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ABSTRACT

Background: Modified Uniformly Redundant Array (MURA) Coded Aperture (CA) is a
type of mask recently proposed for breast tumor imaging. Such masks have been
frequently used in nuclear medicine clinical applications for the past two decades. All
CA imaging methods are still limited to planar imaging, with only a few exceptions
where they can be used for thin 3D imaging. At present, there is no commercially
available SPECT camera that employs CA technology. Materials and Methods: This
paper is investigating the proof-of-concept of the MURA CA mask for 3D breast tumor
imaging. Such image formation performed well in planar imaging, but it is not fully
evaluated for thick sources in 3D imaging. This paper demonstrated the performance
of MURA in 3D breast imaging. The proposed imaging system uses a MURA mask and
antimask dual reconstruction, and the raw projections are reconstructed using an
iterative algorithm, Maximum Likelihood Expectation Maximization (MLEM). Results:
The MURA antimask-reconstructed images are summed with mask images to enhance
sensitivity, and the resultant image with up to 3 mm lesion diameter can be detected.
The reconstructed image quality is measured by plotting profiles and by measuring
contrast-to-background ratio, peak-signal-to-noise ratio, and mean square error.
Conclusion: The proposed scintigraphy system has successfully reconstructed a breast
phantom with a lesion of 3 mm diameter and tumor-to-background ratio of 10:1 using
a MURA CA mask. Therefore, MURA 3D scintigraphy can be used to diagnose cancer at

an early stage.

INTRODUCTION

Cancer is a deadly illness that develops in a single
organ or tissue and spreads uncontrollably. Breast
cancer is a common malignancy among women
throughout Europe, Australia, North America, Asia,
United State and a number of Latin American nations
(1.2), The last statistical update is from the American
Cancer Society, indicating that it is the second largest
cause of cancer mortality among women overall, after
only lung cancer (-6). Early detection of breast
cancer is an aim that would enable better outcomes
and survival. X-ray Mammography has been used for
more than five decades to investigate symptomatic
and asymptomatic women of selected age groups.
The breast tissues of the majority of screened women
under the age of 50 have dense breasts, i.e,, more
glandular tissues. The lesions are obscured, which
results in false negative mammography.

Scintigraphy imaging uses radiotracer such as
99mTc-sestamibi inside the patient’s body unlike the
mammography where external radiations are used
for imaging. Conventionally, Scintigraphy imaging is
achieved with the help of high-resolution parallel
hole collimator (). This technique suffers from clinical
limitations as it has less reliability in detecting small
lesions (less than one centimeter in diameter) due to
trade-off between sensitivity and resolution ().

The coded aperture (CA) masks have been studied
extensively for its application in medical imaging as
an alternative to parallel-hole collimator. The
attractive feature of CA image formation methods are
the high sensitivity, contrast, and signal-to-noise ratio
that has a significant impact on the quality of image
under investigation (9. The coded aperture imaging
techniques were originally developed for X-ray
astronomy in far-field geometry (19). In 1972, Barrett
used a Fresnel zone plate to visualize a nuclear
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medicine thyroid phantom (11). Fenimore introduced
the idea of uniformly redundant array (URA’s) coded
aperture binary mask that has more attractive
imaging properties (12). The first viable form of CA
binary mask was proposed by Mertz and Young (13). A
detailed overview of the coded aperture imaging was
given by Accorsi (14, Starfiel (15), and Joshi (16). Among
the different patterns of CA, cyclic difference arrays
like URA’s, and modified uniformly redundant array
(MURA) (7) have been investigated as the most
promising patterns of coded aperture with strong
transmission qualities (i.e., the region transparent to
gamma particles and opaque is the same) and flat
(have zero) side lobes.

