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Abstract: Gamma rays have been extensively investigated for breast imaging using collimators;
however, the coded-aperture technique needs to be investigated more. In this paper, we propose
an experimental study and Geant4 simulations of MURA mask breast imaging. First, we compare
the experimental data against the simulation results carried out using Geant4 (version 10.4) and
accreditation phantom. Second, we virtually extend our work by changing the tumor-to-background
(TBR) and lesion location parameters. We used 99mTc as a radioactive source. Good agreement
has been seen for the benchmark stage, especially in terms of tumor localization. Moreover, the
calculated full width at half maximum (FWHM) and contrast for decoded images (having average
values of 8 and 3.5 for TBR between 2 and 10) permitted us to conclude that we can accurately
localize small lesions up to lower TBR values by following the decoding procedure of deducing the
image of a “blank phantom” (phantom with TBR = 1) every time within a matlab-based program.
Hence, this work can be considered a continuously added value to previous investigations for
scintimammography imaging.

Keywords: MURA mask; Geant4; scintimammography; FWHM; contrast

1. Introduction

The detection, localization and mapping of radiation-emitting sources are crucial in
nuclear decommissioning, decontamination and maintenance procedures [1–3], especially
for nuclear medicine imaging. Among the existing medical imaging modalities, we can
cite scintimammography, which uses radioactive substance (radiopharmaceutical) and a
special camera for breast imaging, as breast cancer tissues attract more radioactive material
than healthy tissues [4]. The reason for this is that cancer cells grow and divide more
rapidly. Such rapid growth causes the radioactive isotope to accumulate in larger amounts
in tumors. Moreover, through the use of coded-aperture gamma-ray imaging systems, a
radioactive distribution map can be superimposed on an optical image as a reference for
the localization of radioactive hot-spots [5]. It has been extensively developed to improve
its capabilities in terms of lightness, usability, sensitivity, spectral capability, etc. [6–10].
Within that context, the modified uniformly redundant array (MURA) mask has been
widely used, for which a specific aperture pattern of holes (an open area) represents half
of the collimator area and allows us to minimize exposure to that half [11]. The majority
of systems are currently designed to produce images under far-field conditions, where
images appear nearly perfect. As a result, the distances between imaging systems and
radioactive sources may be minimized in some applications to improve system sensitivity
and to reduce measurement time. Furthermore, when high resolutions are desired, the
mask projection tends to be magnified and lowering the distance between the source
and camera system is also necessary (assuming that the distance between the mask and
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the detector is fixed). However, when the distributed source image is produced by the
cross-correlation method within near-field geometry, such as for scintimammography
examinations, there are always obvious artifacts present [12]. In astronomy and nuclear
medicine imaging, masks and anti-masks are used to reduce such artifacts [13–16]. By
using maximum-likelihood expectation-maximization (MLEM) deconvolution methods,
near-field artifacts and aperture collimation effects can also be reduced [17,18]. However,
relatively few studies have been conducted on the use of the “blank-phantom”, which
entails extracting the projected image of a uniformly distributed source from the phantom
projection before using cross-correlations as an alternative decoding method [19].

To address the problems outlined above, we propose an experimental setup and a
Geant4-based computational framework to model a specific scintimammography imaging
setup. Moreover, the object-oriented (C++) toolkit for Monte Carlo simulation of particle
transport through matter, Geant4 (GEometry ANd Tracking version 4), was used for differ-
ent applications including high-energy physics, space dosimetry, medical imaging, medical
dosimetry, radiation therapy and radiation protection [20–22]. Other than the possibility of
tailoring realistic detector deometry, a range of functionalities is included in Geant4, such
as tracking, geometry, physics models and hits. Additionally, the comprehensive range of
physical processes, including electromagnetic, hadronic and opticalprocesses, as well as
long-lived particles, materials and elements over a wide energy range made it a versatile
simulation opportunity. The framework consists of the full modeling of an anthropomor-
phic breast phantom, a NaI(Tl) crystal-based detector and a 41× 41 MURA mask. Our
three main goals can be summarized as follows: (1) experimental measurement of projected
images, (2) verification of Geant4, and (3) computationally searching for tumor detection
and localization. Thus, we first conducted an experimental procedure for imaging an
in-house anthropomorphic breast phantom including a 99mTc source at different locations
and an in-house designed and fabricated lead-based MURA mask (with 41× 41 matrix).
Second, we carried out some simulations for comparison purposes. Finally, we used the
Geant4-based program to change the source location and to analyze the projected images.
For all tests, we always used the “blank-phantom” method for image decoding and ob-
serve full width at half maximum (FWHM) and the contrast parameter. Researchers and
technicians in radiation therapy, as well as students and technicians will find this study
fascinating, as it continues radiation therapy research outside of imaging.

