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ABSTRACT

Background: Calibration of Thermo Luminescent Dosimetry (TLD) in eye lens
dosimeter requires a standard phantom. The use of anthropomorphic phantoms in cali-
bration needs evaluation.

Objective: This study aimed to analyze the angular response of the TLD on the
fabricated 3D anthropomorphic head phantom and Computerized Imaging Reference
Systems (CIRS)- Computed Tomography (CT) dose phantom as a standard phantom
irradiated with Cs-137 and to compare the absorbed dose and linear attenuation for
both phantoms. Hp(3) analysis, conversion coefficient (hpK(S)), and calibration factor
(CF) are also investigated.

Material and Methods: In this experimental study, the fabricated 3D printed
anthropomorphic head phantom was analyzed using polylactic acid (PLA) with the
skull and then filled with the artificial brain and cerebrospinal fluid (CSF) as a test
phantom. TLD-700H and TLD Reader Harshaw 6600 plus were used to analyze the
angular response of Cs-137 radiation and to determine the absorbed dose and linear
attenuation coefficient of test and standard phantoms.

Results: The effect of the angle of radiation source towards TLD reading at the
anthropomorphic head phantom has a similar value to the standard phantom with a
calibration factor ranging from 0.82 to 1. The absorbed dose measurement and the
linear attenuation coefficient of the anthropomorphic head phantom with the standard
phantom have different values of 2.52 and 3.78%, respectively.

Conclusion: The fabricated 3D printed anthropomorphic head phantom has good
potential as an alternative to standard phantoms for TLD calibration in eye lens do-
simeter.
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Introduction
he International Commission on Radiological Protection (ICRP)
report 118 reviewed the upper limit value at 0.5 Gy for the ab-
sorbed dose to the eye lens for both acute and protracted expo-
sures [1, 2]. Based on the recommendation, in 2011, ICRP recommend-
ed that the dose limit per year for the eye lens amounted to 20 mSv as a
5-year average, with a single-year dose of no more than 50 mSv [3, 4].
According to the IAEA Tec Doc-1731 [5], five medical sectors are
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exposed to high radiation doses, especial-
ly in the eyes area, for workers, who work
close to the patient in radiological interven-
tion procedures, such as in fluoroscopy and
nuclear medicine staff for preparing sources
or radiopharmaceuticals radiation and equip-
ment, such as Positron Emission Tomography
(PET)/Computed Tomography (CT); in addi-
tion, the workers involved in manual brachy-
therapy, CT guided interventional procedures,
including biopsy and cyclotron staff are inves-
tigated [5]. The best estimate for the dose ex-
posed to the eye lens can be measured using a
dosimeter calibration at Hp(3) above the stan-
dard phantom as an imitation of a human head
[6, 7]. The standard phantom does not repre-
sent the anatomy of the human body since the
human body is not homogeneous and has vari-
ous or heterogeneous tissues [8, 9].
Therefore, this work proposed a 3D printed
anthropomorphic head phantom for TLD cali-
bration in an eye lens dosimeter. Angular re-
sponse analysis of TLD-700H for radiation ex-
posure from source Cs-137 was investigated.
Moreover, a comparative study of absorbed
dose and attenuation coefficient is performed
between the standard phantom and 3D printed
anthropomorphic head phantom.

Material and Method

Fabrication of 3D Printed Anthro-
pomorphic Head Phantom

In this experimental study, data of patients’
skulls in Digital Imaging and Communication
in Medicine (DICOM) were taken from em-
bodi3D.com in the stereolithography (STL)
file format [10]. The polylactic acid (PLA) fil-
ament was used to produce the head phantom
using a 3D printer (Creality Ender 5 Plus 3D
Printer). The printed head phantom in the study
was equipped with an artificial brain and cere-
brospinal fluid; the artificial brain was made
with a mass, such as an adult human with a
1500+200 g. The composition of the artificial
brain was 97% of water (H,0), 2.5% of agar

(C,H,,0,), and 0.5% of urea (CH,N,O). This
combination of materials refers to the ICRP
110 document on the composition of the brain
organs [11], and this material was used to ob-
tain solid artificial tissue, identical to human
brain tissue, hydrophilic, and non-toxic with
high chemical stability. H,O was heated to a
temperature of 75 °C, and agar and urea were
then added to H,O until homogeneous [12].

The artificial cerebrospinal fluid was made
using the mixture of NaCl, KCl, MgCl,-4H.0,
NaH,PO,, NaHCO,, glucose, and CaCl,-2H,0
with the composition as presented in Table 1.
The volume of cerebrospinal fluid in the hu-
man head was 120-150 mL, and all ingredi-
ents according to the compositions were mixed
except for the compound CaCl,-2H,O in 1 L
of pure H,O at room temperature. The solu-
tion was stirred, after all the compounds were
mixed in water, the solution was given oxygen
gas at 95% for 20 min; oxygen gas was used to
dissolve the solution easily and remain at pH
7. The CaCl,-2H,O compound is added to the
solution and stirred until dissolving and mix-
ing. An artificial cerebrospinal fluid was filled
into the phantom skull.