This study proposed a CA based 3D scintigraphy
which is a continuation of work by authors (18
addressing and suggesting an imaging system to be
hopefully used for the early detection of breast
cancers. Although, there is no one method that can
be applied to breast cancer detection cases without
showing certain clinical or technical limitations. This
is a continuation of work by the authors by
addressing and suggesting an imaging system to be
hopefully used for the early detection of breast
cancers. One of the method that has recently been
applied is the use of mosaic MURA CA (18) coupled to a
full field clinical gamma camera imaging system. This
system produces a digitized 3D scintimammography
image of an anthropomorphic female breast phantom
(19) containing a (3 mm tumor) that has been obtained
from a single projection. The computer program then
searches for anomalous regions of density, mass, or
calcification that may suggest the presence of cancer.
The suggested approach highlights these spots on the
images and, ideally, informs the radiologist to the
need for additional study in the near future. The
tissue composition of simulated compressed female
breast phantom was taken from ICRU report 44 (20),

The main aim of this research is to use MURA CA
mask antimask technique and simulated breast
phantom with different sizes of tumors varying from
8 mm to 3 mm in diameter. This mask antimask
method has successfully reconstructed breast
phantom with a 3 mm lesion using tumor-to-
background ratio (TBR) 10:1. The quality of
reconstructed images is evaluated by plotting profiles
through the center of the tumor for consecutive slices
of 1 mm thinkness and also by measuring the PSNR
(21), CBR (22), and MSE (1 of all the reconstructed
images.

Several Monte Carlo Softwares can be used,
including PENELOPE (23), MCNP (24, and GATE (25
GATE was developed by OpenGate collaboration and
is used in this paper.

MATERIALS AND METHODS

In this section, materials and methods used in this

study are discussed. It consists of modeling
geometrical design, coded aperture mask, breast
phantom activity and the reconstruction method.

Geometrical design

The first step of this section describes the detail of
experiment setup, including 3D anthropomorphic
female breast phantom and coded aperture mask.
The 3D anthropomorphic female breast phantom
given in figure 1 is simulated using GATE according to
the geometrical setup shown in figure 2. The coded
aperture mask is built from MURA binary patterns of
173 x 173 elements. The detector and backscattering
compartment were made of sodium iodide (Nal) and
Pyrex, respectively, having dimensions of 69.2 x 69.2
cm? to match magnification factor, which is 4 in all
experiments. The mask whole size is fixed at 1 mm
throughout all the experiments. The coded mask and
detector are shielded by tungsten material 1.5 mm
thick to stop the false count that can blur the
reconstructed images. The 1.5 mm thick tungsten can
stop up to 99.4 % gamma radiation at the energy of
140 keV emitting from 9mTc, an excessively used
radiopharmaceutical agent in nuclear medicine. At
the center of compressed hemi-ellipsoidal phantom,
given in figure 2, the magnification coefficient m is 4,
where m is the ratio of mask projection on detector to
actual size of the mask. Object magnification which is
the ratio of the distance of the mask from the detector
to the distance from the source object is 3.

The other important parameter is the field-of-
view which is the range of source direction that can
be modulated by the CA mask is calculated as 23.06
cm at the center of phantom. In near-field CA imaging,
a geometric resolution is an important parameter,
and it refers to the system's resolution. Therefore, the
geometric design parameters must be modeled care-
fully. The reconstruction of breast slices is affected by
the magnification factor which vary with respect to
the depth of the phantom. The phantom depth is 40
mm, spanning up to 40 slices with 1 mm thickness.
Therefore, for full reconstruction over all slices, the
magnification factor varies over the range of 3.5 to
4.75, from the first slice at the distance of 80 mm to
the last slice at the distance of 120 mm.

Tumor diameter = 8 mm

c=40 mm

b =40 mm

a =40 mm

Figure 1. Illustration of compressed anthropomorphic breast
phantom with a tumor of 8 mm diameter.
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Anthropomorphic
breast Phantom

Backscattering

a=100

Shielding Detector

Figure 2. Design diagram of simulation setup using GATE

Phantom activity

The breast phantom simulated is hemi-ellipsoid in
all experiments, but the lesion size is different in each
experiment. In the case of breast examination, the
examinee is often injected with a dose of 20 mCi of
99mTc-sestamibi into the vein of opposite arm of
known breast abnormality and asked to wait for 5 to
10 minutes before screening. The total emission of
gamma particles is nearly 750 million gamma
particles in a 4pi solid angle. Although the emission of
99mTc from different parts of body may be different
due to variations in blood flow, the 99mTc-sestamibi
emissions from the tumor part of the breast are
higher than from the rest of the breast, and this rate
is in correlation with the size of the lesion. This paper
used TBR 10:1, where tumor activity is taken as ten
times more than breast activity.