2. Materials and Methods

In the following subsections, we first describe the experimental setup used for point
spread function (PSF) calculation and for a small tumor located within an anthropomorphic
phantom imaging. Then, the Monte Carlo simulation procedure carried out to benchmark
experimental data and to extend our work to other imaging scenarios is provided. Finally,
as the coded-aperture (MURA mask) imaging needed a decoding stage, we briefly give the
followed decoding code.

2.1. Experimental Setup

Figure 1 shows the experimental setup used including the anthropomorphic breast
tissue phantom, the MURA mask, the mask holder and the imaging detector. Measurements
have been performed with a Gamma-Camera Philips Brightview at King Khaled University
Hospital (KKUH) and a 512× 512 detector Field of View (FOV). The image acquisition time
was set to 20 min, and the 99mTc source activity was 30 mCi. For each point of measurement,
we repeated the experiment three times.

2.2. Simulation Procedure

In this work, we used a breast phantom, a MURA mask and a special detector. The
breast phantom was modeled with the material composition taken from the NIST website
(G4_ADIPOSE_TISSUE_ICRP) [23], and the geometry consists of the superposition of both
a cylinder (50 cm radius and 35 cm height) and a semi-ellipsoid (5× 5× 7 cm3).
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Figure 1. Experimental setup including equivalent tissue anthropomorphic breast phantom, MURA
mask and imager. Twenty-two possible locations for the inserted 99mTc were also given.

Additionally, as seen in Figure 1, the phantom includes 22 possible locations (with the
same thicknesses of 0.1 cm) for tumor positioning. Locations from 17 to 22 have the same
radius of 1.2 cm; however, the other 16 options have different radii from 0.1 to 0.25 cm.
All locations were cylindrical and filled with air as the medium. On the other hand, the
MURA mask consists of a 41× 41 array pattern. Designed at the center of a thin sheet
holder of lead with the dimension of 60× 60× 0.15 cm3, the mask was formed with a given
distribution of box-shaped holes (0.2× 0.2× 0.15 cm3), resulting in a global dedicated volume
of 8.2× 8.2× 0.15 cm3. Similar to the desired mask, as described in the literature, it contains
50% open/close area, i.e., the same surface area of gamma ray-opaque and gamma-ray-
transparent zones. A more detailed description was given by Kadri et al. [11]. Moreover, the
detection system consists of the NaI(Tl) crystal detector with a surface of 0.597× 0.597 cm2

and a thickness of 0.95 cm. The detector was pixelated onto 512× 512 scoring pixels.
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On the other hand, the generated energy spectrum follows a Gaussian distribution
with 140.5 keV and 11.85 keV as the mean value and standard deviation, describing
the 99mTc emission spectrum. With each simulation, we activated the Bremsstrahlung,
ionization and multiple scattering models for electrons with an energy threshold of 990 eV.
This allowed particles to be tracked almost entirely. A cutoff energy of 990 eV was used
to activate the Compton effect, the photoelectric effect, and the Rayleigh scattering of the
photon particles. A specific physics builder called ’G4EmStandardPhysics’ was used to
implement our electromagnetic physics options. As a result of Geant4’s multithreading
feature [24,25], all of the simulations ran in a reasonable amount of time, despite the
complex experimental setup.

