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ARTICLE INFO ABSTRACT

Keywords: Purpose: We present the development and the current state of the MaXIMA Breast Lesions Models Database, which
Database is intended to provide researchers with both segmented and mathematical computer-based breast lesion models
Breast lesions with realistic shape.

Segmentation

Methods: The database contains various 3D images of breast lesions of irregular shapes, collected from routine
patient examinations or dedicated scientific experiments. It also contains images of simulated tumour models. In
order to extract the 3D shapes of the breast cancers from patient images, an in-house segmentation algorithm
was developed for the analysis of 50 tomosynthesis sets from patients diagnosed with malignant and benign
lesions. In addition, computed tomography (CT) scans of three breast mastectomy cases were added, as well as
five whole-body CT scans. The segmentation algorithm includes a series of image processing operations and
region-growing techniques with minimal interaction from the user, with the purpose of finding and segmenting
the areas of the lesion. Mathematically modelled computational breast lesions, also stored in the database, are
based on the 3D random walk approach.

Results: The MaXIMA Imaging Database currently contains 50 breast cancer models obtained by segmentation of
3D patient breast tomosynthesis images; 8 models obtained by segmentation of whole body and breast cadavers
CT images; and 80 models based on a mathematical algorithm. Each record in the database is supported with
relevant information. Two applications of the database are highlighted: inserting the lesions into computa-
tionally generated breast phantoms and an approach in generating mammography images with variously shaped
breast lesion models from the database for evaluation purposes. Both cases demonstrate the implementation of
multiple scenarios and of an unlimited number of cases, which can be used for further software modelling and
investigation of breast imaging techniques. The created database interface is web-based, user friendly and is
intended to be made freely accessible through internet after the completion of the MaXIMA project.
Conclusions: The developed database will serve as an imaging data source for researchers, working on breast
diagnostic imaging and on improving early breast cancer detection techniques, using existing or newly devel-
oped imaging modalities.

Computational models
Breast imaging techniques

1. Introduction medical specialists with the new technology, to extract features, which
are basis for the development of advanced computer-aided detection

Nowadays, the research in novel imaging techniques as well as in systems or develop and train machine learning algorithms. For re-
testing and optimizing existing ones is inevitably related to the ex- searchers, the use of images from databases may be the most flexible
ploitation of medical patient images. These are used to evaluate the and time efficient approach, since data are summarized at one place
improved technologies in the x-ray techniques, to train and educate the and well documented. In case of breast imaging the demands are
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similar. Presently, research and industry communities have focused
efforts to optimize the newly established x-ray breast imaging techni-
ques: contrast-enhanced mammography [1,2], novel mammography
techniques such as spot mammography [3] and dual-energy mammo-
graphy [4-6], digital breast tomosynthesis [7-9], breast CT [10],
phase-contrast tomography and mammography [11,12].

