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Abstract

Triple-Source Computed Tomography (TSCT) improves the temporal reso-
lution by three times the conventional Single-Source Computed Tomography (SSCT).
The theories and implementations of TSCT have been well established in previous
studies. However, whether additional X-ray tubes increase the dose remains unknown.
To solve this problem, a TSCT system was simulated by Monte Carlo simulation. For
comparison, an SSCT was also simulated under the same condition. The source models
of SSCT and TSCT were validated against the experimental result obtained from a
literature. In the simulation experiment, a digital human body phantom was scanned by
the simulated computed tomography systems, and the dose was calculated. Result of
the comparison revealed that the total absorbed doses of SSCT and TSCT were almost
equal under the same data requirements and the dose distribution of TSCT was more
even. Given no additional dose and the improved temporal resolution, TSCT is a prom-
ising tool for dynamic imaging.
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Introduction
MC methods repeat random sampling to compute re-

Active objects, such as a beating heart, produce motion
artifacts in computed tomography (CT) if the temporal resolu-
tion is inadequate. To improve temporal resolution, the concept
of multiple-source CT scanner were proposed by using multi-
ple X-ray sources and detectors, and various designs of multi-
ple-source CT appeared in papers in the past few years!!””. Du-
al-Source CT (DSCT) with two X-ray tubes and two detectors
is the first commercial multiple-source CT scanner that can re-
duce acquisition time by 44% at a fan angle of 25°!'. DSCT has
been successfully applied in cardiac imaging®. Triple-Source
CT (TSCT) with three pairs of X-ray sources and detectors is
also a multiple-source CT that can reduce acquisition time by
66.7%"1 and thus improves temporal resolution.

The dose delivered from a CT system should be as lit-
tle as possible without degrading the image quality. This study
investigated the dose of TSCT using Monte Carlo (MC) simu-
lation. For comparison, a Single-Source CT (SSCT) was also
simulated with the same settings.

sults. These methods have been widely used to simulate radi-
ation transport and calculate the radiation dose in medical im-
aging and radiation therapy!'"'\. To estimate the dose from CT,
several MC models have been developed!'*'. Previous stud-
ies!!™1% demonstrated that calculations based on MC approach-
es are consistent with experimental measurements. Among the
various MC radiation transport code systems, EGSnrc®” is one
of the most commonly used.

In this study, we assessed the dose of TSCT by mod-
eling the system with EGSnrc. For comparison, an SSCT was
also simulated under the same condition. A digital human body
phantom was scanned by the simulated CT systems to calculate
the absorbed dose.

Methods

The doses delivered from SSCT and TSCT scanners
were investigated by simulating the CT scan of an anthropomor-
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phic phantom using the MC method. This section describes the
details of the construction and validation of the MC model, as
well as the application of this model for investigating the dose.

The flowchart is illustrated in Figure 1. SSCT and
TSCT were composed of single source—detector pair. The model
of a single source—detector pair was built according to a multi-
slice CT (MSCT) scanner (a Light Speed 16; General Electric
Healthcare Corporation, Waukesha, WI, USA). To validate the
model, measurements of and compared with those measured in
the real experiment using the MSCT scanner. The data of the real
experiment were reported in literaturel'*l. After the validation,
the SSCT and TSCT models were constructed from the source—
detector pair model, and an anthropomorphic phantom was used
in the simulation to investigate the dose distribution.
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Figure 1: Flowchart of the development and validation of the CT scan-
ner model. The measured data of the MSCT (multi-slice CT) were pro-
vided in the literature by DeMarcro et all'3l. The MC (Monte Carlo)
simulation was implemented by EGSnrc. CTDIc: CTDI central dose
value. CTDIp: CTDI peripheral dose value.

MC Method

The simulation was implemented using EGSnrc MC
software package”. This software package has been widely
used to calculate the dose by simulating particle (photons, elec-
tron, and positron) interactions between photons and matter"->,
The easy particle propagation (Epp)™¥ is a user code of EGSnrc
to facilitate the simulation of X-ray imaging. In Epp, the input
parameters, including geometry, source type, beam geometry,
object information, and other parameters, are defined in an input
file. The input geometries can either be defined in a voxelized
matrix or in combinations of basic geometries, such as spheres,
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boxes, cylinders, and planes. This study performed the simula-
tion based on EGSnrc and Epp. As the first step, the models of
SSCT and TSCT were constructed.

SSCT and TSCT Scanners

SSCT has only one source—detector pair. By contrast,
TSCT has three symmetrically distributed source—detector pairs
(Figure 2); thus, the gantry only requires to be rotated over one-
third of a circle to acquire a full scan. Therefore, TSCT improves
the in-plane temporal resolution by three times in the single-axi-
al and helical scanning modes. In this study, we investigated the
dose delivered by TSCT in helical mode. For reference, SSCT
was also modeled, and the dose was calculated.