Dosemeter

The twelve TLD-700H (7LiF: Mg, Cu, P)
and Harshaw TLD Model 6600 plus Auto-
mated Reader were used to analyze the an-
gular response of Cs-137 radiation. The cali-
bration and data collection were performed

Table 1: Artificial cerebrospinal fluid compo-
sition [13].

Compound Mass concentration (g/L)

NaCl 6.900

KCl 0.260
MgCl.-4H,0 0.264
NaH,PO, 0.120
NaHCO, 2.200
Glucose 1.980
CaCl,2H,0 0.370
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in the Balai Pengamanan Fasilitas Kesehatan
(BPFK) Surabaya, Indonesia. Each TLD was
calibrated before use, annihilated, heated to a
temperature of 250 °C for 10 min with a heat-
ing rate of 10 °C/s in a nitrogen environment,
and cooled at room temperature naturally to
remove the remaining data on the TLD for
minimizing reading errors.

The calibration process produced the ele-
ment correction coefficient (ECC) value on
each TLD chip that this ECC was a calibration
factor that was compensated for the difference
in the sensitivity of each TLD chip [14-17].
Further, ECC was used as a multiplier on the
output dose reading so that the reading re-
sponse of each TLD was proportional to the
mean reading response of a group of TLDs or
a dosimeter predefined as a recording dosim-
eter called the golden TLD [17].

Data analysis

In this study, data processing was divided
into two: the output dose of TLD reader with-
out normalization by the value of ECC and the
output dose of TLD reader normalization by
the value of ECC. Eleven TLD-700Hs were
used to collect data so that one TLD became
background measurement. A background TLD
was an unirradiated TLD. When 11 TLDs
were irradiated, all TLDs (including back-

Cs-137 irradiator

-

ground TLDs) were read with the Harshaw
TLD Model 6600 plus Automated Reader.
The dose readings produced from the irradi-
ated TLD were reduced with the background
TLD readings so that the equivalent dose was
obtained from the results of the TLD readings.

Irradiation Data Experiment

The TLD-700H was placed at the head phan-
tom (Figure 1a), with the TLD chip positioned
at the center of the forehead. The 3D-printed
head phantom was placed on the irradiation
desk 2 m apart and set an angle of 0° to the
Cs-137 irradiator source. The radiation source
used Cs-137 gamma rays with single energy
of 0.662 MeV. The TLD was irradiated with
an irradiation time of 6.64 min at an air kerma
rate of 7.661 mGy/h and repeated three times
at the same angle. The TLD was placed in
front of the phantom. Irradiation was done at a
distance of 2 m perpendicularly, and the dose
is calculated according to equation (1) [7]:

H (3)=KUxh (1)

where H (3) is the individual equivalent
dose at a depth of 3 mm, KU is the value of
air kerma at the received radiation distance,
and hpK(3) is the conversion coefficient from
air kerma to the dose of H (3). The same thing
was then done at various angles of 30°, 45°,
60°,90°, 120°, 135°, 150°, and 180°. The radi-

< 5

Figure 1: Experimental setup for angular response analysis of Thermo Luminescent Dosimetry
(TLD)-700H: a) 3D printed head phantom and b) standard phantom.
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ation source-detector distance was maintained
constant during the measurement with a dis-
tance of 2 m for all variations.

The same method was done with a standard
phantom with various angles as the 3D print-
ed head phantom (Figure 1b). After the TLD
was irradiated, the TLD chip was placed in the
holder. The holder filled with the TLD chip
was inserted into the TLD reader; the results
of the TLD readings were then recorded for
the angle of irradiation of the TLD dose read-
ings and subsequently compared with the data
collected for the 3D printed head phantom. To
determine the absorption dose and linear at-
tenuation coefficient of both 3D printed head
phantom and standard phantom. At an angle
of 0°, the TLD was placed in the center of the
forehead parallel to the back of the head phan-
tom with the same exposure time and repeated
three times.

Results

Figure 2 shows the 3D printed anthropomor-
phic head phantom, consisting of the skull, an
artificial brain, and cerebrospinal fluid suc-
cessfully fabricated and analyzed. CT number
in Hounsfield Unit (HU) for 3D printed head
phantom was conducted using Philips (Am-
sterdam, Netherlands) access CT at Siti Khodi-
jah Hospital, Surabaya. The HU values for the
skull, artificial brain, and cerebrospinal fluid

(@)

were obtained at 130.38+23.43, 10.09+0.30,
and 10.34+0.38, respectively.