Coded aperture mask

The CA imaging suffers from various noises,
including decoding, background, and particle angle
modulation, that affect the quality of the
reconstructed image. Different CA mask has different
performance and the one having delta-like
correlation function is considered suitable for
medical imaging. The MURA mask, given in figure 3,
has a perfect delta correlation function which can be
seen from figure 4 and thus it is considered an
optimum choice for medical imaging.

GATE digitizer

The GATE, a Monte Carlo simulation tool, is used
to simulate the phantom with the MURA coded
aperture. The GATE includes a digitizer module that
simulates the behavior of the scanning detectors and
signal processing chain (20). The digitizer contains a
module 'single' that retains the particle's starting
coordinates as well as its coordinates when it
deposits energy into the scintillation crystal. The
digitizer has components that allow the user to blur
particle position and energy, as well as configure the
energy window. Gaussian blurring is used to blur
spatial and energy resolution to 1 mm and 10%,

respectively, smaller values than geometric
resolution. The energy window for radiations with
maximum energy of 140 keV emitting from 9mTc is
10% which is between 126 keV and 154 Kev.
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Figure 3. MURA CA mask binary pattern of 173 x 173
elements.
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Figure 4. A 3D response function (PSF) of autocorrelation
MURA CA mask.

Image reconstruction

In coded aperture, imaging is a two-step process,
encoding and decoding/reconstruction 7. For
reconstruction, different methods are used, including
correlation method, filtered back projection, and
iterative method.

This paper follows the reconstruction method that
was already used in our previous paper that employs
MLEM iterative algorithms for 3D breast phantom
reconstruction (22 The MURA mask/antimask images
are reconstructed using each slice 1 mm thick and
stacked in order of reconstruction to generate the 3D
image. Figure 5 represents the images reconstructed
using MLEM with mask, antimask, and the summed
image of both for tumor depth of 50 % to 75 % at
slice level. The summed slices of mask and antimask
are better than the individual one’s and give a
significantly improved 3D image when slices are
stacked to generate the 3D reconstructed image of
anthropomorphic female breast phantom.
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Figure 5. This figure illustrates the reconstructed slices of an 8 mm tumor with MURA mask/antimask are given as (a) mask at 50 %
depth, (b) antimask at 50 % depth (c) summation of (a) and (b), (d) mask at 62.5 % depth, (e) antimask at 62.5% depth, (f)
summation of (d) and (e) slices, (g) mask at 75 % depth. (h) antimask at 75 % depth, (i) summation of (g) and (h) slices. The TBR
used is 10:1.

RESULTS

In this section, results of experiments conducted
using a MURA mask and an anthropomorphic breast
phantom with varying tumor diameters from 8mm to
3mm were reported. The reconstructed images are
evaluated by plotting profiles through the center of
the tumors and by measuring PSNR, CBR, and MSE of
the reconstructed images. All simulations are done
with a breast activity of 20 mCi, which gives off 750
million photons over a ten-minute acquisition. The
summed images of MURA mask/antimask generate
an image with enhanced quality making it possible to
visualize as small tumors as 3 mm in diameter. The
MLEM iterative reconstruction performs well at
slice-level reconstruction that is used in this paper,
the 3D reconstructed images of MURA mask and
antimask are given in figure 6. The 3D images of

mask and antimask of 8 mm have noise along the axi-
al directions, but still, it is possible to detect the lesion
size of 3 mm after summing both mask and antimask
reconstructed image in 3D. Figure 7 part a, b, c and d
represents the subtracted 3D images of mask anit-
mask while figure 7 part e, f, g and h shows the
summed images of mask and antimask. The an-
timask is basically a rotated version of the mask by 90
degrees. The subtracted images lose the quality and
become worse than the individual mask and
antimask images, while the summed images have
significantly improved, and it became easy to detect
the tumor until 3 mm in size. The image quality is
important to get the desired diagnosing
consequences. The CBR, PSNR, and MSE measured
from a planar form of the 3D tumor images can give a
considerable idea about the quality of reconstructed
images. Figure 8 explains the results of the image
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quality measurements for summed images of all
simulated lesions. Peak signal-to-noise ratio and
contrast-to-background ratio are at their maximums
for lesions that are 8 mm in diameter and decline as
the lesion diameter increases. Additionally, the MSE
increases as the lesion diameter decreases because
the background non-uniformity increases as the
lesion size decrease. Table 1 shows the values of
reconstructed image quality in terms of different
parameters, as given below.

b

8 mm lesion 6 mm lesion 3 mm lesion

‘ ‘
Figure 6. This figure illustrates MURA CA mask and antimask
3D reconstructed images of different lesion diameters. The
mask antimask subtracted images are given in (a), (b), (c) and

(d) for 8 mm, 6 mm, 4 mm and 3 mm while mask antimask
summed images are given in (e), (f), (g) and (h).