Figure 2: Schematic of the single source CT (a) and triple source CT
®).

In the helical scanning modes of TSCT and SSCT with
the same helix pitch, the minimum detection window of TSCT is
one-third of that of SSCT®?*. Thus, the required detector height
of TSCT is one-third of that of SSCT if both CTs obtain com-
plete datasets.

In this study, the TSCT had a 20 mm collimation (mea-
sured at the iso-center) and operated in helical mode with 60
mm helix pitch. To achieve a similar dataset, the SSCT had a 60
mm collimation and operated in helical mode with 60 mm helix
pitch. The tube current of the two systems were modulated to
ensure that the photon intensities obtained by the detectors of
both systems were the same.

Source Model

In the simulations, each source—detector pair in TSCT
was the same as that used in MSCT scanner (a LightSpeed 16;
General Electric Healthcare Corporation, Waukesha, WI, USA),
which is a third-generation MSCT. The thickness of the beam
collimation can be 20 mm at the iso-center, with a fan angle of
55°. Four tube voltages at 80, 100, 120, and 140 kVp are provid-
ed by this system, which can be operated in both single-axial and
helical modes. The distance between the focal spot and iso-cen-
ter is 54 cm, and the distance from the focal spot to the detector
is 95 cm. This study focused on chest scan and used the body
bowtie filter.

The focal spot was simulated as a point; thus, penumbra
was not considered in this study. Although a simplified source
model was used, the dose profile and CTDI values showed con-
sistency (Model validation).

X-ray spectra were calculated from XOP2.3 soft-
ware!®], which is a package for modeling of X-ray sources. The
spectrum was generated with different tube voltages by setting
the tube voltage and flat filter thickness (Figure 3).
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Figure 3: Photon energy spectrum used for simulating the X-ray source
with a 2.5 mm aluminum filter.

Epp provides a direct definition of the collimated cone
beam; thus, only the photons emitted in the region of interest
were simulated. The physical effects relevant to photon propaga-
tion, including Rayleigh scattering, Compton scattering, atomic
relaxations, and electron impact ionization, were considered.
Other settings are listed in Table 1. The deposited energy of pho-
tons was calculated for each voxel along the photon pathway.
The simulated body bowtie filter was made of aluminum, and
the shape is illustrated in Figure 4.

Focal spot

K4

Flat filter
Bowtie filter

Detector

Figure 4: Modeled source—detector pair.

Table 1: EGSnrc parameters used in the simulations.

Parameter Value
Global ECUT 0.0
Global PCUT 0.001
Global SMAX lel0
ESTEPE 0.25
XIMAX 0.5
Boundary crossing algorithm EXACT
Skin depth for BCA 0
Electron-step algorithm PRESTA-II
Spin effects On
Brems angular sampling Simple
Brems cross-sections BH
Bound Compton scattering On
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Pair angular sampling Simple
Photoelectron angular sampling On
Rayleigh scattering On
Atomic relaxations On
Electron impact ionization On

Single-axial and helical scans were approximated by
situating the sources equi-spatially along the circular or helical
trajectory. Sampling more source positions results in more accu-
rate scans, but requires more time to run the program. A previous
study™® reported that 16 source positions for each rotation were
sufficient to approximate the source movement. Similar results
were reported by another study®”, which shows that 18 source
positions are sufficient. In this study, the trajectory was simulat-
ed in 16 angular positions for each rotation in both single-axial
and helical scans.

CTDI Phantom and MASH Phantom

The standard body CTDI dosimetry phantom can be
used to measure the dose in CT scan. This phantom is a cylin-
der made of PMMA with diameter and length of 32 and 15 cm,
respectively. The phantom has five sockets, with one located at
the center and the four others symmetrically distributed at the
periphery. The sockets are 1.37 cm in diameter, and ion cham-
bers can be inserted inside to measure the dose. The ion chamber
was modeled as three concentric cylinders with a length of 10
cm!?*?81 The three cylinders with diameters of 13.7, 10.2, and
6.7 mm are filled with polyacetal, C552, and air, respectively
[Figure 5(a),(b)]. The data of the materials were generated by a
Preprocessor for EGS code (PEGS), which is a data preparation
package that creates data to be used by EGSnrc??.

Figure 5: (a) Body CTDI dosimetry phantom with ion chambers in the
sockets. The five gray cylinders are the ion chambers. (b) Transversal
plane of the ion chamber.

Dose Calculation

Epp records the energy deposited at each voxel of the
phantom and obtains the simulated dose (D, ; mGy), which is
proportional to the used photon number in the simulation. To
obtain the absolute value of dose, the conversion factor (CF)
(261 from the simulated dose to absolute dose is determined as
follows:

crwy=EPlew ) (1)
)= CTDI . (V)

where CTDI, . is the in-air dose measured by the ion
chamber at the scanner iso-center at a tube voltage V in the real
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experiment, CTDI; . and is the dose obtained from the simu-
lation under the same scan protocol. The absolute dose can be
calculated from the simulated dose using the CF as
DA'V:DSV)'(CF(I/)., 2)

where D, is the simulated dose at the tube voltage V, and Dy,

AV
is the absolute dose at the tube voltage V.