The dose value of Hp(3) from the 3D print-
ed head phantom was based on PLA, and its
percentage of air kerma values is presented in
Table 2. The greater the angle of view of the
head to the radiation source leads to the small-
er the dose read by the TLD. The dose was
smaller as the radiation beam angle increased.

Based on Table 1 and equation (1), the con-
version coefficient (hpK(3)) of a 3D printed
head phantom irradiated with Cs-137 is cal-
culated at a distance of 2 m. The results of the
calculated h  (3) is summarized as in Table 3.
In 3D printed head phantom and the standard
phantom for an angle of 0 to 90°, the conver-
sion coefficient value was still more than 1,
i.e. the percentage value of the H (3) dose is
more than 100%, and the dose received was
still higher than the calculation of air kerma.

The calculation of the experimental con-
version coefficient using the 3D-printed head
phantom provides more accurate results than
the standard phantom. The calibration factor
can be calculated by comparing the value of
the conversion coefficient and the value of
H (3) measured on the 3D printed head phan-
tom with the standard phantom according to
the results reported by Behrens et al., (2012)
[7]. The calibration factor was the multipli-
er value of the TLD dose reading on the 3D

(b)

Figure 2: Fabricated 3D printed head phantom: a) view of 3D printed head phantom and b)
Computed tomography (CT) image for 3D printed head phantom with selected points of region
of interest (ROI) in RadiAnt Dicom viewer software for determining CT number.
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Table 2: The dose value of Hp(3) from 3D printed head phantom based on Polylactic Acid (PLA)

and its percentage of air kerma values

ECC without normalization

ECC with normalization

Angle (°) Dose (puSv) Percentage (%) Dose (puSv) Percentage (%)

0 943.51+23.01 111.29 994.48+12.66 117.30

30 980.73+23.90 115.68 950.02+13.18 112.05

45 955.57+15.23 112.71 947.48+22.77 11.76

60 1015.014£25.73 119.72 958.31+£29.33 113.03

90 986.21+10.01 116.32 1025.83163.75 121.00
120 716.00+17.42 84.45 670.00+14.85 79.03
135 568.06+4.79 67.00 566.30+£20.15 66.80
150 478.13+3.53 56.40 473.83+22.93 55.89
180 382.42+5.38 4511 415.98+8.36 49.06

ECC: Element Correction Coefficient

Table 3: Value of conversion coefficient, hpK(3) (the conversion coefficient from air kerma to the

dose of Hp(3)).
Conversion coefficient (Sv/Gy)

Angle (° 3D printed head phantom
st ECC without normalization ECC with normalization Standard Phantom [7]
0 1.11 117 1.18
30 1.16 1.12 1.19
45 1.13 1.12 1.20
60 1.20 113 1.20
90 1.16 1.21 1.1
120 0.84 0.79 0.69
135 0.67 0.67 0.55
150 0.56 0.56 0.47
180 0.45 0.49 0.41

ECC: Element Correction Coefficient

printed head phantom to match the TLD dose
reading results on the phantom standard. Table
4 shows the calibration factor calculation re-
sults using equation (2) [18] with a value rang-
ing from 0.82 to 1.07 for both ECC without
and with normalization.

actual dose reading

Calibration Factor (CF) =

2)

calculated dose reading

A graph of the angular response of TLD-
700H toward the irradiation of Cs-137 com-
pared a more precise H (3) dose between the
3D printed head phantom and the standard
phantom as shown in Figure 3, i.e. the H (3)
dose was still high at an angle of 0 to 90° then
drops; accordingly, the TLD reading is less ef-
fective for reading doses above 90° and drasti-
cally at an angle of 120°.

J Biomed Phys Eng 2023; 13(2)
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Table 4: Calibration factor for 3D printed head phantom.

Calibration factor for 3D printed head phantom

Angle (°) ECC without normalization ECC with normalization

0 1.06 1.01

30 1.03 1.06

45 1,06 1.07

60 1.00 1.06

90 0.95 0.92
120 0.82 0.87
135 0.82 0.82
150 0.83 0.84

ECC: Element Correction Coefficient

1200

1000

P

800

—— ECC with normalization

Hp(3) dose (uSv)

400

—Standard phantom
200

= = ECC without normalization

% 120 135 150 180
Angle (9)

Figure 3: Hp(3) dose as a function of angle for 3D printed head phantom both without and with
normalized Element Correction Coefficient (ECC) and standard phantom.

