacts, forces, and prescribed displacement on the object and how it
should be solved. From PreView it is possible to export the created
model into FEBio which will solve for the established problem.

FEBio is a FEM solver that can solve for solid, multiphasic, fluid
mechanics and heat transfer problems. FEBio was specifically created
for solving problems in biomechanical engineering and can do both
dynamic and quasi-static analyses. The input for FEBio is a so-called
feb file which is a text file which can be created in two ways. The
first way is to define the problem with the geometry, mesh, boundary
conditions, etc. in PreView.

PostView is a software with which to view the results from FEBio.
It is possible to view the solution graphically with animations of the
problem (FEBio).

4 Method

Before modelling the compression of a breast phantom, the compres-
sion of a simpler geometry was simulated. This was to see even with
a simpler model if we would get the expected mechanical behaviour.
After this step, the breast phantom model was put through mam-
mographic compression both with and without a lesion. With the
inclusion of a lesion in the breast phantom it became difficult for the
model to converge. The breast phantom was remeshed and had its
boundary conditions changed. After this, using the new mesh and
boundary conditions, the breast was compressed with the lesion stiff-
ness, size and location being varied. See the flowchart in figure 5.
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Figure 5: Flowchart of the overall methodology of the thesis.

4.1 Proof-of-principle with a simple geometry

In order to validate the principle of mechanical imaging for virtual
breast phantoms, the first step was to simulate the compression of a
10x10x10 cm cube with a sphere inside the cube with a radius of 1
cm.

The reason for inserting a sphere was to see the effect that an
internal structure would have on the top surface pressure of the cube
as it was compressed. The cube was thus a first approximation of a
breast while the sphere was an approximation of a lesion.

Three different examples were run; 1) the sphere had the same
stiffness as the cube (in other words, a homogeneous cube), 2) the
sphere was 10 times stiffer, and 3) the sphere was 100 times stiffer
than the cube.

4.1.1 The meshing

Both the cube and the sphere were meshed separately by using the
MATLAB toolbox ”iso2mesh” (Fang and Boas, 2009). The element
type for the mesh was tetrahedrals. The cube had 9651 elements and

16



the sphere had 3720 elements. After the meshes were created they
were imported into PreView.

4.1.2 Material properties

The material model used for the cube was linear elastic with a Young’s
modulus of 1000 Pa and a Poisson’s ratio of 0.49. The sphere was also
described with a linear elastic material model and had a stiffness from
1000 Pa (same stiffness as the cube), 10000 Pa (10 times stiffer than
the cube), and 100000 Pa (100 times stiffer than the cube). The sphere
had a Poisson’s ratio 0.49 for all examples.

4.1.3 Boundary conditions

See figure 6a for the model geometry and the internal mesh in figure
6b. The cube’s top surface had a prescribed negative displacement
in the z-direction. The cube was compressed in the z-direction to
roughly 40% of the its original size. The bottom surface of the cube
was restricted in the z-direction.

The bottom of the cube was attached to a 15x15x1 cm rigid body
which works to model the same scenario as when the breast is resting
on the bottom compression plate in mammography. The rigid body
was restricted in all directions.

The contact interface between the bottom surface of the cube and
the rigid body was described with a ”tied facet-to-facet” contact sur-
face. The ”tied facet-to-facet” means that the bottom surface of the
cube and the top surface of the rigid body were connected to each
other in such a way that they could not detach in the z-direction from
one another.

The cube was labelled the ”slave” while the rigid body was labelled
the ”master”. The ”slave” label means that these elements should give
way to the movements/displacement of the ”master” elements.

Another ”tied facet-to-facet” contact interface was established be-
tween the cube and the sphere inside it. The cube was the ”master”
while the sphere was the ”slave”.
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Figure 6: (a) Model of the cube with a sphere inside as viewed in
PreView. In the coordinate system the blue arrow is the z-direction,
red the x-direction, and green the y-direction. (b) Cut-through of the
model in the x-direction.

The solver used was the ”static” solver for problems in solid ma-
terial mechanics. The deformation of the cube was prescribed over 1
s.

4.2 The breast phantom of the OpenVCT pipeline

After validating the results of the ”proof-of-principle” examples, sim-
ulations of compressed breast phantoms with lesions were made.

