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ABSTRACT

Background: Conventional radiation dosimetry methods in computed
tomography (CT) are not able to measure the dose distribution along the
patient’s longitudinal axis. To calculate the dose index on a CT scan, the dose
distribution from the center of the radiation field must be calculated. In
this study, the most appropriate integral interval for calculating the CT dose
index in the axial mode was determined using the Monte Carlo (MC) method
based on X-ray photon energy and slice thickness. Materials and Methods:
The computed tomography dose index (CTDI) phantom was simulated in the
EGSnrc/BEAMnrcMC system and was irradiated with several X-ray energies
and several slice thicknesses and dose profiles in phantom were investigated.
The area under the dose profile and the scatter to primary radiation dose
ratio (SPR) were calculated. Results: The range of scattered beams from the
center of the radiation field reaches 450 mm in 140 kV and a 40 mm slice
thickness. The SPR value for all levels of X-ray photon energy (between 80 and
140 kV) significantly decreases as slice thickness increases. CT scan imaging
technical factors greater than 310 mm from the center of the slice thickness
have no effect on the behavior of the scattered radiation. Conclusion: The
primary beams are more affected by the energy of the photons, and the
scatter beams are more strongly affected by the slice thickness. For 64-slice
scanners, the polymethyl methacrylate (PMMA) phantom length should be
between 700 mm and 900 mm to yield accurate CTDI estimations.
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INTRODUCTION

With the advent of multi-detector computed
tomography (CT) and the use of narrow X-ray
beams, it is necessary to study dosimetry and
investigate the contribution to scatter radiation
in soft tissue equivalent phantoms. Conventional
dosimetry methods for CT scans are not able to
measure the dispersion and distribution of the
radiation dose along the long axis of the patient’s
body, and this lack of computation of the
actual dose distribution leads to a dose
underestimation in advanced CT scan systems
(1), To estimate the proper dose in a CT scan, a
computed tomography dose index (CTDI) is
calculated using a dosimeter with 100 mm in

length (CTDI100), which is widely disagreed
within many articles (. New standards are
needed to accurately estimate patient doses in
high-speed and wide-radiation beams in modern
CT scan systems. One of these considerations is
the length (i.e., the range of integral dose profile)
of the CTDI phantom to determine the dose
distribution of the scatter radiation along the
central axis of the phantom. In a CT scan, the
patient’s dose from the scattered radiation is
significant, reaching more than 14 times the
initial beam at the center of the polymethyl
methacrylate (PMMA) phantom with a diameter
of 32 cm at 60 kV ). In order to accurately
measure the patient dose, the behavior of
scattered radiations inside the body must be
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carefully monitored, and the dose spread from
the central point of the slice thickness must be
carefully measured. Given the high dose rate of
CT scans, many efforts are being made to reduce
the doses given to adult patients and children *
5). Due to the increasing speed of CT scanners
and their increasing clinical applications and
widespread use-especially in children-dose
reduction strategies are strongly considered (6.
When the X-ray beam width is increased,
especially in multi-slice CT systems that emit a
cone geometry beam from the X-ray tube,
scattered photons have a greater role in
reducing image quality and increasing patient
dose (79). One of the most important dosimeter
tools is the Monte Carlo (MC) simulation
method, in which the correct dosage calculation
is possible for any desired environment. An
accurate understanding of the dose distribution
of scattered beams in the patient body
equivalent phantom and how it changes with
energy and slice thickness yields exact dose
calculations and solutions that reduce the dose.
Although ionizing chambers with a length of 300
mm have been used to increase the
measurement range along the z-axis, this
method is expensive, fragile, and heavy; thus, it
is unsuitable for practical measurements and
clinical use (19), In this study, we simulated CTDI
phantoms of 1000 mm in length using MC
simulation. By doing this, we calculated the
scatter radiation dose profile in the central axis
of a phantom to estimate the best integral
interval for calculating the CT scan dose index in
an axial mode. The scatter radiation dose profile
range changes with X-ray photon energy and
radiation filed slice thickness were also
evaluated.