All these imaging modalities are designed, optimised and validated
because of the need for earlier breast screening, better visualization and
diagnosis of breast lesions. In a preliminary stage, computational tools
are used for the evaluation of these new imaging techniques. In this
case, besides the computational model of the imaging system, the other
important elements are both the anthropomorphic model of the breast
and realistic in form and shape 3D lesion models. While the procedure
and the know-how for the generation of computational breast models
are already well-developed and established by several research groups
[13-21], the corresponding ones for the creation of breast lesions are
still to be developed. To have realistic breast lesion models, different
approaches and sources of information may be exploited. One such
approach is based on the mathematical description of the lesion. Simple
forms like ellipsoids and spheres are frequently used as a rough ap-
proximation of irregular breast lesions [22]. Limited number of works
addresses the mathematical modelling of irregular and spiculated
breast lesions [14,23-26]. In this development process, main compo-
nents of the developed algorithms are the use of Brownian motion,
diffusion limited aggregation, and modified stochastic Gaussian random
sphere model combined with an iterative fractal branching algorithm.
Another approach is the use of algorithms for segmentation of breast
lesions from 3D medical images: Computed Tomography (CT), Digital
Breast Tomosynthesis (DBT), breast CT, Magnetic Resonance Imaging.
With the introduction of the breast CT into clinical use, this modality
may become a very popular approach for extracting 3D breast lesion
shapes. Such an approach for segmenting 3D breast lesions was recently
studied by Dukov et al. [27]. Their algorithm was applied successfully
on patient DBT images as well as on breast cadavers and whole-body CT
scans. Such segmentation approaches, when validated well, are popular
in computer-aided detection systems [28,29] and may represent a good
approach in creation of computational models for the needs of breast
imaging optimization. Another possibility is to use different view 2D
images from contrast-enhanced mammography and extrapolate the 2D
breast lesion shapes to 3D form. In addition to these techniques, deep
learning frameworks (for instance based on convolutional neural net-
works), were reported to successfully extract features (for instance
masses) from both mammography and breast tomosynthesis images
[30-32]. Very recently, Caballo et al. [33] reported on the use of ma-
chine learning technique for generating 3D super-resolution (~60 um
voxel size dimensions) breast models based on breast CT data which are
characterized with lower resolution compared to data from breast to-
mosynthesis. This approach may be successfully adopted as well as to
segment breast lesions from similar data and generate super-resolution
computational breast lesion models, which is an approach to be further
explored and studied for its feasibility by researchers. The main con-
straint of this approach at this stage is that breast CT has still limited
availability in clinical practice and scientists’ access to data is not such
easy.

For research in tumour modelling, breast modelling, as well as
modelling, optimising and testing of breast imaging techniques, a large
number of simulated, patient and experimental images is needed, these
last acquired from physical objects developed by the research teams.
Large databases of images would be needed to observe, model, validate
and evaluate breast lesions. Therefore, the creation and the technical
and scientific support of a database, dedicated to such purposes is of
high interest.

This work describes the creation of the MaXIMA Shared Database,
which is an initiative that aims to consolidate the efforts of three uni-
versities (Technical University of Varna, University of Napoli Federico
II and Katholieke University of Leuven) to initially collect, and then
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gradually add at a single site, datasets of medical x-ray imaging ex-
aminations (e.g. mammography, breast tomosynthesis, breast CT). In
addition, the database will contain x-ray images or tomograms of dif-
ferent physical (anthropomorphic) phantoms, computational models of
breast lesions and finally, a variety of synthesised whole-breast com-
putational phantoms with or without breast lesions inclusions. In the
development of the MaXIMA Shared Database, specific efforts have
been dedicated to facing and finding a solution for two major chal-
lenges: i) organizing a common data repository, i.e. to provide storage
space and establish an approach for storing the data in a structured
way; ii) providing a convenient access to the repository data, i.e. de-
velopment of a user interface for browsing the database content, de-
fining different search criteria, and obtaining the datasets of interest.

2. Materials and methods
2.1. Clinical data

Fifty eight sets of clinical images from patients diagnosed with le-
sions and images from breast cadavers were collected in the database.
Images from tomosynthesis were acquired from Alexandrovska
University Hospital, Sofia, Bulgaria, where a Giotto Tomo, IMS (http://
www.tomosynthesis-giotto.com/) is in exploitation, and from the
University Hospital of Leuven, Belgium, using Siemens Mammomat
Inspiration (https://www.healthcare.siemens.com/). The breast cada-
vers and the whole-body CT scans were implemented at the University
Hospital “Saint Marina” in Varna, using SOMATOM (Siemens) CT
system. The description of the data is summarised in Table 1.

Two basic approaches for computational models of breast lesions
have been elaborated: i) segmenting breast x-ray images obtained in a
3D mode (breast CT, tomosynthesis) and ii) mathematical modelling.

2.2. Computer models of tumours based on segmentation of 3D patient
breast tomosynthesis images

Three-dimensional x-ray breast images may be obtained from breast
tomosynthesis and breast cone-beam CT modalities, as well as, whole-
body CT scans and breast cadaver samples scanned at CT or micro CT.
From these, the most widely available sources are patient data from
DBT. Fig. 1 outlines the general approach for segmenting lesions from
3D breast imaging.