For this thesis a pre-existing breast phantom from the OpenVCT
pipeline was used as a starting point. The breast phantoms of the
OpenVCT pipeline are ellipsoid in shape and have a certain width,
height and length depending on the cup size that is generated. The
breast size for the model was 170x75x37 mm.
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4.2.1 Meshing the breast phantom

Using the images of the uncompressed breast phantom (378x188x851
pixels, where 378 was the length of the image, 188 the width, and 851
the number of slices), a volumetric mesh of the breast was created in
MATLAB (code provided by Diaz) with ”iso2mesh” MATLAB tool-
box (Fang and Boas, 2009) using tetrahedral elements. After the mesh
was created, it was saved as an .inp file.

The meshing parameters used were a maximum allowed element
size for the mesh on the surface was 5 mm while the maximum element
size for the interior elements was 300 mm. This resulted in a total of
61073 elements and 21274 nodes. See figure 7 for the surface mesh
and figure 8 for the meshing inside the breast.

Figure 7: The surface for the breast phantom model as seen in
PostView. The fixed breast support is in yellow while the moving
compression plate is blue.
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Figure 8: The mesh inside the breast phantom as seen in PostView, a
cut-through in the x-direction. The fixed breast support is in yellow
while the moving compression plate is blue.

4.2.2 Creating the model for mammographic compression
of the breast

The created .inp file, containing the information for all elements and
nodes in the breast phantom mesh, was used as input in the MATLAB
script ”mainHomogenous.m” (Lago et al., 2013). Through ”main-
Homogenous.m” a .feb file was created which modelled the mam-
mographic compression of a breast. The two plates, the boundary
conditions, contacts between the breast and the plates, and material
properties were all defined in the .feb file.

4.2.3 Boundary conditions and material properties

The model had a breast support and a compression plate which were
both defined as rigid bodies, see figure 7. The breast support was
fixed in all directions while the compression plate was fixed in x and
z but allowed to move in the y-direction. The compression plate was
prescribed negative y-displacement of 3.76 cm. This corresponded to
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the breast being compressed to 50% of its original thickness, as to
emulate the case in mammography (Curry et al., 1990). The type of
mammographic compression was MLO and was arbitrarily chosen.

The nodes of the breast which came into contact with the breast
support were not restricted in any direction. The nodes at the top
surface of the breast that came into contact with the compression plate
were restrained in the x-direction (along the chest wall). Moreover,
one node on the top surface was fixed to the compression plate in all
directions to prevent the breast from detaching from the plate. The
part of the breast which was towards the chest wall was restrained in
the z-direction (nipple/areola direction), see the flat surface in figure
8.

Both plates’ contact with the breast were defined as ”facet-to-facet
sliding”, meaning no friction, with the plates being the ”master” and
the breast the ”slave”.

The breast was homogeneous, consisting entirely of fat tissue. It
used a linear elastic material model and had a Young’s modulus of
12750 and a Poisson’s ratio of 0.49 (Han et al., 2012).

4.2.4 Creating a lesion in the breast phantom

A script was written in MATLAB (see appendix, ”lesion.m”) to select
an ”area of interest” in the breast phantom’s mesh where the lesion
would be located.

The ”area of interest” was defined as spherical to approximate the
shape of a lesion. Both the center and radius of the sphere could be
determined by the user. All nodes which were within the absolute
distance in x, y, and z-direction equal or less to the radius from the
origin were selected.

The reason for picking out nodes already belonging to the mesh
itself instead of inserting an already meshed sphere into the breast
was reach the convergence criterion easier.

The selected nodes in the ”area of interest” were matched to
their corresponding element, where one element consists of four nodes
(since the elements used were tetrahedrals). Those elements had
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their material properties changed into the properties of the lesion (see
”Onemesh.m” in appendix).

4.3 Improving the mesh and boundary conditions

The initial reason for the coarse interior meshing was to make the
simulation time as low as possible.

In the case of having a lesion in the breast, the expected results
were not met and the model often failed to converge. This because of
the mesh being non-conforming as the difference in size of the surface
elements and the interior elements were large. Moreover, with the
large and irregularly shaped interior elements, a spherical shape of
the lesion was difficult to obtain.