Validation of the source model

The model was validated by comparing the experimen-
tal and simulation measurements under the same protocol. The
first test was based on the CTDI,, value measured inside the
body CTDI phantom in single-axial scans. The CTDI , val-
ues were measured by ion chambers placed inside the phantom
sockets. In this test, various tube voltages, including 80, 100,
120, and 140 kVp, were considered®-%. The experimental data
were obtained from a published literature!¥]. The model of the
CTDI phantom and chambers was simulated by Epp combined
with the scanner model, and the simulated dose data were subse-
quently calculated.

In addition to the CTDI,  value, the dose profile at the
CTDI phantom surface was also measured for further validation
of the single-axial and helical scans. The metal-oxide-semicon-
ductor field effect transistor (MOSFET) detectors were used to
record the dose profile because the pencil chamber could not
capture the spatial variation in longitudinal direction. A total of
20 MOSFET detectors were arranged on the surface of the CTDI
phantom. The location of each MOSFET detector was report-
ed by DeMarco et al.'¥l, The scanner performed a single-axial
and helical scan with 120 kVp and 20 mm beam collimation. In
the simulation, the air kerma was scored along the trajectory of
MOSFET detectors at the surface of the CTDI phantom with the
same protocol.

Dose evaluation using MASH phantom

Male adult mesh (MASH), an adult anthropomorphic
phantom®!, was used in this study to analyze the absorbed dose
when performing TSCT and SSCT scans. MASH is composed of
526 x 236 x 1462 voxels with a voxel size of 1.2 mm x 1.2 mm
x 1.2 mm. A total of 113 organs and tissues were simulated in
the phantom. Each voxel was assigned with an exclusive number
corresponding to the 113 regions. In our simulation, the original
phantom was down sampled to 263 x 118 x 731 voxels with a
voxel size of 2.4 mm x 2.4 mm x 2.4 mm to reduce the simula-
tion time.

Both the SSCT and TSCT scans were modeled based
on the validated source model. Chest scan was performed by the
simulated SSCT and TSCT in helical mode. The scan range was
—25 cm to 5 cm in the axis (the longitudinal direction; Figure
6). The dose was then calculated.

Figure 6: Sagittal plane of the MASH phantom and illustration of the
chest scan. The gray level represents different organs/tissues.
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Results

Conversion Factor

The tube voltage-dependent CF was calculated from
single-axial scans. The dose was measured by the ion chamber
at the iso-center of the scanner for tube voltages of 80, 100, 120,
and 140 kVp with 20 mm collimation. The simulated CTDI val-
ue CTDI, . (in units of mGy/8¢7 incident photon) was calculat-
ed from the energy deposited in the ion chamber. The measured
CTDI value CTDI, .~ obtained from a published literature!"
was measured under the same setup. The CFs for each tube volt-
age were then calculated (Table 2).

Table 2: Conversion factors for converting simulated dose values into
absolute dose values. The experimental CTDI was measured by pencil
chambers positioned in air at the iso-center of the CT scanner, and the
simulated CTDI was calculated by simulating the pencil chamber and
CT scanner.

kVp CTDI & air CTDIS, ur Conversion factor
(mGy) (mGy/8e7 photon)
80 8.1 3.70 x 10°¢ 2.19 x 10¢
100 14.7 3.44 x 10°® 4.27 x 10°
120 22.71 3.42 x 10° 6.64 x 10°
140 31.93 3.32x10° 9.61 x 10¢
Model validation

Two tests were performed to validate the source-detec-
tor pair model. The first test measured the CTDI values inside
the phantom in the experiment and simulation. In the second
test, the dose profiles were measured in the experiment and sim-
ulation.

CTDI value in experiment and simulation

The experimental CTDI value measured by the ion
chamber under the same setup was obtained from a published
literature!'¥). The ion chambers were placed in phantom sockets,
and the CTDI values at the center and periphery were measured.
In the simulation, the body CTDI phantom was simulated to re-
cord the dose value at different locations. The CF was then used
to obtain the absolute dose value in units of mGy. The simulated
and measured results (Table 3) agreed well, and the largest dif-
ference between them was 6.66%.