In this paper, we will use the algorithm of Dukov et al. [27]. The
core of the algorithm is the use of a region-growing method initially
adopted by the team for liver segmentation [34], and recently adopted
to segment lesions in low contrast DBT. The patient clinical data in the
form of a 3D image is the input for the algorithm. Before processing
data, a proper anonymizing of patient data is performed. Image filtering
is necessary to decrease the artefacts due to the reconstruction algo-
rithm in DBT. A region, containing the breast lesion is selected. Then
the segmented lesion is subjected to a set of morphological operations
which aim to remove unbounded segmented areas. A region growing
method is applied to initially segment the breast lesion. Finally, post-
processing is used to correct wrongly segmented tissue parts. Image

Table 1
Clinical patient cases used for the database.

Clinical system Image resolution,

pixels per mm

Cases

10 malignant Giotto tomosynthesis 11.10
4 benign
36 malignant Siemens tomosynthesis 11.86
5 malignant Siemens Somatom 3
Definition AS CT system
3 malignant (breast Siemens Somatom 3

cadaver) Definition AS CT system
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Fig. 1. Steps in creation of the breast lesion volume.

processing operations include the following morphological operations:
erosion, area opening, and dilation.

2.2.1. Use of DBT datasets

DBT sets were the major of data source for models of breast lesions
in the databases. An example is shown in Fig. 2 and extensively dis-
cussed in [27]. In this particular case, data from mediolateral oblique
DBT view were exploited from a patient diagnosed with a malignant
ILA speculated mass. Resulting images obtained after implementing
some of the main steps of the algorithm applied on these DBT images
are shown in Fig. 2. The number of images is 83, while the number of
segmented slices are 25, the slice thickness is 1 mm and pixel size is
0.086 mm X 0.086 mm.

Initially, a region of interest is defined large enough to cover the
breast lesion in all tomosynthesis slices, as shown in Fig. 2a. Then a
procedure aiming to transform the images into binary is applied
(Fig. 2b). Further, a set of morphological operations processes the in-
itial segmented volume (Fig. 2c), followed by a dedicated region-
growing algorithm (Fig. 2d). The final 3D segmented model is shown in
Fig. 2e (lesion dimensions: 36.8 mm X 20.6 mm X 25 mm).

2.2.2. Use of low resolution CT datasets
Low resolution full body CT scans may also be used to segment
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breast lesions. An example is given in Fig. 3 for CT images obtained at
the University Hospital “Saint Marina” in Varna, using a SOMATOM
unit (Siemens). The acquisition was made by utilizing a standard pro-
tocol that provides images of size 512 x 512 pixels, 16 bits grey level
resolution, pixel was size 0.98 mm x 0.98 mm. The slice thickness is
3 mm, the number of all slices is 177, while the number of images with
the breast lesion is 22.

This type of breast lesion was classified by the medical experts as
invasive ductal adenocarcinoma. In this case we applied the algorithm
presented in Dukov et al. [27] including the main steps in Fig. 1:

contrast improvement by using median filter;

selection of the region of interest where the lesion is present (in
order to improve the speed and efficiency of the algorithm) (Fig. 3a,
b);

binarization, leading to lesion segmentation (Fig. 3c);

corrections for over-segmented regions (Fig. 3d);

production of slices with segmented breast lesion used for final
verification by the medical doctors;

segmentation of 3D breast lesions (Fig. 3e).

The case shown in Fig. 3 is characterised by low resolution and
increased image noise in tomographic images, as well as low contrast
between the glandular and cancerous breast tissue due to their similar
linear attenuation coefficients [35-38]. In this case the algorithm seg-
mented a slightly larger area than the actual one (Fig. 3c) and a phy-
sician was required to evaluate the segmentation area subjectively and
to perform small corrections (Fig. 3d). The lesion was then placed into
the database.