Considering we were now interested in the mechanical properties
and the stress at the surface of the breast, a finer mesh was needed
both in order for the model to converge as well as provide with a
higher accuracy result.

The model was remeshed in the same manner as previously. The
maximum size of the interior elements was changed from 300 mm to 10
mm. The amount of elements in the new mesh was 172541 and 38360
nodes compared to the previous mesh which had 61073 elements and
21274 nodes. This resulted in doubling the simulation time.

The boundary conditions were also changed. When studying the
x-displacement at full compression at the top surface of the breast,
it was shown that the x-displacement was zero only in a certain re-
gion of where the breast was compressed. This resulted in high x-
displacement in these areas as well as a local high stress, see figure 9.
As more sliding behaviour was wanted, the boundary conditions were
changed so that all nodes in contact with the upper compression plate
were not restricted in any direction.

4.4 Evaluation of lesions

The following eight examples were run with the new interior mesh and
new boundary conditions. One parameter was varied at a time as to
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Figure 9: Breast phantom as viewed from the top in PostView at
full compression. There is no lesion in the breast. The nodes of the
upper surface of the breast that are in contact with the compression
plate are restricted in the x-direction. The nodes of the chest wall are
restricted in the z-direction.

see the effect of changing said parameter, see table 1.
The stiffness of the lesion was changed from being the same stiff-

ness as the breast (Young’s modulus 12750 Pa) and 50 times stiffer
(Young’s modulus 637500 Pa). For both examples the lesion 10 mm
in diameter and located in the middle of the breast. The reason for
choosing a large difference in stiffness between the examples was so
the effect of increasing stiffness could be seen as clearly as possible.

The position of the lesion was varied in the x-direction (along the
chest wall) by having one example of the lesion being 20 mm to the
right and another 20 mm to the left.

The lesion was also varied in the y-direction, with the lesion being
20 mm in the positive y-direction (closer to the compression plate)
and 20 mm in the negative y-direction (closer to the breast support).

The size of the lesion was also varied. The lesion was varied from
a diameter of 15 to 22 mm.
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For all examples pertaining the location and size of the lesion (in
total six examples), the lesion had a diameter of 15 mm and a Young’s
modulus of 382500 (30 times stiffer than the background).

The lesion size was chosen from known sizes of invasive ductal
carcinoma (Finlayson, 2000). This ranging from 5 mm to 50 mm.
The size of the lesion being 10 mm and 15 mm was chosen arbitrarily
while 22 mm was chosen because of the limits in size of the breast.
Lesions with a diameter lower than 10 mm were also simulated, but
were unable to be detected when studying the surface stress pattern
of the breast.

The stiffness values chosen were based on the work of Krouskop
et al. (1998) with ranges of stiffness for invasive ductal carcinoma at
20% precompression. The average stress value in this range had that
the tumour was 30 times stiffer than the surrounding tissue while on
the higher end of the range the tumour was 50 times stiffer.

The reason most examples had a lesion which was 30 times stiffer
than the surrounding tissue was because this was the average reported
stiffness by Krouskop et al. (1998).

Additionally, the average stress of the breast was calculated by
taking the average of all stress values for all breast nodes. Also the
average stress of a 3x3 cm square at the top surface of where the lesion
was located. This was done in order to compare to Dustler’s findings
of ”local hot spots” in earlier research studies (Dustler et al., 2012).

Also, the relative increase in stress was calculated. The relative
increase in stress was the ratio between the average stress for the 3x3
cm patch and the average stress of the entire breast. This was also
done in order to make it comparable to Dustler’s work (Dustler et al.,
2017).
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Table 1: Examples run with the breast phantom with their respective
diameter and Young’s modulus.

Example Diameter (mm) Young’s modulus (Pa)
Lesion x1 10 12750
Lesion x50 10 637500

Lesion 15 mm 15 382500
Lesion 22 mm 22 382500

Lesion left 15 382500
Lesion right 15 382500
Lesion up 15 382500

Lesion down 15 382500

5 Results

5.1 Proof-of-principle

It was found that for increasing stiffness of the sphere inside the cube,
there was an increase in surface pressure at the top surface of the
cube, see figure 10. Also the area of local high pressure at the top
surface increased, gradually decreasing towards the edges of the cube.