MATERIALS AND METHODS

In this study, the dose profiles of X-ray
photons in CT scan imaging in a PMMA
cylindrical phantom were investigated. An
EGSnrc / BEAMnrc simulation code was used to
simulate a GE-Light Speed CT system, 64 slices,
manufactured by GE Healthcare Technologies
(Waukesha, WI) in axial CT data acquisition
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mode. The validity of this simulation code has
been investigated in previous studies (1. The
geometrical characteristics of the CT scan
system and its hardware were simulated using
existing tools of the BEAMnrc code.

The components of the CT scanner, including
the X-ray tube, aluminum filters, bowtie shaping
filters, and collimators, were simulated using the
tools defined in the simulation code as the
component module (CM). Two phase-space files
(from the BEAMnrc code output files) were
defined (one before the center and the other at
the center of CT scan gantry). This file contains
the history of all the particles generated in the
simulation code. The BEAMnrc simulation code
was developed to create phase-space files for
X-ray photon energies of 80, 100, 120, and 140
kV and for slice thicknesses of 5, 10, 20, and 40
mm.

The X-ray photon energy and slice thickness
were selected based on the most common
technical parameters in CT scan imaging. In our
study, 5x108 particles were irradiated to the
phantom based on the equilibrium of the Monte
Carlo simulation run time and acceptable
measurement error (12). In the Monte Carlo code,
all the conditions for low-energy dose
calculations were activated. BEAM Data
Processor (BEAMDP) software was used to draw
the particle flux as well as the energy
distribution of the phase-space files. The
DOSXYZnrc code was used to simulate the
PMMA phantom (32 cm in diameter and 10 cm
in length), irradiate the phantom, and evaluate
the dose per voxel in the phantom. DOSCTP
software was used to evaluate the 3ddose file
(DOSXYZnrc code output file) (13). In this file, the
dose values per voxel of the phantom are stored.
In order to study the dose profile, the range of
scattered radiations was calculated up to the
tenth and hundredth of the largest dose in slice
thickness. The area under the dose profile curve
of scattered and primary radiations, as well as
the scatter to primary radiation dose ratio (SPR),
were also calculated. Figure 1 shows a geometric
view of the irradiation to the phantom in the
simulation code.

The dose value of the center of the radiation
field was calculated by varying the slice
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thickness (mm) and energy of the X-ray photons
(kV). The effect of these quantities on the dose
profile at the central axis of the phantom was
also investigated. The best integral interval for

calculating the CT scan dose index was
introduced. EXCEL software was used to draw
the dose profiles. Data were analyzed using
descriptive statistics.

B Xeray tube

Collimator m |~

{ \
i
Path of X-ray | PMMA

A X-rav tube Bowtie filter C D; (2) = Dose from scatter radiation
_ D,= Dose from primary x-ray
-7 N F oy [
CoHimator “ X-ray beam 1
/. Bowtie filter :
2 hY
/ \ !
Beam Y PMNMA phantom
/ P D.(2) : 7 axis
{0r

\ Zaxis

1 +x/2 1
CTDI, =~ D(z)dz ,

1
]
1
1
1
1
i
1
1
T -x/2 1 :
]

|
tube around { phantom w } Tﬂ
[} P
\ !
[ 32cm lU

“Toocm ~ e u—

~ ' Y pep— |

Slice thickness

S - Beam thickness in
isocenter of CT- scan

Figure 1. Irradiation geometry of the PMMA phantom in a CT scan system as axial mode A: front view. B: lateral view. C: dose
profile in z-axis of the PMMA phantom.

RESULTS

In figure 2, several dose profiles of the
scattered and primary radiations in the phantom
(extracted from the information contained in the
3ddose file from DOSXYZnrc code outputs), as
well as the X-ray photon flux distribution at the
center of the CT scan gantry in the air (extracted
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from the EGSPHSP file of the outputs of the
BEAMnrc code), is shown along the Z-axis for
several energy levels and slice thicknesses.