A similar example is shown in Fig. 4, where we illustrate segmen-
tation of an invasive ductal carcinoma. In this particular case, using the
same slice thickness of 3 mm and pixel size of 1.27 mm x 1.27 mm, the
breast lesion was generated on the basis of 31 tomograms out of 134
available for this patient.

The result of this segmentation was validated subjectively by our
radiologists and oncologists. For this purpose, they inspected first the
CT volume and then the segmented breast lesion superimposed on the
original tomograms. Overall, our medical experts were very satisfied
with the segmentation results.

2.2.3. Use of CT datasets of breast cadavers

Similarly to the previous cases, CT sets from breast cadavers may
also be used as a source of models for breast lesions. An example is
shown in Fig. 5, first column for a cadaver breast obtained at the
University Hospital “Saint Marina” in Varna, and scanned immediately
at the CT facility. The acquisition protocol includes 264 images of size
910 pixels x 512 pixels, slice thickness 1.5mm. The images have
square pixels of size 0.98 mm x 0.98 mm. Sixteen images contained an
invasive ductal carcinoma. Following the segmentation procedure
(highlighted in Fig. 5a—c, first column), the breast lesion was segmented
as shown in Fig. 5d, first column.

(@)

(b)

(c)

(d) (e)

Fig. 2. Main steps in the creation of a breast lesion from DBT images: (a) selection of region of interest, (b) obtaining binary image, (c) artefact reduction, (d) solid

lesion (e) segmented tumour.
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Similarly, the second column in Fig. 5 shows the procedure applied
on a CT set derived from another cadaver, scanned under the same
conditions. The acquisition protocol included 100 breast tomography
images of size 733 x 512 pixels (slice thickness 0.6 mm, image pixel
size is 0.32mm x 0.32 mm). Twenty seven images contained a breast
lesion.

2.3. Mathematical breast lesions

The approach for generation of mathematical breast lesions models
is based on a method reported in refs. [14] and further refined in
[25,39]. Its basis is the 3D random walk algorithm (similarly used also
by other researchers [19,26,40]), generated in a predefined 3D volume,
which in fact is an empty three-dimensional matrix. Since in our case
the random walk algorithm is applied on voxel objects, this algorithm is
modified to the so called nearest neighbour random walk algorithm.
The main steps in generating breast lesion models are shown in Fig. 6a.

The tumour size is a function of the size of the voxel matrix denoted
as M x M x M and the voxel resolution, defined by the user. Initially,
the voxel values of the lesion matrix are set to zero. The user assigns a
number of random walks: this number is marked as Ny ownian_runs- The
random walk starts from the centre of the matrix and each step moves
randomly to one of the neighbouring voxels, assigning to it the lesion’s
elemental composition. Each random walking process stops either at
the matrix boundaries or when the assigned maximum number of dis-
crete steps, Nyun length (number of voxels per walk), is reached. The
received “dusty” structure is converted into a lesion with a solid geo-
metry by applying further processing: averaging, dilation, erosion
morphologic operations. In all operations, the structuring element is the
cube. For instance, for the dilation operation, the repeated dilation
process is obtained with a larger cube size (5 X 5 pixels) followed by

Physica Medica 64 (2019) 293-303

Fig. 3. Segmenting a difficult case in the breast
from CT images of a patient diagnosed with in-
vasive ductal adenocarcinoma: (a) CT tomogram,
(b) region of interest where the breast lesion is lo-
cated, (c, d) segmenting the lesion, (e) segmented
area overlaid on the original tomogram, (f, g) seg-
mented breast lesions (lesion dimensions: 66.4 mm
X 54.7mm X 42.0 mm).

dilation using a smaller cube size (3 x 3 pixels), while averaging is
reached with uniform averaging filter. Other morphological image
processing methods - like closing and morphological smoothing
(opening followed by closing) — have also cube as a structuring element.
The size of the structure element as well as its shape can be changed by
the user. Closing and dilations were used also for binary image pro-
cessing.