For the homogeneous cube, the pressure throughout the cube and
on its top surface (where it was compressed) varied little, see figure
10a.

In the case where the sphere was 10 times stiffer than the cube,
there was a 10% increase in area of local high pressure at the top
surface of the cube compared the homogeneous case, see figure 10b.

When the sphere was 100 times stiffer than the cube the area of
local high pressure was increased 25% from the case with 10 times
stiffness, see figure 10c.
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Figure 10: The effective stress (von Mises stress) at full compression,
viewed from the top. The sphere was located in the middle of the
breast with a radius of 1 cm. It is outlined by the circle seen on
the surface of the cube. (a) The cube and the sphere had the same
stiffness with a Young’s modulus of 1000 Pa. (b) The sphere was 10
times stiffer than the cube. (c) The sphere was 100 times stiffer than
the cube.

5.2 Effect of the stiffness of the lesion inside the
breast

In the case where the lesion had the same stiffness as the breast, the
stress was almost homogeneous over the breast. Gradually towards
the edges of the breast, the part of the breast which was not under
compression had lower stress than the part under compression. The
average stress of the breast was 4141 Pa, see table 2 and figure 11a.
The 3x3 cm square in the middle of the breast had an average stress
of 4082 Pa.

The second example when the lesion was 50 stiffer there was a local
increase in stress at the lesion’s location, see figure 11b. The average
stress of the breast was higher than the case with no lesions, with an
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average stress of 4294 Pa and the average local maximum being 4860
Pa.
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(a)

(b)

Figure 11: Both examples viewed from the top. (a) The breast phan-
tom model with no lesions. The square outlines the 3x3 cm patch
and is centered around the area of maximum stress. (b) The breast
phantom model with lesion 10 mm in diameter located in the middle
of the breast. The Young’s modulus of the lesion was 50 times higher
than the modulus of the surrounding tissue. The square outlines the
3x3 patch, centered on the lesion.
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5.3 Effect of the size of the lesion in the breast

With increasing size of the lesion there was an increase in the local
stress maximum at top surface of the breast at the location of the
lesion. At 15 mm in diameter, see figure 12a, there was a higher
local maximum stress at the location of the lesion while lower values
around it. The average stress was 4765 Pa and the average for the
local maximum was 5284 Pa, see table 2.

There was an increase in local maximum stress in the case of the
lesion being 22 mm in diameter compared to the previous example,
see figure 12b. Also the area of local high stress was bigger than in
the previous example. There was a sharp border between the local
maximum and the stress for the rest of the breast. Moreover, the
shape of the breast changed due to the size of the lesion, buckling in
slightly at the location of the lesion. The average stress was 4361 Pa
and the local maximum 6412 Pa, see table 2.
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(a)

(b)

Figure 12: The lesion was 30 times stiffer than the surrounding tissue
and was located in the middle of the breast. The square outline the
3x3 cm patch centered on the lesion. Viewed from the top. (a) The
breast phantom model with a lesion 15 mm in diameter. (b) The
breast phantom model with lesion located in the middle of the breast
with a diameter of 22 mm.
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5.4 Effect of the location of the lesion along the
chest wall

In the case where the lesion was located 20 mm to the left along the
chest wall, there was a local maximum of 4771 Pa (figure 13a). The
average of the breast was 4236 Pa, see table 2. The area of local high
stress was higher in comparison to when the lesion was placed on the
right side.

The same behaviour could be seen when the lesion was located 20
mm to the right, with an average local stress maximum of 4497 Pa
and an average stress of the entire breast at 4198 Pa (figure 13b).
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(a)

(b)

Figure 13: The lesion had a diameter of 15 mm and was 30 times
stiffer than the surrounding tissue. The square outlines the 3x3 cm
patch centered on the lesion. Viewed from the top. (a) The breast
phantom model with lesion located 20 mm to the left along the chest
wall. (b) The breast phantom model with lesion located 20 mm to
the right along the chest wall.
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5.5 Effect of the location of the lesion in the or-
thogonal directions to the compression plates

When the lesion was placed 20 mm towards the compression plate,
there was a local maximum of stress at its location. The border be-
tween the local maximum and the rest of the breast was sharp. The
average of the 3x3 cm square at the local maximum was 4420 Pa and
the average over the breast was 4196 Pa, see figure 14a.