Table 3: Comparison of the experimental and simulated dose results for
the CTDI phantom. The pencil chambers were positioned at the center
and periphery of the CTDI phantom.

kVp Position Experimental | Simulated Difference
CTDIL,, CTDI
(mGy) (mGy)
%0 Center 1.34 1.36 1.41%
Peripheral 345 3.62 4.89%
100 Center 2.97 3.17 6.66%
Peripheral 6.66 6.76 1.44%
120 Center 5.12 4.98 —2.67%
Peripheral 10.48 10.10 -3.62%
140 Center 7.65 8.08 5.56%
Peripheral 15.01 14.39 —4.16%
Bioinfo Proteom Img Anal | volume 2: issue 2
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Surface dose profile in experiment and simulation

The dose profile was measured by MOSFET at the
surface of the CTDI phantom'¥). The single-axial scan was per-
formed at the centerline of the CTDI phantom. In the simula-
tion, the dose profile was measured in the air at the phantom
surface along the trajectory of MOSFET detectors. The results
are illustrated in Figure 7(a). A total of 20 sample points were
measured in the experiment because only 20 MOSFET detectors
were used. The MC simulations recorded the dose with a large
number of sample points; thus, the dose profile was smooth. The
dose profiles from the experiment and simulation were consis-
tent for the single-axial scan.

Figure 7: Simulated and measured dose profiles at the surface of the
CTDI phantom in (a) a single-axial scan and (b) a helical scan with
pitch =0.9375 x 2 cm.

A comparison of the dose profiles was also performed
for the helical scan. The helical pitch was 0.9375 X 2 cm in the
experiment and simulation. The dose profile in the experiment
was obtained from a literaturel'*); and the counterpart in the sim-
ulation was measured under the same protocol. The results in
Figure 7(b) show that the dose profiles from the experiment and
simulation were consistent for the helical scan.

Dose evaluation for SSCT and TSCT

The SSCT and TSCT models were constructed based
on the validated source model, except that the beam thickness
of SSCT was 6 cm and that of TSCT was 2 cm. To compare the
absorbed doses of SSCT and TSCT, the simulations were per-
formed under the condition where the detectors received equiv-
alent illuminance and equivalent noise in both scanners. In each
view, the number of incident photons in the TSCT was set at 8
x 107, which was the same as that used in the validation exper-
iments. The incident number of photons in the SSCT was set to
ensure that the number of primary photons received by a unit
area of the SSCT detector was equivalent to that of the TSCT
detector.

The number of incident photons for SSCT was set at 24
x 107. The photons received by the detectors were recorded by
the simulation program with a tube voltage of 120 kVp. In the
primary photon data, the relative errors were 1.19% and 1.22%
in the TSCT and SSCT, respectively. The profiles of the primary
photons received by the detector through air from the TSCT and
SSCT are illustrated in Figure 8, which showed that both scan-
ners received equivalent primary photons and similar relative
error.
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Figure 8: Profiles of the primary photons received by the detector
through air from the TSCT and SSCT in the simulation.

The MASH phantom was then used to evaluate the
SSCT and TSCT doses. The tube voltage was set at 120 kVp.
The dose deposited in each voxel of the MASH phantom was
calculated by Epp and multiplied by the CF to obtain the abso-
lute dose value.

For each instance, the transversal dose distribution is
displayed in Figure 9. Each displayed transverse plane had the
same z position as that of the source (the definition of axis can
be found in Figure 6). The dose value was normalized within [0,
1], and the display window was set at [0, 0.5] for better visu-
alization of the soft tissue. The illustrations show that the dose
decayed rapidly along the X-ray transportation direction and the
transversal dose distribution of TSCT was more uniform than
that of SSCT.

Figure 9: Transversal dose distribution for different instances. Each
transverse plane had the same z position as that of the source. The an-
gular difference was 45° between the adjacent columns. The dose value
was normalized within [0, 1], and the display window was [0, 0.5] for
better visualization of the soft tissue.

Figure 10 shows the distribution of the absorbed dose
for the entire scan process. The dose values were between 0 and
74 mGy, but the display window was set at [0, 40 mGy] for
better visualization. Figure 10 also shows that the sagittal dose
distribution of TSCT was more uniform than that of SSCT for
the entire scan process.

The absorbed dose for each organ was also investigat-
ed. The absorbed dose of an organ was calculated by averaging
the dose deposited in all voxels corresponding to the organ. The
result in Table 4 indicates that the total doses of TSCT and SSCT
were almost equal for the organs inside the scan range (from
the thymus to the spleen). For organs near the start or end of
the scan range, such as the thyroid, stomach, and pancreas, the
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absorbed doses from TSCT and SSCT exhibited a difference as
high as 29.05%. By contrast, a minimal difference (2.88%) was
observed for tissues that are distributed over the body, such as
the muscle, adipose subcutaneous, and skin.

Figure 10: Dose distribution on the sagittal plane for the entire scan
process. The dose values were within [0, 74 mGy], but the display win-
dow was set at [0, 40 mGy] for better visualization. The dotted line
shows the start and end of the scan.