Fig. 6b shows the shape of the created breast lesion after the im-
plementation of each step from Fig. 6a for the case of M = 100,
Nprownian_runs = 100, Niyn tengtn = 2000. By changing the model para-
meters (number of walks Nprownian runs, and the number of discrete
steps per walks Nyun tength, degree of averaging, dilation and erosion)
the user can change the shape of the modelled lesion as well as the
degree of malignancy. Examples of generated irregularly shaped lesions
are shown in Fig. 11.

2.4. Database creation

The creation of the MaXIMA Shared Database has been conducted in
four phases: initial collection of imaging data; analysis of the variability
of the data (actual and potential) and taking decision for the database
implementation approach; creation of database repository; user inter-
face development.

2.4.1. Initial data collection

One of the major challenges in the creation of the MaXIMA Shared
Database has been the large variety of medical images that would be
used as sources for extracting real lesion shapes. Therefore, as a first
step, we collected samples of different medical images with the basic
objective to create an overview of the potential variety of the medical
data to be collected.

(a) (b)

(c) (d)

Fig. 4. Segmenting invasive ductal carcinoma from patient CT images: (a) CT tomogram with the region of interest where the breast lesion is located, (b) segmented
breast lesion, (c) segmented area superimposed on the original tomogram, (d) segmented breast lesion (lesion dimensions: 129.5mm X 138.4 mm X 93 mm).
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Fig. 5. Segmenting two malignant breast lesions from breast CT of two breast cadavers (the two columns): (a) selected original tomogram, (b) segmented lesion area,
(c) segmented area superimposed on the original tomography slice and (d) segmented 3D breast lesions (size of the left lesion: 34.0 x 24.5 X 21 mm, size of the right
lesion: 37.6 mm X 42.7 mm X 16.2 mm).

M - tumor size,

Nbrownia n_runs ’ Nrun_length

3D random walk

|

3D averaging

!

3D dilation

l

3D erosion

(A) (B)

Fig. 6. Creation of breast lesions: (A) Steps in the creation of breast lesions, and (B) breast lesion models created for M = 100; Nprownian_runs = 100; Nrun tengtn = 2000,
obtained after implementing (a) initial random walks, (b) 3 X 3 x 3 averaging of the volume, (c) dilation with a 3 X 3 X 3 and (d) 5 X 5 X 5 erosion.
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Fig. 7. Client-server architecture of the Maxima database application.

2.4.2. Selected approach

The preliminary analysis of the variety of the initially collected
imaging data determined the way of organizing the storage and its size:
i) Storage place — a remotely accessible dedicated server is used for the
storage of the computational breast lesion models, ii) Database archi-
tecture — the structure of the storage space is additionally indexed, al-
lowing filtered searching and execution of queries, iii) User interface — a
web-based user interface was chosen for connecting and querying da-
tabases remotely.

2.5. Implementation

The MaXIMA Imaging Database Application uses client-server ar-
chitecture (Fig. 7), where the data from the Server application is ex-
tracted, computed and delivered to the Users in an appropriate format
via client applications. The advantages of the client-server architecture
are: i) centralized resources, common for all users; ii) improved se-
curity; iii) server-level administration; iv) scalability.

The organization of the Maxima database is relational — the in-
formation is stored in tables interconnected by fields containing con-
nection information (Fig. 8). The tables in the database have primary
and secondary indexes which control the operation of the database. The

] users v

primary key is a unique record identifier in the table that defines each
record, while the secondary key is a pointer to a primary from another
table.

The Maxima database contains 4 tables (shown in Fig. 8a): (a) pa-
tients — containing a list of records for 3D images and their attributes;
(b) rstype — containing a list of imaging modalities with an additional
information; (c) medorg — containing a list of data sources with corre-
sponding information; (d) users — containing a list with an information
for the users who can access the application. All four tables are con-
nected to each other by means of primary and secondary indexes,
creating the relations in the database.