For when the lesion was placed 20 mm in negative y-direction
(closer to the breast support), there was a local maximum in the
middle but not as sharp as in the case with the lesion moved towards
the top. The average maximum stress was 4672 Pa and the average
stress over the breast being 4194 Pa, see table 2 and figure 14b.
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(a)

(b)

Figure 14: The lesion had a diameter of 15 mm and was 30 times
stiffer than the rest of the breast. The square outlines the 3x3 cm
patch centered on the lesion. Viewed from the top. (a) The breast
phantom model with a lesion located 20 mm towards the compression
plate. (b) The breast phantom model with lesion located 20 mm closer
to the breast support.
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Table 2: Table of overall average stress, local maximum of the breast
phantom (3x3 cm average) and the relative increase. The relative
increase is the ratio between the average stress at local maximum and
the overall average stress in the breast.

Overall
average stress

(Pa)

Average stress
at local maximum

(Pa)

Relative
increase (%)

Lesion stiffness x1 4141 4082 -1
Lesion stiffness x50 4294 4860 13
Lesion size 15 mm 4765 5284 11
Lesion size 22 mm 4361 6412 47

Lesion left 4236 4771 13
Lesion right 4198 4497 7
Lesion up 4196 4420 5

Lesion down 4194 4672 11

35



6 Discussion

The aim of the thesis was to introduce mechanical imaging to the
OpenVCT software platform as well as investigate the change in stress
at the breast surface when the stiffness, size and location of a lesion
was varied. The breast phantom was remeshed and the boundary
conditions were changed during the thesis work. The results regard-
ing the breast phantom (5.2-5.5) were with the new mesh and new
boundary conditions.

The results had the expected behaviour in terms of a lesion caus-
ing an area of relatively high stress when the breast is compressed
(Förnvik et al., 2013). This was shown both in the ”proof-of-principle”
examples and for all examples with a lesion inside the breast model,
see table 2 and figure 15.

The increase in stress level at the area of local high stress was for
most of the examples between 11 and 13%. The example with the
highest difference in maximum effective stress was when the lesion
was 22 mm in diameter, which resulted in an increase of 47%. The
smallest difference was an increase of 5% which was the example where
the lesion was placed 20 mm up towards the compression plate, see
figure 14a. Despite having a sharp border between the area of local
high stress, one could expect the average stress around the local high
stress to be higher than what is shown in table 2.

This could be explained by the fact that the average stress over the
local maximum was taken over a 3x3 cm area, not only localized to the
values of highest stress. As the border between the local maximum
and the rest of the breast is quite sharp, and the area of local high
stress is relatively small, this lowers the average of the region. For the
examples where the area of local high stress was greater, there was
generally higher stress.

The mean pressure over the pressurized area of the breast at full
compression as reported by Dustler et al. (2012) was 5.6 ± 2 kPa.
By ”the pressurized area” it refers to the area on the pressure sensors
that had a stress value above zero.
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While the overall average stress for the breast phantom is within
this range, it is on the lower side of the range. A possible explanation
for this could be that the breast phantom consists entirely of fat which
does not increase in stiffness as pressure is applied (Krouskop et al.,
1998). This giving an overall lower stress in the breast.

Moreover, the reason for the higher value in Dustler’s study (2017)
were for some women the pressure of the juxta-thoracic region were
measured as well, which gave rise to higher pressure. In the breast
model of this thesis, considering it consists only of the breast itself
and does not have a chest wall, could explain why the average stress
in the model is lower.

Another study by Förnvik et al. (2013) reported the mean average
pressure over the breast to be 3.4 ± 1.6 kPa. This range would be
closer to the results in this report. However in the same study, the
stress reported for regions with tumours was 6.8 ± 5.3 kPa which is
significantly higher average than for most examples in this report.
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Figure 15: Stress map of invasive ductal carcinoma. The location of
the lesion is indicated by the white circle. The colour scale goes from
blue (low stress) to red (high stress). Adapted from Dustler.
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6.1 Limitations

In order to get as reasonable results as possible, values of Young’s
modulus as published in literature for invasive ductal carcinoma was
selected. The values chosen, for example a Young’s modulus of 382500
Pa was within the range as reported by Krouskop et al. (1998) at a
compression of the tumour by 20%.