For the organs near the boundary of the scan range, the
doses from SSCT and TSCT exhibited a large difference because
the organs close to the X-ray tubes received higher dose than
those located far from the tubes. Thus, this phenomenon of un-
evenness was more evident in SSCT. The effect of unevenness
was reduced for the organs inside the scan range because they
received doses from several rotations.

Table 4: Comparison of the dose from TSCT and SSCT.

Organ DSSCT DTSCT DTSCT/DSSCT
Thyroid 14.86 19.18 29.05%
Esophagus 11.71 11.93 1.90%
Thymus 13.95 14.00 0.34%
Lungs 13.03 13.09 0.47%
Trachea 14.67 15.37 4.74%
Bronchi 13.24 13.29 0.44%
Sternum, compact bone 55.32 55.38 0.11%
Thoracic spine, compact bone | 33.90 34.96 3.12%
Adipose breasts 9.91 10.63 7.23%
Heart 12.94 12.95 0.05%
Spleen 7.70 8.04 4.44%
Liver 7.84 7.12 -9.12%
Gall bladder wall 1.54 1.26 —18.26%
Pancreas 1.88 1.59 —15.02%
Adrenals 7.43 7.74 4.16%
Stomach wall 5.74 4.87 —15.15%
Kidneys 438 4.87 11.32%
Muscle 4.68 4.71 0.74%
Skin 4.49 451 0.34%
Adipose subcutaneous 3.68 3.79 2.88%
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Discussion and Conclusion

In this study, we constructed SSCT and TSCT models
based on the source model which was validated against the ex-
perimental result obtained from a published literature!'*. The
MC simulation with the MASH phantom was implemented us-
ing the model to calculate the dose from SSCT and TSCT. The
simulation experiment showed that the total absorbed doses of
SSCT and TSCT were equivalent under the same data condition.
Our result is consistent with the theoretical analysis?®?.

TSCT may has a limited field of view because the space
of CT gantry is limited. We can expect smaller sources in the fu-
ture as new technologies are been developed. The Carbon Nano
Tube (CNT) sources has small size and has been used in various
CT designst334, If small X-ray tube such as CNT can be used in
TSCT, more room could be made for the detector. On the other
hand, if the region of interest is small, for example in cardiac
imaging, the limited field of view is acceptable with interior to-
mography algorithms5-37,

TSCT improves the temporal resolution and image
quality for imaging of moving objects. Considering that TSCT
requires only a narrow detector, the scatter is thus reduced,
which may compensate for the extra scatter induced by the two
additional sources.

Future investigations can assess the dose of TSCT more
accurately after a standard system is developed. However, the
MC simulation cannot be substituted because it obtains the dose
distribution inside the human body. In contrast, the dose distri-
bution inside human body is not easy to obtain in the real experi-
ment. The combination of simulation and experiment can obtain
more reliable data for research.

In this study, we did not consider the dose of DSCT for
comparison because the dataset and scan protocol of DSCT are
very different from SSCT and TSCT.

Acknowledgment: This work was supported by the National
Natural Science Foundation of China (Grant No. 8§13716234),
the National Basic Research Program of China (Grant No.
2010CB834302), the Shanghai Jiao Tong University Medical
Engineering Cross Research Funds (Grant Nos. YG2013MS30
and YG2011MS51), and National Key Research and Develop-
ment Program (Grant No. 2016YFC0104600)..

Bioinfo Proteom Img Anal | volume 2: issue 2


http://www.ommegaonline.org

Triple-Source Computed Tomography

References

1. Wang, G., Yu, H., De Man, B. An outlook on x-ray CT research and
development. (2008) Med Phys 35(3): 1051-1064.

2. Chen, Y., Xi, Y., Zhao, J. A stationary computed tomography system
with cylindrically distributed sources and detectors. (2014) J Xray Sci
Technol 22(6): 707-725.

3. Xi, Y., Zhao, J., Wang, G. A Reconstruction Method for Helical In-
terlaced-Source-Detector-Array CT. (2009) 10th International Meeting
on Fully Three-Dimensional Image Reconstruction in Radiology and
Nuclear Medicine.

4. Chen, Y., Xi, Y., Zhao, J. A semi-stationary CT system. (2014) IEEE
11th International Symposium on Biomedical Imaging (ISBI 2014):
1099-1102.

5. Zhao, J., Jiang, M., Zhuang, T., et al. A Reconstruction Algorithm
for Triple-Source Helical Cone-Beam CT. (2005) Conf Proc IEEE Eng
Med Biol Soc 2: 1875-1878.

6. Chen, Y., Xi, Y., Zhao, J. Imaging properties of circular and helical
interlaced source-detector CT. (2012) Proc SPIE : 8506.

7. Zhao, J., Xi, Y. A Reconstruction Method for Circular Inter-
laced-Source-Detector-Array CT. (2009) Proceedings of the 2009 First
IEEE International Conference on Information Science and Engineer-
ing : 3575-3578.