2.6. User application

Participating researchers can use the application to manage the
imaging database. Only registered users can access the database, using
one of the two possible access options — User and Administrator.
Regular Users can view and search records in database, use file browser
to view and download images, view and search data sources and ima-
ging modalities. Administrators can add, edit and remove Users, change
User types, add, edit and remove records and images from/to the da-
tabase and add, edit and remove data sources and imaging modalities.

Login

- -~
—i Administrator User —

tients v
uid INT(11) pe
dINT(11
uname CHAR(30) PONIL) ] rstype Y
name CHAR(50)
pass VARCHAR(150) 50) rsid INT(11) > Search/Add Records ‘4— —» View/Search Records |
A
admin TINYINT(1) SCCHAR(S0) type CHAR(50)
INT(11
name CHAR(50) rype ML [ ——H © info TEXT Browse/Upload | 5 :
INT(11 - - rowse Images <
email CHAR(50) rorg INT{11) : Images | ge
phone CHAR(20) rompaih CHARISO) Ly ) " _ ——
CHAR(70 PRIMARY
adir CHAR(50) FEgm-GrAR) > ViewAddDSIM = >~ ViewDs/iM -
addby INT(11)
country CHAR(50)
oorganization VARCHAR(50) date DATE
=
oston GHAR(SD) L —H & info TEXT —] medorg ud = Add/Remove Users }4— — Change Password =
e added TMESTAMP et
info
et 1ocin DATETIVE » medorg_moid INT(11) name CHARGT) o 5 dq |
_login ] Lo ange Password <
» rstype_rsid INT(11) ‘Cousiry GHAR{(50) g |
registered DATETIME M= sty CHAR(S0
o » users_uid INT(11) | Lo )
activation VARCHAR(255) | cntname CHAR(50)
STy
bl cntmail CHAR(50) !
PRIMARY cnttel CHAR(50) . l
fk_patients_medorg info TEXT /]‘
v fk_patients_rstype1 ]
CRRALY fk_patients_userst v T S —
PRIMARY -

(a)

IM - Image Modality

(b)

Fig. 8. Application architecture: (a) relational model of the database application and (b) structure of the application.
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MaXIMA Imaging Database
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Fig. 9. A screenshot from the Maxima database web application (http://maxima-tuv.eu/database/).

Modality: DBT
Size: 21.4 x 27.6 x 15 mm
Type: Malignant

Modality: DBT

Type: Benign

Size: 43.3 x 50.2 x 22 mm

Modality: DBT
Size: 44.5 x 55.1 x 31 mm
Type: Malignant

Modality: DBT
Size: 20.1 x 18.8 x 14 mm
Type: Malignant

Modality: CT

Size: 129.54 x 138.4 x 93 mm
Type: Malignant

Modality: CT
Size: 37.44 x 42.7 x 16.2 mm
Type: Malignant

Fig. 10. Segmented lesion models, based on patient CT and breast tomosynthesis data.

The relational model for this database is shown in Fig. 8b.

3. Results and discussion
3.1. Maxima database

The database interface is web-based (Fig. 9) and hence platform
independent, user friendly and it can be accessed from the official
project website (http://maxima-tuv.eu/database/) or through a direct
link (http://maxima.tu-varna.bg/). In order to obtain access to the
database, a user needs to request access by submitting a short justifi-
cation e-mail.

The MaXIMA Imaging Database currently contains the following
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datasets: 138 breast cancer models obtained by segmentation of 50
three-dimensional patient breast tomosynthesis images; 8 models ob-
tained by segmentation of 3D micro CT images of biopsy specimens;
and 80 models based on mathematical algorithm. The last group of
lesion models is expected to be the largest in the database. The para-
metrical description of the breast lesions allows to apply a combina-
torial approach for the generation of a large number similar though
different tumour models. The same is valid for the computational breast
phantoms without abnormalities. The variety of both types of models
would result in a potentially huge number of realistic breast models
with included abnormalities. Such a possibility and approach provide
the virtual breast imaging studies with two important object sources: i)
Completely new computational models that the researches may
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Fig. 11. Irregular breast lesions obtained with unmodified random walk algorithm using different model describing parameters. SE — structure element used in

morphological operations.

