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Abstract

Introduction: The Modified Uniformly Redundant Array (MURA) Coded Aperture (CA) imaging technique, 
initially developed for astronomical X-rays in far-field geometry, offers high Signal-to-Noise Ratio (SNR) and 
artifact-free imaging. Interest has grown in adapting MURA-CA to near-field geometry due to its high sensitivity 
and superior resolution, despite challenges related to artifacts. Materials & Methods: This study utilized MURA 
masks, anti-masks, and subtraction techniques to exploit their delta correlation function. Simulations were 
conducted with varying planar source sizes using 140 keV photons and Gaussian blurring to replicate real-world 
conditions. Separate decoding functions were applied to reconstruct images from mask- and anti-mask-projected 
data. Metrics including resolution Full Width at Half Maximum (FWHM), contrast, SNR, root-mean-square error 
(RMSE), and correlation coefficients were evaluated. Results: MURA-CA exhibited significant SNR advantages 
compared to pinholes and collimators. Near-field imaging, however, introduced artifacts that could be mitigated 
by transitioning to far-field geometry, though at the expense of counting efficiency and SNR. Subtraction of mask 
and anti-mask images effectively minimized side lobe effects and reduced RMSE, achieving results comparable to 
individual mask and anti-mask projections. Further enhancements were made by optimizing the trade-off between 
SNR and resolution under fixed time and dose conditions. Conclusion: MURA-CA is particularly well-suited for 
far-field applications like breast tumor imaging, where artifacts are minimal. This study highlights the potential of 
a MURA-CA system specifically designed for high-resolution SPECT imaging, integrated with a clinical gamma 
camera, to enable early tumor detection with improved imaging performance.
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INTRODUCTION

The precise localization of lesions using 
Monte Carlo Simulation (MCS) is a 
dynamic area of research. MCS is a 

computational technique for modeling and 
solving complicated issues that involves 
creating a random sample of input variables and 
evaluating their effects on the output file.[1] The 
technique is used in various fields, including 
engineering and physics, such as traffic flow 
or energy distribution.[2] Imaging modality, 
such as single-photon emission computed 
tomography (SPECT), relies on MCS to 

develop, test, and validate models before implementation on 
physical machines.[3] The process of MCS involves several 
steps.[4] The first step is to define a numerical model that 
represents the Modified Uniformly Redundant Array-Coded 
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Aperture (MURA-CA) system along with a clinically sized 
gamma camera. It includes input variables (i.e., parameters) 
that affect the Coded Aperture (CA) imaging system’s 
behavior and an output of interest. Next, random samples are 
generated from the probability distributions assigned to the 
input variables. The number of samples generated depends 
on the desired accuracy and precision of the simulation. 
The following step is to run the model, i.e., for each set of 
randomly generated input values, the model is executed to 
compute the corresponding output. The model may involve 
mathematical equations, simulations, or other computational 
methods. Finally, to understand the behavior of the system 
and create predictions, the output values generated by many 
simulations are finally gathered and examined. Techniques 
for statistical analysis are frequently used to compile, 
interpret, and gain an understanding of the range of potential 
outcomes. Thus, this study aimed to utilize the method to 
simulate particle bio distribution within the human body, 
serving as a powerful potential tool for investigating photon 
emission and transmission through biological tissues.

Moreover, a rotating gamma camera is used to perform 
SPECT scanning around the patient’s body. The primary 
focus of the gamma camera’s design is the radiation focusing 
component, which is performed through a collimator or a CA 
mask. To improve spatial resolution and sensitivity while 
lowering the patient dosage to the lowest possible level, 
CA imaging techniques were developed as an alternative to 
parallel hole collimators.[5]

Imaging gamma (γ) rays at energies more than a few keV is 
challenging since it is frequently impossible to concentrate 
on these photons using standard mirrors or lenses. To address 
this issue, a type of geometrical collimator, such as a pinhole 
camera, was developed. CA attempts to retain high signal 
throughput while achieving small pinhole resolution. The 
core idea is to address photon scarcity by incorporating 
numerous small pinholes instead of a single large one.[5] The 
image is created in a position-sensitive detector after the 
gamma flux travels through a hole in an opaque plate.