8. Flohr, T.G., McCollough, C.H., Bruder, H., et al. First performance
evaluation of a dual-source CT (DSCT) system. (2006) Eur Radiol
16(2): 256-268.

9. Zhao, J., Jiang, M., Zhuang, T., et al. An exact reconstruction algo-
rithm for triple-source helical cone-beam CT. (2006) Journal of X-Ray
Science and Technology 14(3): 191-206.

10. Zhao, J., Jin, Y., Lu, Y., et al. A filtered backprojection algorithm
for triple-source helical cone-beam CT. (2009) IEEE Transactions on
Medical Imaging 28(3): 384-393.

11. Rogers, D.W. Fifty years of Monte Carlo simulations for medical
physics. (2006) Phys Med Biol 51(13): R287-301.

12. Hissoiny, S., Ozell, B., Bouchard, H., et al. GPUMCD: A new
GPU-oriented Monte Carlo dose calculation platform. (2011) Medical
Physics 38(2): 754-764.

13. DeMarco, J.J., Cagnon, C.H., Cody, D.D., et al. A Monte Car-
lo based method to estimate radiation dose from multidetector CT
(MDCT): cylindrical and anthropomorphic phantoms. (2005) Phys
Med Biol 50(17): 3989-4004.

14. Li, X., Samei, E., Segars, W.P., et al. Patient-specific radiation dose
and cancer risk estimation in CT: Part I. Development and validation of
a Monte Carlo program. (2011) Med Phys 38(1): 397-407.

15. Jarry, G., DeMarco, J.J., Beifuss, U., et al. A Monte Carlo-based
method to estimate radiation dose from spiral CT: from phantom testing
to patient-specific models. (2003) Phys Med Biol 48(16): 2645-2663.
16. DeMarco, J.J., Cagnon, C.H., Cody, D.D., et al. Estimating radia-
tion doses from multidetector CT using Monte Carlo simulations: ef-
fects of different size voxelized patient models on magnitudes of organ
and effective dose. (2007) Phys Med Biol 52(9): 2583-2597.

17. Chetty, I.J., Curran, B., Cygler, J.E., et al. Report of the AAPM Task
Group No. 105: Issues associated with clinical implementation of Mon-
te Carlo-based photon and electron external beam treatment planning.
(2007) Med Phys 34(12): 4818-4853.

18. Shortt, K.R., Ross, C.K., Biclajew, A.F., et al. Electron beam dose
distributions near standard inhomogeneities. (1986) Physics in medi-
cine and biology 31(3): 235.

Ommega Online Publisher
Bioinformatics, Proteomics and Immaging Analysis
Short Title : Bioinfo Proteom Img Anal

www.ommegaonline.org

134

19. Chibani, O., Li, X.A. Monte Carlo dose calculations in homoge-
neous media and at interfaces: A comparison between GEPTS, EGSnrec,
MCNP, and measurements. (2002) Med Phys 29(5): 835-847.

20. Kawrakow, 1., Rogers, D.W.O. The EGSnrc code system: Monte
Carlo simulation of electron and photon transport. (2000).

21. Chen, Y., Song, Y., Ma, J., et al. Optimization-based scatter estima-
tion using primary modulation for computed tomography. (2016) Med-
ical Physics 43: 4753-4767.

22. Chen, Y., Song, Y., Ma, J., et al. Optimization-based scatter esti-
mation using semi-transparent beam absorber array. (2015) 2015 37th
Annual International Conference of the IEEE Engineering in Medicine
and Biology Society (EMBC) : 5634-5637.

23. Lippuner, J., Elbakri, I.A., Cui, C., et al. Epp: A C++ EGSnrc user
code for x-ray imaging and scattering simulations. (2011) Med Phys
38(3): 1705-1708.

24. Zhao, J., Jiang, M., Zhuang, T., et al. Minimum detection window
and inter-helix PI-line with triple-source helical cone-beam scanning.
(2006) Journal of X-Ray Science and Technology 14(2): 95-107.

25. Sanchez del Rio M., Dejus, R.J. Status of XOP: an x-ray optics soft-
ware toolkit. (2004) Proceedings of the SPIE 5536: 171-174.

26. Gu, J., Bednarz, B., Caracappa, P.F., et al. The development, valida-
tion and application of a multi-detector CT (MDCT) scanner model for
assessing organ doses to the pregnant patient and the fetus using Monte
Carlo simulations. (2009) Phys Med Biol 54(9): 2699-2717.

27. Khursheed, A., Hillier, M.C., Shrimpton, P.C., et al. Influence of pa-
tient age on normalized effective doses calculated for CT examinations.
(2002) Br J Radiol 75(898): 819-830.

28. Deak, P., Straten, M., Shrimpton, P., et al. Validation of a Monte
Carlo tool for patient-specific dose simulations in multi-slice computed
tomography. (2008) Eur Radiol 18(4):759-772.