The dose was obtained at the center of slice
thickness (Z=0) in the simulation code at the
mentioned energy levels and slice thicknesses
(figure 3).

350.0

[ m\

(Fluence/Incident I 200 . |} 77U 80kv 40mm
particle )x101° l ===+100kv 20mm
r_’m“
l 150.0 . ‘ - « =120kv 20mm
]
l Y — -140kv40mm

100.0 iy
: l

\ ,r-slé.o“mi;*..\
ettt [P v arv

40 0 -6.00 -4.00 -2.00 0.00 2.00 4.00 6.00

Z axis of CT scan gantry in air(cm)

Figure 2 A. Dose distributions inside the PMMA cylindrical phantom (100 cm in length and 32 cm in diameter) at multiple energy

levels and slice thickness. B. X-ray photon flux in the air in the isocenter of the CT system gantry along the slice thickness.
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Figure 3. Changes in radiation dose at the center of the slice

thickness with photon energy (kV) and the slice thickness
(mm).

One of the most important parameters in the
evaluation of the dose profile is the dose ratio of
the scattered radiation to the primary radiation.
By calculating the area under the curve of the
dose profile for primary (Dp) and secondary
(Ds) radiations, SPR was obtained at different
slice thicknesses and photon energy levels.
Figure 4 shows the SPR diagram.
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Figure 4. changes in SPR with X-ray energy and slice thick-
ness (mm).

Much of the area under the dose profile curve
belongs to scattered radiations. The range of
scattered beams from the center of the radiation
field depends on the X-ray photon energy and
slice thickness. This value is an important
consideration in the accurate computation of the
CT dose index. Figure 2A shows the range of
scattered photons from the central point of the
slice thickness. In this study, to calculate the
area under the dose profile curve, the range of
scattered beams to the point where the dose
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reaches one-hundredth of the dose value at the
central axis of the slice was considered. Table 1
shows the range of scattered radiation at a
distance where the dose value reaches one-tenth
and one-hundredth of the maximum dose in the
slice thickness.

Table 1. Range of scattered radiation (mm) as a function of
X-ray photons energy (kV) and slice thickness (mm) along the
Z-axis of the CTDI phantom in the positive direction of the axis
up to one-tenth and one-hundredth of the maximum dose in

the center of slice.

X-ray photon energy (kV)
80 100 120 140
Dose limit| a b a b a b a b
5 138|348 150|378 158+ 375|155 | 383
+8 |£13|£10|£13| 13 [£10|+10 |13
148 358 (175|395|180| 388|185+ 393
thickne +8 [+12|£10(+20|£10(x13| 10 (%12
20 165|368 (168 375|173 380|168 | 395
35 +10 |20 [#13 |+10|[+13|+15| +8 |+10
(mm) 40 177 1387 ({188 |395|195|418 (200|430
15|12 213 |+20 |£15|+£13|£10|+10
a = one-tenth of the maximum dose in slice thickness.
b = one-hundredth of the maximum dose in slice thickness.

Slice |10

According to figure 2, the range of the scatter
radiations can be calculated to a distance from
the center of the slice thickness where the
difference between the maximum and the
minimum dose is significant. Table 2 shows the
distance from the center of the slice, where the
dose difference between the maximum energy
(140 kV) and the minimum energy (80 kV)
reaches zero. The values in table 2 are important
because, beyond the stated distance, changes in
the technical parameters do not affect the dose
value of the scattered radiations.

Table 2. The distance (mm) from the center of the slice where
the dose difference between the maximum energy (140 kV)
and the minimum energy (80 kV) reaches zero.