However, there is a wide variety of Young’s modulus reported for
tumour tissue. In another study by Wellman et al. (1999) it was
discovered that at 15% strain the tumour could be 70 times stiffer
than fat tissue. Also reported by Sarazayan et al. (1995) for invasive
ductal carcinomas were that they could be 13 times stiffer than either
fat or fibroglandular tissue. The difference in results could possibly
be differences in pre-compression as well how the samples have been
prepared.

This variety of possible Young’s modulus for tumours makes it
difficult to choose an appropriate value, which will in turn affect the
results.

Another limitation is the narrow size range of the lesions. The size
of the lesion was either 10, 15 or 22 mm in diameter. As mentioned in
”4.4 Evaluation of lesions”, lesions that were smaller than 10 mm in
diameter were not able to be detected from the top surface pressure
of the breast. This suggests that this might be the size limit for what
is currently detectable using the simulated breast phantom. However,
changing the stiffness and location of the small lesion could impact
how well it is seen on the top surface of the breast.

Another limitation is that the breast phantom consists only of fat
tissue. This is not realistic as skin, fibroglandular tissue, and glandular
tissue, would be present as well.

If denser tissue like fibroglandular tissue or glandular tissue had
been introduced into the model, it would be expected that the average
stress of the model would have been higher. This is because fibroglan-
dular and glandular tissue are stiffer than fat and that their Young’s
modulus increase with increasing strain (Sarvazyan et al., 1995).

Also, considering our model consists only of fat which does not
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change significantly in stiffness as more strain is applied (Krouskop et
al., 1998), it could be argued that the breast model makes it easier for
tumours to be discovered than in a real breast. As reported by Barr
and Zhang (2012), it was found that higher compression (40%) made
tumours harder to detect as the average stress of the breast increased
as well.

Another factor is that the model is devoid of skin. In a study
by Vogel (1987) the skin around the chest region was estimated to be
around 2 mm in thickness. At this thickness it had an elastic modulus
of 0.2 - 3 MPa and a tensile strength of roughly 20 MPa. The failure
strain was 60-70 %. Given the high elastic modulus as well as tensile
strength, if skin had been introduced into the model the breast would
most likely have not deformed as much as when consisting only of fat.
Also higher stress over the breast would have been expected as the
breast was compressed.

Apart from the material properties chosen for both the breast and
the lesion, the boundary conditions chosen will naturally affect the
behaviour of the simulated model. For example, when the breast
phantom’s nodes at the top surface of the breast was restricted in
the x-direction this resulted in the same behaviour as if a part of the
breast would be fixed to the upper compression plate and other parts
not. In figure 9 it is seen that this resulted in local values of high
stress at the location where the breast went from fixed to not fixed.
No local increase in stress was expected for the model as seen in figure
9 as the breast consisted only of fat and had no lesions.

When changing the boundary to instead have no restriction in the
x-direction between the upper plate and the breast, sliding behaviour
instead was seen. Also the local high stresses were no longer there,
compare figure 9 with figure 11a. However, in reality we would expect
the result to be somewhere in between these cases. There would most
likely be sliding behaviour for some nodes and friction for other nodes
when in contact with the plate.

The chosen mesh for the model will also bring its own set of limi-
tations. It is known that with a finer mesh, the accuracy of the model
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will increase (Ottosen and Petersson 1992, p. 2). The drawback is
that with more elements, the simulation time increases.

Considering the OpenVCT pipeline’s main strength is its speed
with which it can run its simulations (Bakic et al., 2018a), one would
have to weigh the potential increase in accuracy for the speed it takes
to complete.

In order to have yet better resolution on the surface of the breast,
the elements around the surface would need to be smaller. During the
course of the project, different meshing options of the breast model
was tried.

Apart from the remeshing as described in ”5.3 Changing the mesh
and boundary conditions”, it was also tried to change the maximum
element size of the surface mesh from 5 mm to 4 mm. The simulation
time went from around 20 minutes to 46 minutes. It could be argued
that such a drastic increase in simulation time compared to the simu-
lation time that the current breast phantom in OpenVCT has (around
10 minutes) for the deformation step, would increase the simulation
to the point where speed is no longer OpenVCT ’s clear advantage.