29. Xi, Y., Jin, Y., Man, B.D., et al. High-kVp Assisted Metal Artifact
Reduction for X-Ray Computed Tomography. (2016) IEEE Access 4:
4769-4776.

30. Xi, Y., Chen, Y., Tang, R., et al. United Iterative Reconstruction
for Spectral Computed Tomography. (2015) IEEE Trans Med Imaging
34(3): 769-778.

31. Cassola, V.F., Lima, V.J., Kramer, R., et al. FASH and MASH: fe-
male and male adult human phantoms based on polygon mesh surfaces:
I. Development of the anatomy. (2010) Phys Med Biol 55(1):133-162.
32. Yang, L., Jun, Z., Tiange, Z., et al. Study on Radiation Dose in Sin-
gle-source and Triple-source Helical Cone-beam Scanning. (2008) Nu-
clear Electronics and Detection Technology 28(1): 155-158.

33. Speidel, M.A., Wilfley, B.P.,, Star-Lack, J.M., et al. Scanning-beam
digital x-ray (SBDX) technology for interventional and diagnostic car-
diac angiography. (2006) Medical Physics, 33(8): 2714-2727.

34. Peng, R., Zhang, J., Calderon-Colon, X., et al. Stationary micro-CT
scanner using a distributed multi-beam field emission x-ray source: a
feasibility study. (2009) Proc SPIE pp: 7258.

35. Wang, G., Yu, H., Ye, Y. A scheme for multisource interior tomogra-
phy. (2009) Med Phys 36(8): 3575-3581.

36. Yu, H., Wang, G. Compressed sensing based interior tomography.
(2009) Phys Med Biol 54: 2791-2805.

37. Wang, G., Kalra, M., Murugan, V., et al. Vision 20/20: Simultaneous
CT-MRI — Next chapter of multimodality imaging. (2015) Med Phys
42(10): 5879-5889.