Because of its delta function response (≈ δ), the pinhole 
camera possesses perfect imaging qualities. Despite having 
a narrow field of view (FoV), it generates high-resolution 
images. However, due to its small hole size, this direct-
imaging device has low efficiency and requires considerable 
imaging time. Therefore, it is noted that a low signal, poor-
quality image is produced due to the fact that there are 
typically few γ-ray photons detected. The collimator imaging, 
such as the parallel hole, is limited by the design and also 
provides a low detection efficiency.

A camera with many pinholes was proposed as a solution 
to obtain a much larger fraction of the incident flux, and 
permits high-resolution imaging. The image produced from 
such a camera is based on the principle of” Spatial Signal 
Multiplexing.” It simply means that every incident point 

source, within the object FoV, is participating in encoding the 
flux into a predetermined pattern or code, thus called CA or 
mask, which casts a shadow of this pattern onto the detector 
surface. The encoded pattern (projected image) is then 
decoded to produce a usable image, usually by comparing 
the pattern of the encoded image with the pattern generated 
by a point source. This type of imaging is hence a two-step 
procedure. To recover or rebuild the image from that source, 
the process starts with encoding (multiplexing) the source 
information and concludes with decoding (de-multiplexing). 
The primary motivation for this indirect image generation 
is the expectation that, in comparison to collimator-based 
imaging systems, it will combine a greater signal-to-noise-
ratio (SNR) because of the CA’s large open area with a higher 
resolution because of image magnification.[6-8] MURAs are 
regarded as the optimal choice for coded mask design patterns 
due to their minimal side lobes. These side lobes greatly 
influence the projected image, affecting quality parameters 
such as spatial resolution, contrast, and SNR. Consequently, 
the MURA-CA mask is considered the most suitable 
pattern among CA designs due to its reduced side lobes.[6,9] 
Thus, several Monte Carlo codes are now used for medical 
imaging, such as Monte Carlo N-Particle,[10] Penetration and 
Energy Loss of Positrons and Electrons,[11] Geometry and 
Tracking 4 (Geant4)[12] and its derivative Geant4 Application 
for Tomographic Emission (GATE).[4]

Therefore, this study aims to develop and fully validate a Monte 
Carlo SPECT simulation for coded aperture breast tumor 
imaging, utilizing a Modified Uniformly Redundant Array 
(MURA) mask to enhance image quality through high sensitivity 
and superior resolution in near-field geometry. The approach 
also enables further exploration of MURA configurations for 
radionuclide imaging in early breast tumor detection. To support 
this goal, the study includes the development and evaluation of 
a CA system specifically designed for high-resolution single-
photon planar imaging using a SPECT setup integrated with a 
conventional gamma (Anger) camera.

MATERIALS AND METHODS

The basis of the simulation code is a module that determines 
the location where the shadow cast by a single mask hole 
from a point source falls on the detector’s pixel grid. 
A simulated system consisting of a planar source and MURA 
mask/anti-mask[13] was generated by GATE [Figure 1]. 
The detector is built of sodium iodide (NaI), has an area 
of 19.1 × 19.1 cm2, and is filled with 3.67g/cm3 density NaI 
material that is 0.9525 cm thick. The detector was pixelated 
with a pixel size of 2 mm × 2 mm. The backscatter from the 
photo-multiplier tube (PMT) array is estimated by modeling a 
6.8 cm thick slab of Pyrex, following the approach suggested 
by DeVries and Moore (1990).[12] The backscattering 
compartment measured 19.1 × 19.1 × 6.8 cm³. The tungsten 
MURA mask/anti-mask had dimensions of 8.2 × 8.2 × 
0.15 cm³, with a fixed hole size of 0.02 cm², and provided 
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approximately 99% attenuation for typical incoming gamma 
rays of 140 keV.[14] Given that the mask is 30 cm from the 
detector and the source is 10 cm, the magnification factor is 
4, which may be calculated as follows: 4 (m = 1 + b/a),[8] 
where a represents the distance from the object to the mask, 
and b is the distance from the mask to the detector. Mask 
holes are assumed square, and the code finds the location of 
the hole on the imaging detector.

