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Abstract. This paper presents a simple methodology for creation of anthropo-
morphic physical breast phantoms dedicated for x-ray breast imaging. The use of
physical phantoms in diagnostic radiology is a well-established approach for
patient dose estimation, quality control of developed diagnostic systems and
development of new breast imaging techniques. An overview of the design
process used for the creation of the presented phantom and evaluation approach is
given. A combination of materials (Clear resin, Gray resin and PLA) and methods
(fused deposition modelling and stereolithography) are used for the manufac-
turing of the breast phantom. The phantom was subjected to an evaluation aiming
atits suitability for studies with digital mammography technique. In particular, the
created phantom was evaluated by using two sets of phantom images, taken using
22 kVp and 28 kVp, which are compared with real mammograms. The com-
parison of the images is based on extracted statistical parameters — namely
skewness, kurtosis, fractals, PSA, GLCMContrast and GLCMEnergy.
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1 Introduction

Nowadays the use of breast physical phantoms is related to the applications in diag-
nostic radiology related to optimization of patient dose, quality control of developed
diagnostic systems (Breast Tomosynthesis, breast CT, contrast-enhanced mammogra-
phy units), as well as for proof of concept and development of new breast imaging
techniques [1, 2]. Until recently, the exploited phantoms in the routine clinical work
were mainly represented by a homogeneous mixture, incorporating standard test
objects dedicated for system performance evaluation.

Recent advanced research in the field of 3D printing materials and technology for
printing phantoms dedicated to x-ray breast imaging showed the attempts to produce
realistic anthropomorphic breast phantoms from patient images [3] and computational
breast models [4]. These are also used in education approach for teaching purposes at
advanced classes. An example is the advanced educational course in Medical Physics at
European level EUTEMPE-RX, where at several modules the participants are trained to
perform virtual studies with anthropomorphic phantoms [5-8].
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One major problem with the 3D printing approach is related to the limitations in the
current 3D technology, which, however, has made enormous progress during the last
two years in terms of technology and materials focused on printing 3D anthropo-
morphic phantoms. For example, phantoms may now be printed by using inexpensive
parchment paper and a radiopaque ink [9].

We have recently studied the absorption and phase-contrast characteristics of
several materials commonly used with fuse deposition modelling and stereolithography
3D printers [10, 11]. These studies showed that most of the resins, Nylon, Hybrid,
PET-G have absorption properties in the mammography range similar to these of the
glandular tissue, while ABS shows absorption characteristics close to these of the
adipose tissue. Based on these findings, we further developed a physical phantom,
based on these materials. This paper reports on the process, related to the manufac-
turing of such phantoms and its evaluation for mammography purposes. The evaluated
phantoms will be used for assessment of new breast imaging techniques such as phase
contrast mammography.

2 Materials and Methods

2.1 Physical Breast Phantom

The main elements in manufacturing a physical breast phantom are depicted in Fig. 1a,
while Fig. 1b shows the complete phantom, filled with water. Specifically, the external
shape is a semi-cylinder container with sizes: radius of the semi-cylinder base 59 mm,
and 49 mm height.
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Fig. 1. Physical breast phantom: (a) main parts, (b) the manufactured physical breast phantom
Two 3D printing technologies are used: fused deposition modelling (FDM) and

stereolithography (SLA). The materials used for the production of the phantom are
summarized in Table 1. Their properties are taken from Ivanov et al. [10].
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Table 1. Materials used for manufacturing of the breast phantom.

Phantom element Elemental composition Technology
Material | H C N (0] Density g/cm®

Glandular tree Clear |0.0850.648 | 0.059|0.208 | 1.180 SLA

Adipose compartments | Gray 0.084 | 0.638 | 0.052 | 0.226 | 1.175 SLA

Skin PLA 0.058 | 0.5410.018 | 0.383 | 1.250 FDM

The semicylinder container was modelled with the help of DesignSpark Mechanical
2.0 (https://www.rs-online.com/designspark/mechanical-software), while the glandular
tree is modelled with the BreastSimulator [12, 13]. The adipose compartments were
based on segmented adipose models from tomography images of the breast [14, 15]. As
there are no requirements for breast phantoms to contain pathology, the inclusion of
such was not considered at this stage of the development process.

2.2 Experimental Setup

X-ray images of the physical phantom shown in Fig. 1 were acquired with a Siemens
digital mammography unit featuring a detector with a pixel size of 0.085 mm
x 0.085 mm. Two projection sets, each one comprising of ten images, were taken at tube
voltages set to 22 kVp and 28 kVp, respectively. Two such mammography images are
shown in Fig. 2.

(@ (b)

Fig. 2. Mammography images of the phantom shown in Fig. 1b acquired with (a) 22 kVp (b)
28 kVp.
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The source to detector distance was 660 mm, while the incident exposure depended
from the phantom thickness.

2.3 Evaluation

The evaluation has been carried out with an in-house developed tool dedicated for
feature extraction from x-ray images [16]. Figure 3 shows the main window of the tool.
The user interface is implemented in MATLAB 2013a environment using the GUIDE
module [17]. In short, the tool is divided into five regions related to different activities
and functionalities, such as (a) various possibilities to load DICOM and other types of
images, (b) possibilities to adjust contrast and brightness by using sliders, to zoom
in/out the image and examine the details of specific pixel, (c) functionalities related to
manually or automatically defining the regions of interest (ROI) in the selected image,
(d) use of tools for automatic creation of ‘mask’ image of the area of the breast, where
the ROIs are populated, (e) calculation of features based on the selected ROIs.
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Fig. 3. A screenshot of the main window of the tool, used in the evaluation.