6.2 Clinical implementation and ethical aspects

Implementing mechanical imaging into mammography screening and
using it as a complement to the X-ray images could aid radiologists
in determining whether a tumour is benign or not. Most likely the
”Relative Mean Pressure on lesion Area” (RMPA) would be used as
in Dustler’s study (2017). The RMPA is the pressure on the lesion
area relative to the pressure over the entire breast. There would be
a lower RMPA value for benign tumours than for malign tumours,
considering benign tumours are softer than malignant tumours (Waltz
et al., 1996).

The implementation could in turn reduce the amount of women
who are recalled from mammography screening. Recalls are done for
various reasons, one of the reasons being that a tumour has been
found but it is unclear whether it is malignant or not. Unfortunately,

41



roughly 80-90% of women who are recalled are healthy ie. they either
have benign lesions (cysts, fibroadenoma, etc.) or have no lesions
at all (Domingo et al., 2016). Women who have been recalled have
reported to feel anxious and have experienced both long- and short
term psychosocial consequences (Bolejko et al., 2015). By Dustler et
al. (2017), it was estimated that if mechanical imaging was to be
implemented clinically, there could be a possible 36% reduction in
recall rates.

From an ethical point of view, implementing mechanical imaging
could spare women unnecessary anxiety because of this potential re-
duction in recall rates. Moreover, since mechanical imaging does not
use any form of radiation it would most likely be easier to implement
clinically from an ethical standpoint than an imaging method which
uses radiation.

6.3 Future work

For future work using a hyperelastic material model instead of linear
elastic would increase the breast phantom’s realism. With a hypere-
lastic model we would expect higher stress values overall, especially
at the location of a lesion.

Moreover, implementing more tissue types into the FE-model of
the breast phantom would increase the realism as well. This could be
done by using the voxel values of the OpenVCT which code for the
different tissue in the breast phantom, and map this onto the mesh of
the breast phantom.

Adding variation of tissue types in the FE-breast model would
enable to investigate the effect background tissue has on the MI data
and could also help in optimizing MI acquisition parameters.

In the further future a mechanical model for tumour growth could
be implemented and the resulting surface stress map of the breast
studied in order to detect growing tumours.
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7 Conclusion

To conclude, with a higher stiffness of the lesion there was an area of
local high stress at the top surface of the breast. The same behaviour
was seen when the lesion was increased in size and its location al-
tered. These results were similar to known clinical data of mechanical
imaging in mammography. In other words, implementing mechanical
imaging into the OpenVCT software platform was successful.

However, for most examples the increase in stress at the location
of the lesion was relatively small. This could be attributed by the
fact that the breast model consists entirely of fat which does not
get significantly stiffer with increasing strain. This would be need to
investigated be further in future studies.
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Appendix

MATLAB script ”lesion.m”

1 clear a l l
2

3 %Load in in format ion o f the mesh . Both e lements
and nodes

4 mesh = ’C:\ Users\Rebecca\Documents\Rebeccasmapp\
Master Thes i s \Test ’ ;

5 [ nodes , e lements ]= loadAbaqusInput ( [mesh ’ . inp ’ ] , 3 0 )
;

6

7 %Origin o f the l e s i o n
8 x0 = 70 ;
9 y0 = 40 ;
10 z0 = 11 ;
11

12 %Coordinates
13 x1 = nodes ( : , 1 ) ;
14 y1 = nodes ( : , 2 ) ;
15 z1 = nodes ( : , 3 ) ;
16

17 %Radius o f the l e s i o n
18 r = 7 . 5 ;
19

20 %Number o f nodes f o r the e n t i r e mesh
21 nmbr nodes = s ize ( nodes , 1 ) ;
22

23 %Number o f e lements f o r the e n t i r e mesh
24 nmbr elements = s ize ( elements , 1 ) ;
25

26 %Which node has the c o r r e c t d i s t a n c e to the o r i g i n
27 n o d e w i t h i n c i r c l e = zeros ( nmbr nodes , 1 ) ;
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28

29 for i = 1 : nmbr nodes
30 d i s t = sqrt ( ( x1 ( i ) − x0 ) . ˆ2 + ( y1 ( i ) − y0 ) . ˆ2 + (

z1 ( i ) − z0 ) . ˆ 2 ) ;
31 i f ( d i s t <= r )
32 n o d e w i t h i n c i r c l e ( i , 1 ) = 1 ;
33 end
34 end
35