E-mail: imagingscience@ommegaonline.com
website: www.ommegaonline.org

Bioinfo Proteom Img Anal | volume 2: issue 2


mailto:imagingscience@ommegaonline.com
http://www.ommegaonline.org
http://www.ommegaonline.org
https://www.ncbi.nlm.nih.gov/pubmed/18404940
https://www.ncbi.nlm.nih.gov/pubmed/18404940
https://www.ncbi.nlm.nih.gov/pubmed/25408388
https://www.ncbi.nlm.nih.gov/pubmed/25408388
https://www.ncbi.nlm.nih.gov/pubmed/25408388
https://www.researchgate.net/publication/271427255_A_semi-stationary_CT_system
https://www.researchgate.net/publication/271427255_A_semi-stationary_CT_system
https://www.researchgate.net/publication/271427255_A_semi-stationary_CT_system
https://www.ncbi.nlm.nih.gov/pubmed/17282585
https://www.ncbi.nlm.nih.gov/pubmed/17282585
https://www.ncbi.nlm.nih.gov/pubmed/17282585
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=1384298
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=1384298
http://dl.acm.org/citation.cfm?id=1726588.1727608
http://dl.acm.org/citation.cfm?id=1726588.1727608
http://dl.acm.org/citation.cfm?id=1726588.1727608
http://dl.acm.org/citation.cfm?id=1726588.1727608
https://www.ncbi.nlm.nih.gov/pubmed/16341833
https://www.ncbi.nlm.nih.gov/pubmed/16341833
https://www.ncbi.nlm.nih.gov/pubmed/16341833
http://content.iospress.com/articles/journal-of-x-ray-science-and-technology/xst00160
http://content.iospress.com/articles/journal-of-x-ray-science-and-technology/xst00160
http://content.iospress.com/articles/journal-of-x-ray-science-and-technology/xst00160
https://www.ncbi.nlm.nih.gov/pubmed/19244010
https://www.ncbi.nlm.nih.gov/pubmed/19244010
https://www.ncbi.nlm.nih.gov/pubmed/19244010
https://www.ncbi.nlm.nih.gov/pubmed/16790908
https://www.ncbi.nlm.nih.gov/pubmed/16790908
https://arxiv.org/abs/1101.1245
https://arxiv.org/abs/1101.1245
https://arxiv.org/abs/1101.1245
https://www.ncbi.nlm.nih.gov/pubmed/16177525
https://www.ncbi.nlm.nih.gov/pubmed/16177525
https://www.ncbi.nlm.nih.gov/pubmed/16177525
https://www.ncbi.nlm.nih.gov/pubmed/16177525
https://www.ncbi.nlm.nih.gov/pubmed/21361208
https://www.ncbi.nlm.nih.gov/pubmed/21361208
https://www.ncbi.nlm.nih.gov/pubmed/21361208
https://www.ncbi.nlm.nih.gov/pubmed/12974580
https://www.ncbi.nlm.nih.gov/pubmed/12974580
https://www.ncbi.nlm.nih.gov/pubmed/12974580
https://www.ncbi.nlm.nih.gov/pubmed/17440254
https://www.ncbi.nlm.nih.gov/pubmed/17440254
https://www.ncbi.nlm.nih.gov/pubmed/17440254
https://www.ncbi.nlm.nih.gov/pubmed/17440254
https://www.ncbi.nlm.nih.gov/pubmed/18196810
https://www.ncbi.nlm.nih.gov/pubmed/18196810
https://www.ncbi.nlm.nih.gov/pubmed/18196810
https://www.ncbi.nlm.nih.gov/pubmed/18196810
http://iopscience.iop.org/article/10.1088/0031-9155/31/3/003
http://iopscience.iop.org/article/10.1088/0031-9155/31/3/003
http://iopscience.iop.org/article/10.1088/0031-9155/31/3/003
https://www.ncbi.nlm.nih.gov/pubmed/12033580
https://www.ncbi.nlm.nih.gov/pubmed/12033580
https://www.ncbi.nlm.nih.gov/pubmed/12033580
https://www.researchgate.net/publication/44069590_The_EGSnrc_code_system_Monte_Carlo_simulation_of_electron_and_photon_transport
https://www.researchgate.net/publication/44069590_The_EGSnrc_code_system_Monte_Carlo_simulation_of_electron_and_photon_transport
http://scitation.aip.org/content/aapm/journal/medphys/43/8/10.1118/1.4958680
http://scitation.aip.org/content/aapm/journal/medphys/43/8/10.1118/1.4958680
http://scitation.aip.org/content/aapm/journal/medphys/43/8/10.1118/1.4958680
http://ieeexplore.ieee.org/abstract/document/7319670/citations
http://ieeexplore.ieee.org/abstract/document/7319670/citations
http://ieeexplore.ieee.org/abstract/document/7319670/citations
http://ieeexplore.ieee.org/abstract/document/7319670/citations
https://www.ncbi.nlm.nih.gov/pubmed/21520883
https://www.ncbi.nlm.nih.gov/pubmed/21520883
https://www.ncbi.nlm.nih.gov/pubmed/21520883
http://content.iospress.com/articles/journal-of-x-ray-science-and-technology/xst00153
http://content.iospress.com/articles/journal-of-x-ray-science-and-technology/xst00153
http://content.iospress.com/articles/journal-of-x-ray-science-and-technology/xst00153
http://adsabs.harvard.edu/abs/2004SPIE.5536..171S
http://adsabs.harvard.edu/abs/2004SPIE.5536..171S
https://www.ncbi.nlm.nih.gov/pubmed/19351983
https://www.ncbi.nlm.nih.gov/pubmed/19351983
https://www.ncbi.nlm.nih.gov/pubmed/19351983
https://www.ncbi.nlm.nih.gov/pubmed/19351983
https://www.ncbi.nlm.nih.gov/pubmed/12381691
https://www.ncbi.nlm.nih.gov/pubmed/12381691
https://www.ncbi.nlm.nih.gov/pubmed/12381691
https://www.ncbi.nlm.nih.gov/pubmed/18066555
https://www.ncbi.nlm.nih.gov/pubmed/18066555
https://www.ncbi.nlm.nih.gov/pubmed/18066555
http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=7552526
http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=7552526
http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=7552526
https://www.ncbi.nlm.nih.gov/pubmed/25051547
https://www.ncbi.nlm.nih.gov/pubmed/25051547
https://www.ncbi.nlm.nih.gov/pubmed/25051547
https://www.ncbi.nlm.nih.gov/pubmed/20009183
https://www.ncbi.nlm.nih.gov/pubmed/20009183
https://www.ncbi.nlm.nih.gov/pubmed/20009183
https://inis.iaea.org/search/search.aspx?orig_q=RN:41064742
https://inis.iaea.org/search/search.aspx?orig_q=RN:41064742
https://inis.iaea.org/search/search.aspx?orig_q=RN:41064742
https://www.ncbi.nlm.nih.gov/pubmed/16964847
https://www.ncbi.nlm.nih.gov/pubmed/16964847
https://www.ncbi.nlm.nih.gov/pubmed/16964847
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=1335402
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=1335402
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=1335402
https://www.ncbi.nlm.nih.gov/pubmed/19746792
https://www.ncbi.nlm.nih.gov/pubmed/19746792
http://dsp.rice.edu/sites/dsp.rice.edu/files/cs/pmb9_9_014.pdf
http://dsp.rice.edu/sites/dsp.rice.edu/files/cs/pmb9_9_014.pdf
https://www.ncbi.nlm.nih.gov/pubmed/26429262
https://www.ncbi.nlm.nih.gov/pubmed/26429262
https://www.ncbi.nlm.nih.gov/pubmed/26429262