Texture of a breast in mammogram images plays significant role in tissue classi-
fications. This tool is capable of evaluating more than 20 statistical and other feature
types. In this study, we used six features of interest, which description is shortly
summarized in Table 2.

The evaluation of the phantom has been performed by comparison of features
extracted from x-ray mammography images compared to those extracted from 20
mammography patient images. The described features are performed over randomly
selected ROIs in the analyzed images and further averaged and expressed by a mean
value and standard deviation.
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Table 2. Feature description.

Kurtosis. It expresses the relative tailedness, relatively to the Gaussian distribution or flat-
ness of the distribution of the image pixel values:

_ M E[(x-pw*]
KurtlX] =04 = G w22 [
where E is the expectation operator, L4 is the fourth moment about the mean (p) and o is
the standard deviation.

Kurtosis is used for evaluation of the local structural texture. Higher values of kurtosis (posi-
tive) signify absence of local extreme values and vice versa — which is connected to the homo-
| geneity of the texture and the breast density.
Skewness. It describes the asymmetry of the probability distribution of the image pixel
values about their mean. The skewness value can be positive or negative, or undefined.
3 3
| X-# _ ks _ _E[X=-w’] _ x
[ R [2]
(EI(X-m2D2 K,
where E is the expectation operator, ps is the third central moment.

This descriptor is used for evaluation of the density of the breast: negative skewness is a sign
of fibroglandular tissue, while positive skewness is a characteristic of the fatty tissue.

Fractal Analysis. Computes fractal characteristics of the images, which can be used to
describe the smoothness/roughness of the image intensity. The area A(g) of each image
pixel and its difference (treated us surface) with the neighboring pixels right of and below
it is computed according to:

A(e) = Exy &+ Xy e(fic(x,y) — ie(xy+D)| + lie(xy) - ie(x+1y)]) (3]
The fractal dimension D of an image is then calculated as:
D=2— Alog[A(g)] [4]
Alog[g]
This descriptor is used for evaluation of the degree of complexity of the breast’s textural pat-
terns — low fractal dimensional value implies a simple homogeneous texture/structure.

Power law spectral analysis (PSA). The power spectrum describes the signal and noise
into frequency components of which the low frequency range can be characterized by fol-
lowing a power law. The exponent of this power law is a measure of the texture or ana-
tomical clutter.

Fo1) = i SA5 ED=3 f(a, b) exp [ ~2mi (37 + 7)) (5]
where k (0, 1..., M—1) and 1 (0, 1,..., N—1) are the relative spatial frequencies in the two
directions and MxN is the image size in pixels. The power spectrum profile is given by:

c

ISONI ~ =55 [6]
where f is a radial frequency variable, and c is a constant. The logarithm to base 2 of the
total power spectrum is further plotted versus the octave number. The trend is almost linear
and the data are fitted to a line obtained using linear regression analysis. The slope of the
line m is related to the exponential parameter § as: m = f§ — 2.

This descriptor is used for evaluation of the breast’s density.

(continued)
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Table 2. (continued)

GLCM (Gray-level co-ocurrence matrix) Energy. Returns the sum of squared elements in
the GLCM. The Energy is also known as uniformity, uniformity of energy, and angular
second moment and is calculated as:

_ N, N, 2
FGLCMEnergy = Zi=01 jgl ij (7]

where pj; is the probability value for the ij-th gray tone from the calculated GLCM matrix.
This descriptor is used for evaluation of the structural patterns throughout the whole texture.

GLCM Contrast. Returns a measure of the intensity contrast between a pixel and its neigh-
bor over the whole image. Contrast is known as variance and inertia and is calculated as:

Forom contrase = 2oy yoq (i = )Py [8]

This descriptor is used for evaluation of the local variations throughout the texture.

3 Results and Discussion

For the calculations of the features, we used ROIs of size 128 x 128 pixels and 50%
overlap of the regions. All ROIs are placed “inside” the projected breast, excluding
skin, muscle and background. Table 3 summarizes the results for the calculated fea-
tures for each set of ten images, acquired at 28 kVp and 22 kVp, respectively in
comparison to the features extracted from twenty patient mammography images, free of
lesions.

Table 3. Comparison of features extracted from phantom and patient images.

Descriptor Physical phantom | Physical phantom | Mammography images
28 kVp 22 kVp
Kurtosis 3.62 + 2.88 3.58 + 0.37 3.05 £ 0.07
Skewness 048 + 0.32 0.41 £+ 0.06 0.008 + 0.10
Fractal 3.08 £ 0.04 3.42 £ 0.01 3.07 £ 0.12
PSA 3.08 £ 0.05 2.78 £ 0.08 2.78 £ 0.17
GLCM Contrast | 0.79 £ 0.07 1.10 £ 0.04 0.72 £ 0.21
GLCM Energy |0.11 + 0.03 0.09 £+ 0.01 0.10 £+ 0.01

The comparison of features shows a good coincidence between features from
phantom and patient images. Better agreement is observed for the phantom images
obtained with 28 kVp, which is expected since this energy is traditionally used with
mammography units. In addition, comparison of distributions of selected features is
shown in Fig. 4a—c.
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Fig. 4. Distributions of the computed (a) kurtosis, (b), skewness and (c) fractal dimension

distributions for the studied images.
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Conclusions

The conducted comparative evaluation the created physical phantom and the patient
mammograms shows similarity between features extracted from their mammography
images. From the studied features extracted from mammography images obtained from
the two phantom sets of images (taken at 22 kVp and 28 kVp), the use of 28 kVp with
the proposed phantom - glandular tree, printed from Gray resin; Adipose compart-
ments, printed from Clear resin and container, printed from PLA - showed close results
to these from patient mammography images.
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