generate following the guidelines for breast and lesion modelling and
using their own sets of model parameters; ii) A large set of different
types of breast and/or lesion models or both, provided in groups cor-
responding to clinically observed cases or cases of interest. The groups
have similar properties but contain different cases due to the statistical
variance of the generated models; iii) As all properties of the generated
models will be known, this type of sets may serve as a unique annotated
and reference set for a large number of virtual studies. Examples for
computational models created from segmentation and by applying the
mathematical algorithm are shown in Figs. 10 and 11, respectively,
accompanied by a short description: a detailed description is given in a
readme file.

Segmented 3D volumes, containing the segmented shape and re-
lated relevant information about it is created and saved in a separate
MATLAB data file. To facilitate further processing, analysis and com-
putations, two types of files are available. The first one contains the
segmented lesion (in gray values) and the necessary information related
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to the file structure named info structure (available also as a text file).
The second file type contains two sets of images — the original slices and
the binary images of the segmented lesion shape, as well as a descrip-
tion related to these file structures. The file structure always contains
the lesion model’s name, the volume and voxel dimensions, the geo-
metrical center of the lesion model, displayed range and the original
pixel values.

The segmented breast lesion images were then stacked by con-
sidering the aspect ratio of the pixels in the tomographic images and the
spatial distribution of tomographic slices. Further, they are placed on a
database repository (www.maxima-tuv.eu). The lesion shapes are also
saved as raw data in binary file, accompanied with general information,
which will permit the data handling.

3.2. Applications

Description of a breast lesion is an important part of the realistic
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Fig. 12. Block-diagram of the procedure for introducing breast lesions in
healthy breast tissue phantoms.

(c)

Fig. 13. Breast lesion integration: (a) breast model with the lesion shown in
Fig. 4d, and (B, C) a slice from the combined breast model with two integration
methods. The different contrast between the slices shown in (b) and (c) is due to
the fact that in (c) the values in the slice represent attenuation coefficients,
while in (b) the values are numbers that correspond to a given elemental
composition (for instance: adipose tissue — 203, glandular tissue — 216, skin —
234, lesion — 235). The latter is needed when Monte Carlo simulations is used
with custom Monte Carlo codes for modelling and simulation of radiation
transport.

breast modelling. Breast lesion models are of interest and are built to be
incorporated into breast models either existing or under development,
to foster the realisation of reliable virtual studies in the field of breast
imaging and cancer detectability and diagnosis. Two applications se-
lected from the research field of the Maxima group are demonstrated
bellow.

3.2.1. Procedure for introducing the breast lesions into the breast
Computational models of breast lesion models are usually inserted
into computationally generated breast phantoms Fig. 12. The resulted
combined computational breast phantoms are used to study the visi-
bility of breast lesions in 3D breast imaging techniques. The introduc-
tion of the breast lesions into the generated breast models is a crucial
task, which defines the realism of the projected anatomic details onto
the 2D image (and subsequently tomosynthesis image) model breast
lesion. For this important aspect of the whole breast model procedure,
methods for integration of created abnormalities need to be developed
and implemented. For the current and future research and educational
activities, the existence of user-selected methods for inserting lesions in
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generated breast phantoms is a prerequisite for a good work. Therefore,
suitable algorithms used to insert the modelled breast lesions are of
high importance in order to obtain realistic 3D breast phantoms with
these lesions. This approach allows the implementation of multiple
scenarios and unlimited number of cases, which can be used for further
software modelling and investigation of breast imaging techniques.

