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ABSTRACT

Introduction: A custom-made Perspex male pelvic phantom was developed to measure and to compare absorbed,
surface and effective doses obtained from Single-Energy and Dual-Energy Computed Tomography (SECT & DECT).
Methods: A customised Perspex pelvic phantom that mimicked male Asian reference size was scanned with SECT
mode at 80 kV, 100 kV, 120 kV and 140 kV. In addition, the fabricated phantom was also scanned with DECT mode
at 80/140 kV. Thermoluminescence dosimeters (TLD) were used to measure the charges and doses obtained from
the TLD calibration curve. The absorbed dose, surface dose and effective dose obtained from SECT and DECT were
measured and compared between these two modes. Results: The DECT showed 55.9 % dose reduction compared to
SECT at 140 kV tube voltage. It shows that DECT can be used with radiation dose sparing, and it is in good agreement
with routine CTDI phantom study. The effective dose of DECT of the abdominal imaging was within the acceptable
effective dose limit of AAPM Report No. 96. This study also found that the surface dose was lower than values re-
ported in previous studies for both modes. Conclusion: The fabricated Perspex phantom shows a great potential to be

considered as an alternative phantom for the commercially existing phantom in CT dosimetry application.
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INTRODUCTION

Computed tomography (CT) was commercially
introduced in radiology in the early 1970s. It was
revolutionary because it was the first fully digital
imaging device. To note, more changes are occurring
which expand the ability of CT, such as speed and large
territory coverage (1). Recent CT development shows
the ability of CT to perform dual-energy scanning to
differentiate between various type of materials during
imaging (2,3). In CT, radiation dose can be conveyed as
volume-averaged CT dose index (CTDIvol), but it comes
with certain limitations (4). The CTDI is often expressed
as dose to air rather than dose to tissue and it is also
measured using a standardised phantom which leads to
inaccurate representation of human body (5). CTDI is
often described as poor expression of dose, and more
studies suggested point dose measurement as fitting and
proper indicator (4). A practical option for point dose
measurement is a thermoluminescence dosimeter (TLD),

which can be used to assess the doses in organs at risks
(OARs) in the abdomen and pelvis region during the
DECT procedure.

In this study, a male pelvic phantom was fabricated to
measure dose distribution in the OAR of pelvic region
and its surface dose. Previously, water phantoms
were used for CT dosimetry and dose descriptors
measurement. Absorbed dose and effective dose
are essential parameters that need to be determined
accurately in dosimetry study because these values will
be applied directly to the exposed entities. The depth
dose profile decreases rapidly in kilovolt X-rays due
to attenuation by absorbing media. The surface of the
phantom is exposed to higher doses than internal body
parts during diagnostic procedures involving kilovolt
X-rays including in CT. Surface dose measurement
can reveal the effect of high energy CT that can initiate
deterministic effects such as transient erythema (6).

In this study, instead of patient being utilised to correlate
to the dose absorption and calculation, a phantom
material identical to human tissue was created for
measuring the dose distribution in OAR of pelvic region
and its surface dose. Initially, water phantom has often
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been introduced and designed for CT dosimetry, and
usually used to measure dose descriptors. However,
it is not suitable in clinical situations and Perspex
has been used as a solid homogenous phantom (7,8).
Rando phantom often known as tissue equivalent
phantom material in terms of its radiation absorption
and scattering. It is used for dosimetry study. However,
due to high cost of Rando phantom, many researchers
conducted dosimetry studies using cost-effective
phantom material that mimics human soft tissue (8-11).
CTDI phantom was also often used in CT study. It is
designed with a diameter of human head and body.
CTDI phantom was made from polymethylmethacrylate
(PMMA) and it has similar properties to Perspex.
However, a cylindrical shape of CTDI phantom does not
follow specific human body part to be contoured (12—
14). Owing to the inflexible shape of existing PMMA
phantom, a well-shaped phantom of human body part
with placement of dosimeter is a good alternative way to
measure the dose at different parts of the human body.

Reproducibility test is one of the fundamental
requirements to generalise the method in phantom study.
It requires harmonisation and repeatability to develop a
set value or acceptable cut-off limits. Itis highly desirable
to include only reproducible features and variables into
the method used, to be more assured of external validity
across any unseen contexts. Furthermore, it is important
to validate any customised phantom as reproducibility
test will represent the quantitative characterisation of the
phantom. According to the International Commission
on Radiation Units and Measurements (ICRU) Report
44 recommendation, the uncertainties to the absorbed
dose for the tissue-equivalent phantom should not be
greater than 1%, otherwise, correction factor is required
(15). The acceptance cut-off limit should consider the
guidelines provided by ICRU for accurate data and
output, while taking into consideration the characteristics
of the phantom itself.