8 mm lesion 6 mm lesion 4 mm lesion 3 mm lesion

Figure 7. MURA CA mask and antimask 3D reconstructed
images of different lesion diameters. The mask antimask
subtracted images are given in (a), (b), (c) and (d) for 8 mm, 6

mm, 4 mm and 3 mm while mask antimask summed images
are given in (e), (f), (g) and (h).

Table 1. The PSNR, CBR, and MSE were assessed from
reconstructed images of breast variable lesion diameters and
a fixed TBR ratio of 10:1.

Diameter vs. 3 mm 4 mm 6 mm 8 mm
Parameter
CBR 0.10771 | 0.109765 | 0.153163 | 0.22905
PSNR 20.11602 | 21.17158 | 23.07028 | 24.76181
MSE 5.94E+08 | 5.65E+08 | 5.29E+08 | 4.59E+08
25 PSNR «108 MSE 0.5 CBR
—o—renl] 58
24 56
. 23 5.4 02
= 5 =2 S
g 5 v.15
21 4.8
20 4.6 0.1
4 6 8 4 6 8 4 6 8

Tumor diameter (mm) Tumor diameter (mm) Tumor diameter (mm)
Figure 8. Results of peak signal-to-noise ratio (a), contrast-to-
background ratio (b), and mean square (c) for breast phantom

images obtained from summed MURA mask/antimask and
reconstructed using MLEM.

The graphical presentation of image performance
parameters of the 3D breast phantom reconstruction
is presented in figure 8. Peak signal-to-noise ratio
and contrast-to-background ratio values are greater
for larger tumors and decrease gradually as tumor
diameter shrinks. In addition, the mean square error
is minimal for an 8 mm tumor and grows as the
tumor size decreases. All graphs are correlated with
the diameter of the tumor and present enough
statistics to visualize the 3 mm tumor in a
three-dimensional view.

Figure 9 represents the correlation of tumor
profiles taken from central slice S1 and adjacent to
central slice S2 with 1 mm thickness. Profiles of slices
S1 and S2 have clear peaks at the center and a strong
correlation between themselves. The profile of 3 mm
lesion diameter has also peaks at center and both
peaks of S1 and S2 slices have a correlation at the
center only that agree to depict the presence of
lesion. Other peaks outside the center in 3 mm lesion
have no correlation. Therefore, it can be concluded
that using the method discussed in this paper, up to 3
mm diameter lesion can be detected to treat cancer at
an early stage that can potentially save the patient's
life.

Tumor diameter 8 mm Tumor diameter 6 mm
400 400
(@ 4 Tumor profile S1

- N |~=—Tumor profie 52 300 ®

“Tumor profile S1
—==Tumor profile $2

200

100

Pixel Count
Pixel Count

0

-100

0 20 40 60 80 100 0 20 40 60 80 100
Pixel Index Pixel Index

Tumor diameter 4 mm Tumor diameter 3 mm

Tumor profile $1
200 © ;|- Tumor profie 52 100 @

Tumor profile S1
—==Tumor profile S2

Pixel Count
Pixel Count
@

3

20 40 60 80 100
Pixel Index Pixel Index

Figure 9. This figure illustrates the breast phantom vertical
profile through the center of the tumor using MURA mask/
antimask with a diameter of 8 mm (a) and 6 mm (b), 4 mm (c),
and 3 mm (d). TBRis 10:1.