The computational models of the breast lesions are available as
three dimensional voxel based matrices with values 1 for the lesion and
0 for the background. The user selects the position in the breast volume
where the breast lesion will be integrated. Two approaches for insertion
of breast masses are shown in Fig. 13. In the first approach, lesion
models are matched to the properties of the glandular tissue or water
[37,38]. All voxels of the breast lesion have the same elemental com-
position and are assigned attenuation coefficients equal to those of
glandular tissue or water (as shown in Fig. 13b). The second approach
uses smooth integration of lesion models within the breast. The user
selects the place in the breast volume (phantom) where the breast ab-
normality is integrated. Then the properties of the abnormality are
changed in such a way that the abnormality is smoothly placed into the
surrounding tissues within the breast volume (as shown in Fig. 13c).
The degree of smoothing of each voxel from the abnormality matrix
depends on its distance from the centre. The more distant the voxels
are, the higher degree of smoothing is achieved (as described in Ap-
pendix B3 in [14]).

The breast lesion is the irregular breast lesion model presented in
Fig. 4d. This breast lesion was introduced in the computational breast
phantom, generated by the in-house developed and validated software
tool BreastSimulator [41]. The later tool can create models of healthy
breasts, by varying parameters like shape, size, duct tree features,
Cooper ligaments, skin, etc. The generated, in this case, 3D breast
phantom is of a medium in size with a 25% glandular tissue without
skin (and 33% with skin, respectively). The number of Cooper liga-
ments (presented as ellipsoids) is approximately 1000, while the
glandular tree is composed of about 8000 cylinders. The model is then
transformed into a 3D breast voxel matrix, which contained glandular,
adipose and skin tissues. Consequently, the model is computationally
subjected to a compression procedure in order to simulate the com-
pression procedure during the mammography imaging [42], as the
main parameters include the desired breast compressed thickness and
the elastic modulus of the breast tissues. The compression simulation
resulted in a breast phantom with a thickness of 4 cm. The selected
breast lesion model is then inserted into the computational breast
model and the resulting combined breast model is shown in Fig. 13a,
while Fig. 13b,c shows a selected slice that contains the lesion inserted
into the computational breast model by using both approaches, re-
spectively.

3.2.2. Procedure for evaluation of modelled 3D breast lesions

The procedure for the generation of a large number of projection
images with breast lesions for evaluation purposes is also of great im-
portance. The approach, demonstrated in Fig. 14, is the one of the
leading research groups [43,44]: projections of targets (the breast le-
sions) are simulated and then inserted at different positions in the
clinical mammograms.

The main steps are illustrated in Fig. 14 and include: i) generation of
x-ray projection images of 3D breast lesions by using an in-house de-
veloped software application [45], capable to simulate the x-ray
transport through the computational lesions. For this purpose, the in-
cident spectra, and geometry: distances from the source to the object
and detector need to be modeled. Usually, analytical relationship be-
tween the source intensity of the x-rays and the intensity registered at
the detector surface is exploited. The transmitted intensity reaching the
detector is calculated using the Beer’s law. Ideal images are then con-
volved with the detector features. ii) The generated image is then
convolved with an anonymized planar and free of breast lesions patient
mammography image and used in evaluation assessments (research)
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Fig. 14. Main steps in creating images with breast lesions. For visualization purposes, the projection image of the lesion is enhanced in terms of contrast to make the
lesion more visible (left image in mammograms with inserted breast lesion) compared to the real lesion insertion (right image in mammograms with inserted breast

lesion).

and in educational activities. In the demonstrated case, the elemental
composition of the lesion was assigned to water, and the obtained si-
mulated planar image is shown in Fig. 14.

4. Conclusions

Both computational and physical models play a significant role in
breast imaging research. In particular, they are very important when
new technology is under design, development, testing and optimization.
This paper addressed the development of a database application dedi-
cated to three-dimensional models of breast cancers segmented from 1)
x-ray three-dimensional patient breast images as well as whole body
and breast cadavers CT images, and ii) mathematical algorithms de-
veloped to generate breast lesions, with irregular shape. The developed
database will serve as an imaging data source for researchers, working
on breast imaging and early breast cancer detection. In addition to
boosting the research activities, the database is expected to represent
also an attractive educational tool in the general field of Medical
Physics and Biomedical Engineering.
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