This study utilised a customised pelvic Perspex phantom
and compared the absorbed dose, effective dose and
surface dose of DECT mode with those of the SECT
mode at 80 kV, 100 kV, 120 kV, and 140 kV in terms
of dose accumulation and measurement in the OAR of
the pelvic region. The potential of Perspex phantom as
diagnostic phantom and its role in dosimetry study was
evaluated.

MATERIALS AND METHODS

Fabrication of phantom

The CT scanned image of one centimetre slice thickness
of amedium built male pelvic Perspex phantom was used
to fabricate the actual size of pelvic area of Malaysian
patient. It consists of organs of prostate, bladder, rectum,
right and left femoral head. Perspex with density of 1.18
g-cm? was used to construct the phantom as it has
the identical density to the tissue in human body (16).

Thirty-one Perspex slabs were cut and constructed to
represent the model of a patient’s pelvic region and soft
tissues. Teflon with density of 2.20 g-cm was used to
represent both femoral heads. One piece of Perspex was
constructed with holes for TLDs placement and meant
for the centre of the phantom.

Calibration

The customised male pelvic phantom was scanned with
a Siemens Somatom Definition CT Scanner (Siemens
Medical Systems; Erlangen, Germany). The fabricated
phantom was shown in Fig. 1. The phantom was easy
and simple to assemble and reassemble with target
slice at the middle of the phantom. Thirty-one slabs of
Perspex were fabricated and represented the model of
male pelvic region with the organ at risk (OAR) consists
of bladder, prostate, right and left femur and rectum. The
scan protocol used is Abdomen-Liver protocol, Anterior
Posterior projection, pitch 0.6, kernel D30f medium
smooth and slice thickness of five millimetres.

Target slice for dosimetry study

TLD placement
LI o biadder

1
TLD placement
for prostate

- TLD placement
for rectum

TLD placement
for femoral head

Figure 1: Contour of organ and target of the phantom for
the placement of TLD for dose measurement. The slab was
prepared with TLD placement to represent four regions that
include right and left femoral heads, bladder, prostate and
rectum.

The TLDs was calibrated using ionisation chamber
with Unfors CT Detector (Raysafe; Billdal, Sweden).
The dosimeter was calibrated by placing one square
piece of by putting two TLD chips adjacent to the
ionisation chamber, then the TLD chips was exposed
to a range of doses. The conversion of signal of charge
to dose from the TLDs required a calibration process.
Calibration factor generated from linear regression can
be established through the charge generated and doses
were recorded by digital dosimeter. The response of
the TLDs is energy dependent. Thus, calibration was
performed at the energies used in the experiment.

In this study, the TLD responses were recorded in nano-
Coulombs (nC), plotted against the ionisation chamber
readings (cGy) and fit with a linear curve. The slope of
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the curve was used as the conversion factor for the TLDs.
The calibration curve of the TLDs for the determination
coefficients were close to one. TLD was chosen over the
commercially available gafchromic film because it lacks
reproducibility, as the responses of film changes over
time with average darkening after more than 3 months
(17).

Dosimetry (Absorbed Dose, Surface Dose & Effective
Dose)

High sensitivity TLDs were chosen post-calibration
to evaluate organ doses and surface doses. The initial
step for TLDs before and after irradiation was the
annealing process to improve batch stability. The
annealing process was conducted at 400 °C for one hour
followed by two hours at 100 °C using the TLD Furnace
(TLD Furnace LAB-01/400; Thermo Fisher Scientific,
Waltham, MA, USA) to remove any residual signals in
the end results. All TLDs were labelled and placed in an
aluminium tray. All TLDs were tested for its consistency
in dual-energy mode in the CT scanner. The standard
uncertainty for each TLD measurement was < 3%. All
TLD readings were assumed to be accurate because the
standard deviations () for readings were in the range
of 0.003-0.17. After exposure, the TLDs were treated
with a pre-read heating cycle of ten minutes at 100 °C,
and they were analysed using a Harshaw 3500 manual
TLD reader (Thermo Electron Corporation; Reading, UK)
and Window Radiation Evaluation and Management
System (WIinREMS) software (Saint-Gobain Crystals &
Detectors; Wermelskirchen, Germany). Organ doses
and surface doses were measured by TLDs during an
abdominal scan of the phantom. A custom-made pelvic
Perspex phantom mimicking the actual size of the pelvic
area of a Malaysian patient containing the prostate,
bladder, rectum, right and left femoral head was used.
Dose values (cGy) were measured from the TLD readout.
These values reflect the absorbed dose of the particular
organ at risks in the pelvic region. Surface dose of this
study was obtained directly from dose values of the TLDs
placed on the pelvic Perspex phantom, and it reflects
the skin dose of the pelvic region. Effective dose, E, was
using the following formula in Equation 1:

E=> W, H, (mSv) (Eq. 1)
where H_ is the equivalent dose in tissue or organ T and
W, is the tissue weighting factor.

RESULTS

TLD calibration curve as a function of dose

Twenty pieces of TLDs were used for calibration to
produce the calibration curve by using ionisation
chamber and CT phantom. Fig. 2 shows the plotted graph
of dose calibration line of charge readout from TLD as a
function of dose when exposed to ranges of tube current
and exposure time product (mAs). Calibration factor
was established by evaluation the linear regression
from the charge and dose recorded from CT detector.
Calibration of TLDs was performed at 80 and 140 kV as

4 ICReading (mGy)

Dose (mGy)

——Linear (IC Reading (mGy))

L / y=0.1221x - 0.4058
R:=0.9677

0 +
] 10 20 30 40 50 60
Charga [nC)

Figure 2: TLD calibration graph of dose against charge at
80 kV. Y-axis represents dose measured (mGy) and X-axis
represents value of charges (nC) obtained from the calibration.
IC represent ionisation chamber reading.

TLDs response is energy dependent. TLDs from both 80
kV and 140 kV tube voltage exposure yield linear dose
response lines and the degree of linearity was defined
by the derived coefficient of determination (r?). The
coefficients of determination (r*) of both regression lines
are high (r*>0.9677) in this study as shown in Fig. 2.
The calibration lines reveal that the TLDs used in this
study had almost similar dose response. The radiation of
different tube current caused different response of TLD
readout to dose. TLD-100H was more prominently for
high-energy dose measurement. According to previous
study, the TLD-100H dosimeters have higher sensitivities
than TLD-100 in terms of signals. Therefore, it has been
chosen in this study (18).

Absorbed dose based on TLD measurements

Fig. 3 summarises the absorbed dose measurements
of the different radiosensitive organs in this study. The
absorbed dose recorded for SECT with AEC mode at 80
kV, 100 kV. It showed inconsistent increases of absorbed
dose with increasing energy. However, the values were
within the acceptable limit. For SECT imaging at 140
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Figure 3: Comparison of absorbed doses (mGy) in high and
low dose SECT and standard dose DECT. Y-axis represents the
region of interest with TLD placement at different tube current
(kV) and X-axis represents the absorbed dose measured (mGy).
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kV, the absorbed dose reached 14.5815 mGQy for the
bladder and a total abdomen dose of 40.2676 mGy. In
contrast, the total absorbed dose for DECT was 17.7577
mGy. The standard deviation (o) is the uncertainty of
dose distribution across the target on phantom. Standard
deviation measures the variance of a set of numbers
compared to the average or mean of the numbers. The
standard uncertainty in each TLD measurement is <3 %.

Surface dose based on TLD measurements

The measurement of surface dose was performed by
using SECT and DECT modes. The imaging parameters
include pitch of 0.8, slice thickness of five millimetres
and scan time of approximately six seconds. The surface
doses were 1.189 mGy for 80 kV and 13.613 mGy for
140 kV for SECT and 5.253 mGy for DECT. Fig. 4 shows
the surface dose (mSv) for all the protocols.
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Figure 4: Comparison of surface doses (mGy) using high and
low dose SECT and standard dose DECT. Y-axis represents the
tube current (kV) used and X-axis represents the surface dose
measured (mQGy).

Effective dose calculated from TLD measurements

The effective doses measured with TLDs utilising tissue
weighting factors (DECT) imaging were 0.2709 mSv
for bladder, 0.6772 mSv for prostate, 0.0523 mSv for
rectum, 0.0567 mSv for right femoral head and 0.0586
mSv for left femoral head, respectively. Fig. 5 shows the
effective dose for different target using all the protocols
of SECT mode at (80, 100, 120, 140) kV and DECT
mode.