Slice thickness (mm)| 5 10 20 40
Scatter range (mm)| 290 | 285 271 310

DISCUSSION

The photon flux profile is limited to the
primary beams at the slice thickness. In very low
-density materials such as air, the interaction of
photons is very low, and therefore, less scattered
radiation is produced (figure 2B). However, in
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materials with a density similar to that of water
(e.g., PMMA, muscle, blood, and solid tissues),
the highest percentage of scattered radiation
occurs (4. As the thickness of the slice
increases, the proportions of scatter and
backscatter radiation increases. So, it is also
expected that the dose value at the center of
slice thickness will increase, but this effect is not
as large as the effect of photon energy (figure 4).

Our study shows that the contributions to
scattered radiations in the dose profile are much
higher than in primary beams. According to
Boone (15), the scattering dose profile was still
significant when the beam width is smaller than
10 mm. There is little correlation between slice
thickness and the dose value of the center of
radiation fields (R?=0.58). In most related
studies, the relationship between scan length
and dose profiles in the phantom was
investigated. Increases in the scan length are
associated with increases in the dose at the
center of the slice. However, according to Dixon
(16), it eventually reaches an equilibrium such
that further increasing the scan length has no
effect on the dose at the center of the slice.

In several studies, SPR values were calculated
in the CT scan system inside a phantom () or at
the location of the detector arrays ). In our
study, SPR was investigated at the center of a
PMMA phantom (figure 4). The area under the
dose curve of the scattered beam was calculated
by subtracting the primary radiation dose from
the total dose profile. Figures 3 and 4 illustrate
that primary beams are more strongly affected
by the energy of the X-ray photons, and
scattered radiations are more affected by slice
thickness. The extent of the scattered photon
distribution from the center of the radiation
field is an important factor when estimating the
patient dose during CT imaging (table 1).

In many studies, CTDI100 is not suitable for
expressing a dose index in a multi-slice CT scan
where the X-ray beam width is wide and its use
underestimates the patient dose value (15.17-19),
Several studies have attempted to find a way to
increase the accuracy of CTDI measurements
using long CT phantoms (up to 300 mm) and
long ion chamber dosimeters (1019, These
measurements are impractical due to the weight

Int. J. Radiat. Res., Vol. 19 No. 4, July 2021

and size of the phantoms. It is also difficult to
make long ion chamber dosimeters, and such
dosimeters are not readily available (20),
However, simulation methods make it easy to
make accurate CTDI calculations.

Our study shows that for accurate CTDI
estimations, the PMMA phantom must be
approximately 700 mm long for a thickness of 5
mm and 80 kV of energy; it should be
approximately 900 mm long for a thickness of 40
mm and 140 kV of energy. In Anam etal’s (21
study, the scatter index (SI) parameter was
introduced, and a dose profile of the X-ray beam
in a 150 mm phantom in spiral mode with a
600-mm-long phantom was proposed for the
appropriate estimation of CTDI. The findings
were similar for the body CTDI phantom and
head phantom (160 mm in diameter) (22.23), Qur
study shows that the radiation dose of the
scattered beams exists at a distance of more than
600 mm. We propose that the integral interval of
#450 mm (figure 1C) is appropriate for CTDI
calculations.

According to table 2, beyond 310 mm from
the center of slice thickness, there is no
significant difference between the dose of the
maximum photon energy (140 kV) and the
minimum energy (80 kV) at a slice thickness of
40 mm. It is, therefore, reasonable to investigate
the effect of CT scan imaging technical factors on
the dose in the PMMA phantom up to 310 mm
from the center of the phantom. The use of a
phantom that is 620 mm in length seems to be
sufficient to study the influence of technical
factors on the dose profile of scattered photons.

CONCLUSION

Our study shows that increasing the slice
thickness results in a significant decrease in the
SPR value. Primary beams are more strongly
affected by the energy of the photons, and
scatter beams are more affected by slice
thickness for a 64-slice multi-detector CT scan
system. Thus, the PMMA phantom length should
be between 700 and 900 mm to achieve accurate
CTDI estimations.
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