Verification of the simulation

To validate the simulation data, it is required to have an 
accurate and detailed experimental knowledge of the 
gamma camera response function. This is necessary to have 
confidence that the geometry and simulation results are 
accurate. To simulate the response function of the gamma 
camera detector, first the resolution function of the camera 
needed to be modeled. Both the energy deposition and the 
spatial resolution function of the gamma camera were 
expected to be closely approximated by a Gaussian response. 
This indicates that simulating a physical γ-camera, both 
Gaussian spatial blurring and Gaussian energy blurring are 
essential. Initially, due to the restricted spatial resolution 
seen in real-world imaging conditions, the recorded (X, Y) 
spatial information is blurred. The spatial blurring was done 
by sampling a Gaussian distribution with full width at half 
maximum (FWHM) = 0.37 cm, which corresponded to the 
camera’s inherent resolution as specified by the manufacturer. 
This phenomenon occurs with real gamma cameras when the 
PMT records an incorrect image. In the simulated data, the 
actual (X, Y) spatial information is blurred by a Gaussian with 
σ = FWHM/2.35 = 0.1574. In a similar way, recording the 
energy deposition process is subject to Gaussian broadening, 
which is accomplished by sampling a Gaussian with an 

energy-dependent FWHM. The FWHM energy dependency 
was measured experimentally using spectra obtained from a 
previously mentioned Toshiba gamma camera. Many mono-
energetic gamma sources (201Tl, 57Co, 99mTc, and 51Cr) that 
range from 72-320 keV peak energies were experimentally 
imaged in air without scattering material. The FWHM 
values associated with these energy spectra were fitted to a 
function [120] that relates the energy deposited to the FWHM 
of the energy response FWHM = n1 × E1−n2

where n1, n2 are values indicating the most appropriate fit 
to the experimental data and the simulated results from the 
CATE, and E is the energy deposited. The Matlab algorithm 
uses the previously described functional model to blur the 
energy deposited. Relying on the above energy spectra 
measurements, using the actual Toshiba gamma camera, 
and using FWHM = n1 × E1−n

2, the best fit was found with 
n1 = 0.35 and n2 = 0.23 as demonstrated in Figure 2.

Particle interactions are recorded in the area designated as 
the sensitive detector inside the scanner’s geometry. These 
interactions result in hits inside the sensitive detector. Each hit 
provides information such as the amount of energy deposited, 
the position of the interaction, the kind of interaction, and 
the origin of the particles. The energy window was defined 
using built-in modules in the GATE digitizer,[15,16] which 
also applied blurring to both energy and position. Gaussian 
blurring was used for both energy and location, with an 
energy window set at 10% of the 140 keV energy.

Challenges in designing near-field MURA imaging

Choosing an optimal size and pattern to design a mask is a 
complex task.[17] In coded aperture imaging, the mathematics 
indicate that ideal point-spread functions are achieved with 
apertures possessing strong correlation properties in far-field 

Figure 1: A schematic depiction of the Monte Carlo Simulation 
with a 99mTc photon energy (140 keV) square source 
employing Modified Uniformly Redundant Arrays- Coded 
Aperture in the near-field imaging geometry. A 0.95 cm NaI 
scintillation detector makes up the image detector. It is seen 
that 10 cm2 separates the source from the mask, and 30 cm2 
separates the mask from the detector

Figure 2: The association between the full energy peak 
(FWHM) and the energy deposited in the detector. Unfilled 
circles reflect experimental data
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conditions. In near-field imaging, however, several factors 
can cause deviations from this optimal state, as rays from 
the same point source within the object are not parallel. The 
primary challenges in designing the coded mask stem from 
the object’s finite thickness and the intensity modulation 
of the aperture’s projection on the detector, influenced by 
variations in the gamma rays’ incidence angle.