This near-field and medium phantom size application required a magnification factor
of 3.0, so we fixed the mask-to-detector distance to be three times the source-to-mask
distance. In order to create coded images, the detector crystal was illuminated with
particles that deposited energy in it. All simulations were conducted on laptops (for testing)
and Dell Precision T7610 workstations, each with a 40-core Intel Xeon E5-2680v2 CPU
running at 2.80 GHz and 256 GB RAM. Ubuntu 14.04 was used to manage the entire
workflow. Since we focused the generation toward the MURA mask, we generated more
than 2× 109 primary particles. Due to the open area (holes) constituting 50% the field of
view, the number of counts detected (primary particles) through the MURA mask was
half that of the generated primaries. The run time ranged from 20 min to more than 7 h,
resulting in 1% statistical uncertainty for all studied cases.

2.3. Decoding Program

Basically, the coded aperture imaging procedure involved the construction of the
decoding matrix (Gij) corresponding to the mask-array pattern (Aij) in order to reconstruct
an image from its projection, in the following way [26]:

Gij =


1 i f i + j = 0
1 i f Aij = 1, (i + j) 6= 0
−1 i f Aij = 0, (i + j) 6= 0

(1)

For this purpose, we developed a matlab-based program for decoding and analyzing data.

3. Results and Discussion

In the following subsections, we present and discuss the verification procedure against
the experimental tests carried out for the simulation using the Geant4 toolkit for PSF and
other specific tumor-like locations within an anthropomorphic breast phantom. Moreover,
the virtual generalization of TBR and the tumor location study for other situations is
conducted using Geant4 toolkit.

3.1. Geant4 Benchmark

The Geant4 setup including the breast model (red), the MURA mask (blue) and the
imaging detector is shown in Figure 2.

However, five experimental and simulated imaging scenarios are shown in Figures 3 and 4.
We see the point spread function and tumor located at positions 8, 17, 19 and 21 of the an-
thrpomorphic breast projections and corresponding decoded images, denoted as (a), (b), (c),
(d) and (e), respectively.

The comparison of the measured and the calculated normalized PSF in terms of profile
distributions allowed us to conclude their similarities. Moreover, the average and the
standard deviation values were found to be 0.39± 0.37 and 0.41± 0.38 for the experimental
and the simulation procedures, respectively, showing an error of 6% that can be explained
by systematic and experimental related errors. First, a good agreement between the
simulations and measurements is achieved.
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Figure 2. Geant4 setup visualization including the breast model (red), the MURA mask (blue), the
imaging detector (orange) and the scattered photons trajectories (green lines). Zoomed out phantom
and mask were also shown.

Figure 3. Five measured (up) images and decoded (down) experimental images: (a) PSF, (b) location 8,
(c) location 17, (d) location 19 and (e) location 21. The same scale and legend remains valid for other
subplots, as given in (a).

Figure 4. Five Geant4 simulated (up) and decoded (down) images: (a) PSF, (b) location 8,
(c) location 17, (d) location 19 and (e) location 21. The same scale and legend remains valid for
other subplots, as given in (a).
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Thus, the developed Geant4-based program can correctly predict MURA mask scinti-
mammography. Second, The spot position, shown in the decoded image, is directly related
to the tumor position within the phantom. Hence, as location 19 is located near the central
axis of the mask and below location 21 and over location 17, as seen in Figure 1, subfig-
ures (a), (c), (d) and (e) confirm such a positioning in the decoded images. Additionally,
location 8, situated on the right side of location 19, obeys the same conclusions. Finally, we
can safely expand our work by simulating other scenarios.

3.2. Simulation Extended Work

As seen from Figures 5 and 6, we can calculate the full width at half maximum and
the signal-to-background ratio (here denoted by a contrast parameter) for a given imaging
configuration. Moreover, the simulation of different TBR values and locations allowed us to
tabulate the data in Table 1. A comparison of the simulated data corresponding to locations
17–22 (almost completely occupying the whole phantom volume) led to an FWHM varying
from 7.91 to 8.08 mm and a contrast varying from 3.29 to 4.07. Similarly, FWHM and
contrast values vary from 7.84 to 8.09 and from 3.27 to 4.21, respectively, for locations 1–16.
We can conclude that all of the configurations were detectable with an average FWHM of
7.99± 0.04 mm and contrast parameter of 3.71± 0.18 mm.

Figure 5. Simulated (a) and decoded (b) image for location 17 and TBR = 10.