DISCUSSION

Scintigraphy imaging modality is used in many
hospitals and it has the ability to provide planar and
3D imaging of radionuclide distribution with
recognized applications in imaging the breast, heart,
liver, brain, and bones (32). The majority of the clinical
gamma cameras have a spatial resolution of around
10 mm B3). The dedicated breast imaging camera,
BSGI (DILON 6800 Gamma Camera), also has the
ability to detect breast lesions around 10 mm for
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dense breast Y. Hruskaa et al discussed the
different papers that addressed the breast cancer for
lesion around 10 mm ©3). Dong et al. (36) investigated
the breast tumor using 3D imaging with different
TBR and lesion sizes and remained successful in
detecting lesion of 10 mm with TBR 10:1. The parallel
-hole collimator technique suffers from clinical
limitations as it has less reliability in detecting small
lesions (less than one centimeter in diameter) due to
trade-off between sensitivity and resolution. An
alternative coded aperture based tomographic
imaging approach was proposed by Cannon et al. G7)-

Coded aperture-based imaging is continuously
evolving in nuclear medicine, and a lot of work is
reported on coded aperture imaging (93839, Jeong et
al. 0 used planar gamma camera image
reconstruction using a coded-aperture mask to
overcome the artifacts of reconstruction in
conventional reconstruction. MediPROBE, a planer-
coded aperture imaging system’s performance was
assessed by Russoa et al. 1), Moreover, Schwarz et al.
(42) suggested an imaging system based on movable
pinhole arrays, but it was for imaging small planar
objects. Christopher et al. presented results of CA for
point source and distributed sources (43). Zhiping et
al. has done significant work on planar coded-
aperture imaging and 3D rat heart imaging, a small
animal with limited performance (29). Accorsi (14, and
David (15 have discussed coded aperture imaging
using 2D thyroid phantom and a 2D Shepp-Logan
respectively but their study was based on planar CA
imaging. Alnafea investigated planar breast imaging
with coded aperture for varying TBR and lesion sizes
(44, Olga et al has successfully detected 5 mm x5 mm
x5 mm tumor using uniformly redundant array CA
planar imaging (4%). Kadri et al has also investigated
the planar breast imaging using different sizes and
were successful in detecting 8 mm and 5 mm lesion
(46). However, there is still no 3D breast imaging
system using coded aperture technology.

To simulate scintigraphy, 3D compressed realistic
an anthropomorphic female breast phantom has
been developed and simulated using GATE. This
study examines a moderately compressed breast
phantom in a cranio-caudal-projection i.e., a similar
view to that wused in conventional X-ray
mammography. The performance of such an imaging
system is modelled by the GATE and images are
reconstructed by MLEM. This imaging system was
quantitatively evaluated using variable parameters:
the detected photon from tumor, spatial resolution,
photon statistics and lesion visibility of the system at
tumor-background activity ratio of 10:1.

The proposed method has successfully presented
sufficient statistics to detect as small a lesion as 3
mm, placed in the center of the 3D anthropomorphic
breast phantom. The image profiles through the
center of the tumor have a clear identification of the
lesion inside the breast center that is detectable with

the given setup of coded aperture imaging system.
The image quality measured shows enough
contrast-to-background ratio that the tumor is visible
and can easily be diagnosed from summed images of
MURA mask antimask using MLEM dual
reconstruction. The coded aperture has been studied
extensively for its application in medical diagnosis,
but it's still limited to planar imaging or thin 3D
imaging. No coded aperture-based imaging was
discussed previously for 3D breast imaging. The
radiation contribution from heart, chest, and lungs is
not included in this study. The patient is housed in a
lead chamber to shield the radiations other than
breast.

CONCLUSION

The MURA CA mas/antimask performs
remarkably well when combined with MLEM
reconstruction. This study has presented proof of
concepts that 3D reconstruction of the breast
phantom for early breast cancer detection up to a 3
mm lesion is possible using MURA CA mask antimask
with MLEM reconstruction. The reconstructed
images of MURA mask and antimask are subtracted
as well as summed. The subtracted images lost
sensitivity and worsened the resultant images,
making it difficult to visualize the lesion from
subtracted images, while the summed images
increased the sensitivity and increased the statistics,
and thus a 3 mm lesion can be easily detected.
Therefore, it can be concluded that the detection of a
3 mm lesion in 3D anthropomorphic breast imaging
is possible with TBR 10:1. As a result of its improved
efficacy, its implementation can be extended to other
organs to identify a wide variety of cancerous cells,
including heart, liver, and lung. In the future, artificial
intelligence-based reconstruction techniques can be
used for image formation purposes which may
further improve the quality of reconstructed images.
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