Another critical design factor is maximizing the mask’s 
throughput while minimizing the patient’s radiation dose. 
The MURA pattern is preferred for clinical applications, as 
it reduces patient dose by featuring a 50% open area that is 
transparent to radiation. In addition, variations in the angles 
of incoming photons lead to intensity modulation in the 
images projected onto the detector, creating artifacts in the 
reconstructed images.[18] To avoid these artifacts, in addition 
to geometric design, an upgraded decoding algorithm is 
required. Using our subtraction and decoding approach, we 
can create a delta-like correlation function on a MURA-
based aperture while minimising background noise. Non-
linear photon flow, an off-centre source, and the detector’s 
restricted size may all contribute to background noise.[14]

Mura parameters and physical consideration

For optimum imaging with MURA masks of finite size, the 
whole encoded pattern must be projected onto a scintillation 
detector and decoded using correlation.[19] Mask design 
parameters are crucial for attaining perfect imaging qualities 
since suitable dimensions have a direct influence on the quality 
of the projected image. The mask’s planar dimensions depend 
on its specific clinical application and the camera size, with 
Tungsten (W) and Lead (Pb) being the preferred materials 
due to their high attenuation capabilities. Tungsten, with a 
thickness of 1.5 mm, offers 99.4% attenuation, effectively 
reducing the detection of oblique particles outside the FoV.[20] 
Studies analysing masks constructed from tungsten and lead 
of varying thicknesses have shown that tungsten at 1.5 mm 
thickness provides the best point spread function (PSF) 
compared to lead and other thicknesses.[21] Hole shapes can 
be hexagonal, cylindrical, or box-shaped, but box-shaped 
holes yield better quality factors.

In this study design, a tungsten mask with a 1.5 mm thickness 
and dimensions of 8.2 cm × 8.2 cm was used. In addition, 
square holes measuring 2 × 2 mm, arranged in a 41 × 41 
binary array pattern, were utilized to investigate the mask/
anti-mask configuration.

The design of the coded mask

For optimal image performance, the autocorrelation function 
of the mask pattern should ideally resemble a delta function. 
Alnafea[9] investigated several mask designs, including the 
binary Fresnel zone plate (FZP), the sinusoidal zone plate, the 
L and X-shaped arrays, the non-redundant array, the uniformly 

redundant array, and the MURA. The FZP, non-redundant, X, 
and L shapes have been demonstrated to contain side lobes 
that cause image artifact when employed for reconstruction; 
hence, they are not regarded as the best design alternatives 
for usage in clinical settings. Yet, cyclic difference sets, 
including URAs and MURAs, have been explored as among 
the most promising coded aperture patterns with favourable 
transmission characteristics (a 50% close/open area, i.e., 
the regions that are transparent and those that are opaque to 
gamma rays are identical) and flat (zero) side lobes.

This study utilized the MURA mask and anti-mask originally 
developed by Fenimore and Cannon[22] and later refined for 
the presented simulations. The binary mask array consists of 
a pattern of 0s and 1s, where 0s denote opaque areas and 
1s signify openings that permit gamma rays to pass through, 
recording flux on the detector. Each box-shaped opening 
measures 2 × 2 mm and is mounted within a fixed holder 
measuring 19.1 × 19.1 cm. The mathematical representation 
of mask Aij and its decoding mask Gij is given by[5]:
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Where L = 4m +1, and m=1,2,3,4,…. all prime numbers can 
be used for designing CA from Equation (1). The G function 
is the inverse of A and is generated from the aperture mask 
based on the following equation:
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Equation (3) is applied to aperture A, producing a decoding 
array G that is utilized to decode the projected picture. In 
this scenario, all 0s are transformed to −1 and all 1s to +1, 
except for the 0 term at ij=0, which is altered to +1. Figure 3 
depicts three-dimensional plots of decoded mask and anti-
mask images with ideal features and a delta PSF. The PSF 
is entirely flat and has no side lobes, suggesting that the 
MURA-CA pattern is optimal for radionuclide breast cancer 
applications.

CA image formation procedure

This section provides a brief description of the decoding 
procedure of MURA-CA image formation. First, it involves 
generating the decoding function “G function” as described 
in Equation 3. It depends on the type of aperture used in the 
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encoding process. As O indicates the reconstructed object 
image, D becomes the projected image on the detection 
plane, and G represents the decoding function, then O can 
be obtained by applying the cross-correlation theorem to the 
decoding function G and D, the projected raw image,[5,23,24] 
which is obtained by running the GATE simulation.