Figure 6. Horizontal and vertical profiles for decoded image of the studied case: location 17 and TBR = 10.
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Table 1. FWHM and contrast parameter for all 22 studied locations and 9 TBR possibilities.

Location TBR FWHM Contrast Location TBR FWHM Contrast

1

2 8.002 3.782

6

2 7.838 3.830

3 7.985 3.968 3 7.962 3.693

4 8.004 3.455 4 8.048 4.047

5 7.932 3.686 5 7.990 3.686

6 8.004 3.664 6 8.052 3.603

7 8.049 3.978 7 7.910 3.591

8 7.990 3.914 8 7.952 3.707

9 7.885 3.914 9 8.052 3.719

10 8.055 3.855 10 8.029 3.587

2

2 8.030 3.718

7

2 8.015 3.571

3 7.998 3.268 3 7.929 3.880

4 7.931 3.608 4 7.962 3.857

5 8.042 3.616 5 7.928 3.518

6 7.909 3.856 6 7.943 4.021

7 8.053 4.059 7 7.981 4.048

8 8.049 3.736 8 8.002 3.499

9 7.975 3.320 9 8.025 3.660

10 7.971 3.524 10 7.933 3.799

3

2 7.973 3.413

8

2 7.990 3.827

3 8.021 3.739 3 8.033 3.699

4 7.986 3.467 4 7.948 3.603

5 7.982 3.788 5 7.925 3.772

6 8.002 3.819 6 8.017 3.572

7 7.927 3.615 7 8.007 3.664

8 8.018 3.959 8 7.975 3.872

9 8.069 3.678 9 7.975 3.822

10 7.977 3.418 10 7.988 3.469

4

2 8.065 3.809

9

2 7.948 3.975

3 7.936 3.623 3 7.954 3.665

4 7.993 3.871 4 7.957 3.629

5 8.018 3.398 5 7.915 3.751

6 8.009 3.844 6 7.962 3.741

7 7.940 3.990 7 8.013 3.690

8 8.010 3.601 8 8.033 3.887

9 8.005 3.784 9 7.913 3.498

10 7.999 3.871 10 7.957 3.300
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Table 1. Cont.

Location TBR FWHM Contrast Location TBR FWHM Contrast

5

2 7.984 3.696

10

2 8.085 3.845

3 7.897 3.871 3 7.961 3.666

4 8.004 3.465 4 7.936 3.875

5 7.973 3.842 5 8.088 4.207

6 7.939 3.700 6 8.040 3.724

7 7.918 3.740 7 8.016 3.723

8 7.975 3.914 8 7.895 3.563

9 8.009 3.685 9 8.050 3.669

10 7.949 3.721 10 8.030 3.830

11

2 8.042 3.898

17

2 7.993 3.699

3 7.978 3.701 3 7.933 3.426

4 8.025 3.811 4 7.973 3.728

5 7.838 3.352 5 7.994 3.691

6 7.964 3.831 6 7.999 3.731

7 7.999 4.126 7 7.931 3.892

8 7.958 3.399 8 7.981 3.505

9 8.035 3.776 9 7.927 3.852

10 7.956 3.635 10 8.050 3.821

12

2 7.955 3.651

18

2 8.020 4.075

3 8.010 3.537 3 7.930 3.570

4 7.882 3.889 4 7.984 3.372

5 7.982 3.638 5 7.961 3.897

6 7.970 3.960 6 8.046 3.640

7 7.984 3.888 7 7.911 3.520

8 8.004 3.616 8 7.987 3.530

9 7.921 3.718 9 8.078 3.667

10 7.986 4.050 10 8.001 3.992

13

2 7.995 3.593

19

2 7.934 3.664

3 7.966 4.072 3 7.981 3.843

4 7.984 3.590 4 7.975 3.780

5 7.977 3.505 5 7.994 3.711

6 8.006 3.748 6 8.002 3.846

7 7.988 3.812 7 7.936 3.880

8 7.973 3.770 8 7.956 3.355

9 8.081 3.859 9 7.978 3.704

10 7.944 4.022 10 8.007 3.294
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Table 1. Cont.