DISCUSSION

TLD calibration curve

The simple linear regression graph is used to predict a
quantitative outcome of dose on the basis of one single
predictor variable which is the charge collected. From
calibration curve of TLDs, value of R2 closes to 1 has
indicated a strong relationship between charge and dose
measured.

Absorbed dose based on TLD measurements

Based on this study, absorbed doses recorded for single-
energy mode of (80, 100, 120) kV with AEC showed
inconsistent increment but within the acceptable value
of between (0.0289 - 0.76) mGy with value less than
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Figure 5: Comparison of effective dose (mSv) in high and low
dose SECT and standard dose DECT. Y-axis represents the
region of interest with TLD placement at different tube current
(kV) and X-axis represents the effective dose measured (mSv).

1. The absorbed dose reached up to 14.5815 mGy for
bladder in SECT imaging at 140 kV. In addition, total
abdomen dose is 40.2676 mGy. On the other hand, the
total absorbed dose in DECT imaging is 17.7577 mQy.
DECT shows approximately 55.9% lower absorbed dose
compared to SECT at 140 kV. DECT allows for routine
use of lower tube voltage for abdominal imaging (20). In
addition, DECT does not result in increment of radiation
exposure relative to SECT, which illustrates the radiation
dose sparing ability of DECT.

Surface dose based on TLD measurements

The surface dose values obtained in this study using the
fabricated Perspex pelvic phantom were low compared
to surface doses reported in previous studies (19). In a
study using TLDs to measure surface dose for routine
pelvic CT scans, Adams et al. found that mean surface
dose ranged from 50 mGy to 80 mGy. For a given pitch,
as the tube voltage increases the surface dose increases
for SECT (19). Furthermore, large discrepancies occur
between protocols that use 80 kV and those that use
140 kV tube voltage because higher tube voltage means
higher radiation exposure at the surface. For DECT, the
surface dose is relatively smaller in value because tube
current modulation results in radiation dose sparing (20).
The capability of Perspex pelvic phantom in dosimetry
study was supported by relatively good outcomes of
surface doses in both SECT and DECT modes.

Effective dose calculated from TLD measurements

SECT and DECT values obtained by using the fabricated
Perspex pelvic phantom were within the dose estimations
by ICRP Reports 103 and 60, with values differed no
more than 0.4 mSv (21,22). The existing literature
suggests that radiation exposure does not increase when
DECT protocols are used instead of SECT in Dual-Source
Computed Tomography technology. Prior studies also
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showed various results in the investigation of radiation
dose delivered by DECT and SECT, and the comparison
between them. De Cecco et al. assessed and compared
between two modes and reported a small but significant
increment of DECT dose value compared with the other
(23). However, the increment did not reach statistical
significance of excessive radiation dose. Another study
reported that there were similar trends in radiation dose
between abdominal scanning between both modes
while further research by another author reported that
DECT mode can be executed without radiation dose
penalty. (24-26).

The results of effective dose from DECT when compared
with typical effective dose values provided by AAPM
Report N0.96, showed that the values obtained (5.25
mSv) were within the effective dose value of an abdomen
and pelvis CT (8 — 14 mSv). The results revealed no
apparent deviation from the values by AAPM, indicating
close similarity between Perspex phantom and existing
CTDI phantom. The fabricated Perspex pelvic phantom
shows a great potential in replacing the CTDI phantom
commonly used in dosimetry study.

The most prudent approach of estimating doses to
patients in CT examination is to measure organ doses
in a substitute phantom (27). Thus, the result from
this study may be reliable to estimate the measure of
risk although it may still be a broad assumption. The
limitation of the effective dose calculation in this study
is no comparison has been made with the computational
method like Monte Carlo calculation. This method
requires computation of repeated random sampling and
statistical analysis, which cannot be obtained in the
present study.

CONCLUSION

It is essential to account for the dosimetry study in the
validation of newly developed phantom for medical
physics application. DECT and SECT modes were
carried out by employing the fabricated Perspex pelvic
phantom and the results demonstrate DECT as effective
at lower radiation doses compared to SECT, therefore
the fabricated phantom has the potential to be used as
an alternative to the conventional CTDI phantom. This
finding is vital in the effort to reduce increment in patient
dose due to simultaneous exposure to similar scanning
volume with DECT.
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