O = D ⊗ G� (4)

Figure 4 illustrates how the reconstructed object image is 
obtained, thus showing the projected image as a square in 
addition to the decoding function.[9]

The raw projected image on the detector is taken by the 
MURA-CA correlation method to correlate it with the 
decoding function. In separate simulations, both mask and 
anti-mask were applied for encoding to assess performance 
by measuring the full width-at-half maximum (FWHM), 
contrast, signal-to-noise ratio (SNR), root-mean-square 
error (RMSE), and correlation coefficients from the decoded 
images. Note that the decoding function should be adjusted 
to be rescaled according to the magnification factor. The 
latter depends on the distance between the object, aperture, 
and detector in near-field imaging applications. In addition, 

contrast, which serves as a measure of lesion visibility, 
can be specified by normalizing the lesion signal (S) to the 
background signal (B)[25] as:

C S B
B

=
−( ) � (5)

The region of interest (ROI) determines the value of the signal, 
defined as a square area twice the size of the FWHM. The 
background signal, B, was measured by averaging over an 
area six times the FWHM, excluding the ROI. Image contrast 
was calculated for all obtained images of different source 
sizes. This is important to assess contrast alongside other 
image evaluation parameters. The error bars representing 
variations in image contrast from repeated simulations were 
also calculated to illustrate deviations around the mean value.

Image profiles of the mask, the anti-mask, and 
their difference

Image profiles of MURA masks were calculated as 
demonstrated in Figure 5. It illustrates the 2D profiles of 
images for the mask, the anti-mask, and their difference. It 
is worth pointing out that each projected image is decoded 
with its respective decoding function G. It is clear from the 
figure that the trend of all plots has little variation with each 
other. Thus, its shape is symmetrical on both sides of the peak 
value. The subtracted image, shown with a black asterisk line, 
exhibits a symmetrical shape on both sides of the central peak. 
Consequently, it has effectively reduced background noise 
through decoding with either the mask or anti-mask decoding 
function. To further investigate the data, we looked at all values 
lie, i.e., display the confidence interval, and see if around 68% 
of scores are within 1 standard deviation of the mean and 
error bar measured. It basically represents the mean±standard 
deviation (u ± σ). Comparable values for image characteristic 
parameters are shown by the subtracted image.

RESULTS

All experiments were conducted first by using a set of 
simulations with the mask and then with the anti-mask. In 

Figure 3: The delta function of the binary mask (a), and (b) 
the anti-mask. Both masks were demonstrated with scaling 
factor of 4

Figure 4: (a) Illustration of the coded aperture (CA) imaging principle for a square source demonstrating the two steps of CA 
image formation, (b) the decoded image

ba
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both designs, an aperture was located at a distance of 10 cm 
from the source and scintillation detector. The simulations 
were then repeated with planar square sources of varying 
sizes, from 1 mm² to 4 mm², for both setups. The radioactive 
source activity was set at 15 mCi and simulated for 1 s, 
remaining consistent across all simulations. An in-house 
MATLAB code was created for post-processing and data 
analysis. Thus, enabling the interpretation of raw projection 
data from GATE simulations to assess image performance 
parameters.

Analysis of obtained images

Since all masks have an opening of 50% substantial number of 
photons passes through the mask, allowing energy deposition 
on the detector and thus an optimal image. The images were 
decoded by correlating them with the G function, as illustrated 
in Equation 3 and Equation 4, respectively. The result of the 
projections of the mask, the anti-mask, the decoded images, 
and their difference are shown in Figure 6.

The projection difference is analyzed further by decoding 
with the mask g function and the anti-mask g function. It is 
worth pointing out that exactly the same characteristics in 
both cases of the decoding functions were observed. The 
2D plots of the decoded images, which exhibit symmetrical 
shapes on both sides of the axis, are shown in Figure 7.

Interestingly, the projected images have the same value 
as the sidelobe in both cases. Figure 7 illustrates either 
decoding with the mask decoding function or by the anti-
mask decoding function. Consequently, better resolution and 
less background noise are calculated from the mask and the 

anti-mask, and this proves the advantage of MURA-CA for 
small tumor breast detection.