36 %V i s u a l i z i n g the s e l e c t e d nodes in the mesh
37 f igure ( ) ; s c a t t e r 3 ( x1 , y1 , z1 )
38 hold on
39 s c a t t e r 3 ( x1 ( n o d e w i t h i n c i r c l e ==1) , y1 (

n o d e w i t h i n c i r c l e ==1) , z1 ( n o d e w i t h i n c i r c l e
==1) , ’ . ’ )

40

41 %The node number o f the nodes making up the l e s i o n
42 nmbr node w i th in c i r c l e = find ( n o d e w i t h i n c i r c l e )

;
43 e lements nodes = zeros ( nmbr elements , 4 ) ;
44

45 %Locat ing which nodes be long to which element . I f
an element has a

46 %” s e l e c t e d node” in i t , p l a c e a 1 at t h i s p o s i t i o n
47 for j = 1 : s ize ( e lements nodes , 2 )
48 for k = 1 : s ize ( nmbr node wi th in c i r c l e , 1 )
49 for m = 1 : nmbr elements
50 i f ( e lements (m, j ) == nmbr node w i th in c i r c l e (k

, 1 ) )
51 e lements nodes (m, j ) = 1 ;
52 end
53 end
54 end
55 end
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56

57 %Check to see how many nodes be long to an element .
A minimum of b e l o n g i n g nodes w i l l be 4 ( a l l o f
them )

58 sum = sum( e lements nodes , 2 ) ;
59 be long ing e l ement s = find (sum == 4) ;

MATLAB script ”Onemesh.m”

1 %S c r i p t to l o c a t e e lements in . f e b f i l e and change
the m a t e r i a l p r o p e r t i e s

2 %of the l e s i o n e lements
3

4 %Read in . f e b f i l e o f b r e a s t wi th homogenous
m a t e r i a l p r o p e r t i e s ( no l e s i o n )

5 fidXML=fopen ( ’C:\ Users\Rebecca\Documents\
Rebeccasmapp\Master Thes i s \Test . f eb ’ , ’ r ’ ) ;

6 %New . f e b f i l e to w r i t e new m a t e r i a l p r o p e r t i e s
i n t o

7 fidXMLnew=fopen ( ’C:\ Users\Rebecca\Documents\
Rebeccasmapp\Master Thes i s \T e s t l e s i o n . f eb ’ , ’w ’
) ;

8

9 d = 0 ;
10 k = 1 ;
11 f i r s t i n d e x = num2str( be l ong ing e l ement s (1 , 1 ) )

;
12 while ( d == 0 )
13 l ine=fget l ( fidXML) ;
14 l ineNew = l ine ;
15 i f ( k < s ize ( be long ing e l ements , 1 ) &&

conta in s ( lineNew , [ ’<t e t 4 id=” ’
f i r s t i n d e x ’ ” ’ ] ) == 1)

16 l ineNew = l ine ;
17 i f be long ing e l ement s (k , 1 )<1000
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18 l ineNew (33) = ”2” ;
19 end
20 i f be long ing e l ement s (k , 1 )>= 1000 &&

be long ing e l ement s (k , 1 ) < 10000
21 l ineNew (34) = ”2” ;
22 end
23 i f be long ing e l ement s (k , 1 )>= 10000 &&

be long ing e l ement s (k , 1 ) < 100000
24 l ineNew (35) = ”2” ;
25 end
26 i f be long ing e l ement s (k , 1 ) >= 100000
27 l ineNew (36) = ”2” ;
28 end
29 fpr intf ( fidXMLnew , [ lineNew , ’\ r\n ’ ] ) ;
30 k = k+1;
31 f i r s t i n d e x = num2str(

be l ong ing e l ement s (k , 1 ) ) ;
32 else
33 fpr intf ( fidXMLnew , [ lineNew , ’\ r\n ’

] ) ;
34 end
35

36 i f conta in s ( lineNew , ’</ f e b i o s p e c> ’ ) == 1
37 d = 1 ;
38 end
39

40 end
41

42 fc lose ( fidXML) ;
43 fc lose ( fidXMLnew) ;
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