Location TBR FWHM Contrast Location TBR FWHM Contrast

14

2 8.037 3.510

20

2 7.949 3.830

3 8.000 3.707 3 7.987 3.655

4 8.023 3.612 4 8.030 3.492

5 7.925 3.930 5 7.966 3.903

6 8.015 3.519 6 7.951 3.582

7 7.979 3.843 7 7.967 3.782

8 8.015 3.523 8 8.017 3.814

9 8.033 3.440 9 8.008 3.642

10 7.936 3.542 10 8.018 3.451

15

2 7.982 3.623

21

2 8.007 3.502

3 8.007 3.745 3 8.002 3.364

4 7.959 3.696 4 7.982 3.512

5 7.975 3.742 5 8.003 4.029

6 8.005 4.063 6 8.074 3.803

7 7.974 3.718 7 7.996 3.598

8 7.957 3.642 8 8.021 3.795

9 7.935 3.886 9 7.982 3.828

10 7.955 3.499 10 8.050 3.636

16

2 8.035 3.641

22

2 7.989 3.661

3 7.985 3.487 3 8.011 3.586

4 7.968 3.722 4 8.050 3.678

5 8.069 3.465 5 7.975 3.988

6 8.084 3.713 6 7.937 3.867

7 7.999 3.587 7 7.944 3.551

8 7.935 3.718 8 8.019 4.012

9 8.054 3.496 9 7.996 3.767

10 8.019 3.637 10 7.926 3.874

Hence, a summary of the average and the standard deviation of FWHM and contrast
parameter for all studied locations (data in Table 2) were given for more clarification.

Previous remarks confirm that other work [11,19] declared the possible use of MURA
mask as an alternative to collimators for scintimammography imaging modalities. However,
our next work will be conducted to experimentally verify those parameters for lower tumor
sizes. Nevertheless, the current study can be of interest to physicians and to medical staff
communities as an advancement on the topic of using MURA masks for scintimammography.
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Table 2. A summary of the average and the standard deviation of FWHM and contrast parameter for
all studied locations.

FWHM Contrast

Location Average Stdev Average Stdev

1 7.989 0.053 3.802 0.173
2 7.989 0.051 3.600 0.256
3 8.005 0.045 3.699 0.175
4 7.988 0.030 3.742 0.181
5 7.958 0.040 3.742 0.141
6 7.982 0.074 3.718 0.145
7 7.966 0.036 3.790 0.197
8 7.979 0.035 3.716 0.159
9 7.976 0.056 3.667 0.180

10 8.002 0.065 3.782 0.197
11 7.968 0.057 3.698 0.233
12 7.970 0.042 3.765 0.184
13 7.995 0.041 3.765 0.205
14 7.990 0.038 3.637 0.162
15 7.978 0.032 3.737 0.160
16 8.014 0.052 3.603 0.110
17 7.979 0.043 3.747 0.197
18 7.981 0.055 3.650 0.192
19 7.975 0.024 3.694 0.218
20 7.995 0.028 3.647 0.158
21 8.011 0.032 3.692 0.196
22 7.982 0.044 3.790 0.175

4. Conclusions

The application of Monte Carlo simulation techniques to breast imaging is necessary
today in terms of predicting and assessing existing scenarios. Since small-sized tumors
are still an open topic, this study is an extension of previous work [11], in which MURA
masks were used for breast imaging to overcome the difficulty of detecting these tumors.
An anthropomorphic prone breast was modeled using Geant4-based simulations including
small tumors spread over three locations (skin layer, central axis, and between them) and
with tumor-to-background ratios ranging from 2 to 10. We verified that the simulations
predicted the experimentally measured images given the setups for which they were
performed. Furthermore, the benefits of using MURA-mask images combined with a
phantom blank subtraction decoding method (TBR = 1) have been established. Additionally,
we calculated the full width at half maximum and contrast for decoded images, and this
helped us to better localize tumors of small sizes with lower uptake. Further investigation
into this topic by studying image processing techniques in depth will be beneficial in the
future. Even so, this study would be a good step forward for a large multidisciplinary
community of physicians, medical professionals, and students interested in exploring and
learning about early tumor detection by scintimammography.
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