Resolution

Since a CA camera’s overall spatial resolution is mostly 
influenced by the detector’s intrinsic spatial resolution 
(3.7 mm in this case), the chosen geometry gives an object 
magnification of 4. The mask is based on an 83 × 83 MURA 
pattern and is comprised of 2 × 2 mm2 tungsten elements 
with a thickness of 1.5 mm. It provides ≈ 99.4% photon 
attenuation for 140 keV photons at normal incidence. The 
calculated system spatial resolution was done at full width 
half maximum (FWHM)[26] for variable-sized sources and is 
presented in Figure 8.

Figure 5: Quantification of the Monte Carlo Simulation data of 
Modified Uniformly Redundant Array-Coded Aperture camera 
illustrating the image profiles for the mask (blue circle line), 
the anti-mask (red dotted line) and their subtracted image 
(black line with asterisk). All the 2D plots for a planer source 
of 1 × 1 mm with activity of 15 mCi for 1 s

Figure 6: The projected images of (a) the mask, (b) the anti-
mask, (c) their difference, (d) the decoded image of the mask, 
and (e) decoded image anti-mask and (f) decoded image of 
subtracted projections

d

cb

f

a

e

Figure 7: The decoded images and the corresponding 
profiles obtained from the Monte Carlo Simulation s of a 
square source of 1 mm² illustrating no projection difference of 
the mask and the anti-mask



Hussain, et al.: Monte Carlo SPECT Camera Validation for Coded Aperture Breast Imaging

Asian Journal of Pharmaceutics • Jul-Sep 2025 • 19 (3) | 1368

The FWHM for the obtained images of the mask, the anti-
mask, and the decoded subtracted projection. The source 
sizes were varied from 1 mm² to 4 mm². The resolution in the 
case of decoded subtracted projection has a comparable value 
with both the mask and the anti-mask.

Contrast

The energy window peaking for the gamma camera has a proven 
effect on the planar images. This study proved the effect on the 
contrast of the MURA-CA obtained images. Thus, the image 
contrast of different source sizes was estimated to check the CA 
image contrast. The error bars for the contrast from numerous 
simulations of various experiments were also computed. Such 
results showed variation around the mean value. Detailed 
contrast plots are shown in Figure 9a, illustrating a linear 
decrease as the size of the square source increases.

Figure 9a illustrates that by increasing source dimensions 
for the mask, the anti-mask, and their difference, the image 
contrast decreasing. In other words, the smallest source has 
a better value of contrast and thus better localization of the 
lesion area. Since the subtraction of both has reduced the 
effect of sidelobes, it reported a better value of contrast as 
compared to mask and anti-mask.

Quantification of RMSE

The RMSE is a measurement of the average difference 
between a model’s predicted and actual values. RMSE 
calculated for projected images of the mask and the anti-mask 
with reference to the ideal image. The subtracted image has a 
lower RMSE[27] compared to the mask and anti-mask images. 
The reference image was generated by correlating the binary 
matrix of the mask with its decoding (G) function as shown 
in Figure 3. The linear relationship among the RMSE of the 
mask, the anti-mask, and the subtracted image is illustrated in 
Figure 9b. It basically presents the RMS values for the mask, 
anti-mask, and the image obtained from the subtraction of 
both projected images. The ideal image served as a reference 
for calculating the RMSE of square sources of different sizes. 
The RMSE value for the subtracted image is lower than that 
of the mask and the anti-mask for all simulated sources. 
Thus, the reduced RMSE value for subtracted images, along 
with diminished background noise, yields more favorable 
values for image characteristic parameters compared to the 
mask and the anti-mask alone.

Correlation coefficients

The MURA-CA correlation coefficient measures the strength 
of a linear link between two images. The values of it might 
vary from −1 to 1. A perfect negative, or inverse, correlation 
is represented by a correlation coefficient of −1, with values 
in one series rising while values in the other drop, and vice 
versa.[28] Its maximum value is 1, representing a perfect 

Figure 8: Quantification with Modified Uniformly Redundant 
Array-Coded Aperture camera in detecting the full width at 
half maximum as a function of source sizes. All sources were 
planar square sources ranging in size from 1 mm2 to 4 mm2

Figure 9: Quantification of the Monte Carlo Simulation data of Modified Uniformly Redundant Array-Coded Aperture camera in 
detecting (a) signal from square source; values calculated from data images of mask, anti-mask, and subtracted images as a 
function of increasing source sizes. And (b) the mean square error for mask, anti-mask, and subtracted mask/anti-mask image 
relative to the reference image

ba
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match, such as when comparing an image with itself. For two 
distinct images, the closer the coefficient is to 1, the stronger 
their relationship. The correlation coefficients for the mask, 
the anti-mask, and the subtracted images across different 
sources were calculated. Then compared them with the 
reference image. Figure 10 displays the correlation between 
the subtracted images, the mask, the anti-mask images, and 
the reference image. All the image data were for square 
sources of different sizes. The data presented included the 
error bars. The subtracted image has a correlation coefficient 
near 1, indicating a stronger correlation with the reference 
image than the mask and the anti-mask images. Thus, 
the subtraction method demonstrates superiority over the 
individual mask and the anti-mask.

DISCUSSION

This work presents and analyzes the realistic simulation 
and validation procedure for a clinical gamma camera. 
Monte Carlo Simulation (MCS) is being carried out in 
this study utilizing a well-known GATE program, which 
will be used subsequently to continue investigating the 
potential uses of MURA-CA radionuclide imaging for breast 
tumor imaging. The steps for modelling and validating the 
simulated camera against the full-size clinical Infina gamma 
camera are outlined. Such imaging verification processes 
are critical for providing confidence in simulation work. It 
outlines the methodology used to model and evaluate the 
Infina gamma camera’s image formation with parallel-hole 
collimators. The obtained findings utilizing MSC and real-
world experiments with the gamma camera reveal accurate 

construction, testing, and verification of simulated geometry. 
Furthermore, the 2D set of experiments reveals that the main 
cause of distortion artifacts in near-field geometry is the 
source object’s finite distributed size, primarily from within 
the focal plane. It also implies that the shape and amplitude 
of the artefact’s side-lobes can be predicted based on such 
imaging geometry. The above results compared the predicted 
flat field distortion of a 2D uniform square source object. 
Figure 10 presents the predicted flat field distortion of size 
1 × 1 cm2 up to 4 × 4 cm2 produced from MCS data. The 
result of this study explains that the MURA aperture with the 
mask and the anti-mask have slight differences in values. It 
is also suggested that MURA is highly effective for imaging 
small tumors. A key finding of this study is the prediction of 
the artifact from an extended source. A significant difference 
in the side-lobes of subtracted images from the mask and the 
anti-mask. The results of the simulations demonstrate that 
with near-field artifacts corrections, the MURA-CA approach 
shows good performance for small lesion detection in breast 
cancer applications. This is because the subtraction method has 
reduced background noise in the reconstructed image. A strong 
correlation and lower RMSE compared to both mask designs. 
These findings may assist readers in properly evaluating image 
performance characteristics utilizing the mask/anti-mask 
subtraction method. Various image evaluation variables for 
the reconstructed image across both schemes, using different 
planar square sources and decoding functions, were assessed. 
Image performance was evaluated using both the mask, the 
anti-mask, and their difference, before and after decoding. 
The proposed subtraction method reduced background 
noise while improving the performance of the rebuilt image. 
Consequently, subtracted projection images, once decoded, 
demonstrated enhanced contrast and resolution at full width-
at-half-maximum, while SNR remained the same across cases.

CONCLUSION

In all experiments, results for smaller sources consistently 
outperformed others, supporting the application of 
MURA-based coded apertures in small imaging to enhance 
early-stage lesion detection. In conclusion, the main findings 
of this work prove that the MURA mask and the MURA 
anti-mask subtraction approach have positive outcomes that 
are promising in radionuclide imaging, especially for early 
breast cancer detection. Future work could focus on the 
potential application of gold nanoparticles for early breast 
tumor detection. By utilizing the subtraction method with the 
proposed imaging technique, it may be possible to identify 
small lesions with minimal dose requirements. We intend to 
explore this approach in our future research.
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