Another parameter measured in this study
was the absorbed dose to evaluate the ab-
sorbed dose produced by the 3D printed head
phantom and the standard phantom. The ab-
sorbed dose was calculated using the follow-
ing equation (3) [19]:

H; = ZR:WRDT,R 3)

where H, is an equivalent dose (Sv), w,

is s the radiation weighting factor, and D,
denotes the mean absorbed dose from radia-
tion R in a tissue or organ 7 (Sv). This study
used gamma radiation with a Cs-137 source,
and the value of the weighting factor was
117 for X-ray or gamma radiation, showing
that the absorption dose value of a substance
was the same as the equivalent dose value
(1 uSv equivalent dose=1 pGy absorbed dose).
In this study, the average absorbed dose of

198 \
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3D-printed head phantom without/with nor-
malized ECC was 561.47+5.23 mGy and
626.36+8.32 mQGy, respectively. Furthermore,
the average absorbed dose of the standard
phantom without/with normalized ECC was at
604.78+£10.49 mGy and 589.85+21.84 mGy,
respectively.

Meanwhile, the linear attenuation coeffi-
cient () for a 3D-printed head phantom and
the standard phantom was calculated using the
equation as follows (4) [20]:

=], e 4)

where [ was the final dose at a depth of x
cm (Gy), I, was an initial dose (Gy). The lin-
ear attenuation coefficient for 3D printed head
phantom both without and with normalized
ECC was 5.70+0.19 m™! and 5.68+0.17 m,
respectively. Furthermore, the standard phan-
tom produced linear attenuation coefficient for
both without and with normalized ECC was
5.65+0.08 m! and 5.58+0.12 m™!, respectively.

Discussion

3D-printed anthropomorphic head phantom
must have the equivalent of tissue for a human
head. Based on research conducted by Okkali-
dis et al. the value of HU in the PLA material
was 136 [21]. Furthermore, according to Ka-
malian et al. in 2016, the artificial brain ma-
terial had an HU value in 20-40 [22]. In this
study, the fabricated artificial brains obtained
HU values ranging from 10.09+0.30. When
compared to the previous study [22], the ar-
tificial brains still had a significant difference
due to complicated processes, in which the ar-
tificial brain was inserted into the skull. Mean-
while, artificial cerebrospinal fluid had the
same value as the research conducted by Os-
bornea et al. with a value of HU at 010 [23].

In this study, the data used was Hp(3) with
the equivalent dose of the eye lens at a depth
of 3 mm [2, 24-26]. The Hp(3) results were ob-
tained from a 3D printed head phantom and
standard phantom with various angles of mea-
surement to the Cs-137 radiation source. From
Table 2, the greater the angle of view of the

head to the radiation source causes the smaller
the dose read by the TLD. The dose will be
smaller as the radiation beam angle increases,
1.e. if the angle of incidence is large, the ra-
diation dose received by radiation workers is
smaller [27].

The conversion coefficient value was used as
a multiplier with air kerma so that an equiva-
lent individual dose was obtained at a depth of
3 mm according to Hp(3) [7]. In Table 3, the
conversion coefficient value is the same as the
percentage value of the Hp(3) dose to air kerma
if it is not multiplied by 100%. Accordingly,
the conversion coefficient value is the ratio of
the dose value read by TLD to the value of air
kerma in its irradiation distance [7].

Moreover, the value of the calibration factor
summarized in Table 4 shows a number close
to 1, i.e. the measurement results in the study
using the 3D printed head phantom have a rea-
sonable correlation with the standard phantom
measurement reference in the previous studies
[7]. The calibration factor is usually generated
when calibrating a radiation measuring instru-
ment; the measuring instrument will be better
if the calibration factor value is closer to 1. The
radiation measuring instrument is feasible if
the value of the calibration factor ranges from
0.80 to 1.20 [18]. The calibration factor in this
study ranged from 0.82 to 1.0 [7], showing re-
sults in this study were still feasible.

Furthermore, for the effect of the angle of
irradiation on TLD readings in both the 3D
printed head phantom and the standard phan-
tom (Figure 3), a decrease in the dose at an
angle of 120° shows that the TLD is less effec-
tive for reading doses. Another factor affect-
ing the dose value read TLD is the phantom
medium used in the study. When the TLD is
directed with an angle bigger than 90°, the ra-
diation beam hits the medium before hitting
the TLD. Therefore, the radiation rays hitting
the TLD was reduced due to the influence of
the medium. However, when viewed from the
pattern formed, the two phantoms can pro-
vide similar TLD readings after giving TLD to

J Biomed Phys Eng 2023; 13(2)
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measure the dose of Hp(3).

In addition, the absorbed dose and linear
attenuation coefficient for both 3D printed
head phantom and standard phantom were
performed in this study. The 3D printed head
phantom’s absorbed dose against the standard
phantom has a different value of 7.16% for
ECC without normalized and 6.19% for nor-
malized ECC, showing the different phantom
substances and shapes. The standard phantom
has a cylindrical shape with a homogeneous
PMMA material. Meanwhile, the 3D-printed
head phantom is in the form of a heteroge-
neous skull containing an artificial brain and
an artificial brain fluid or cerebrospinal fluid.
When compared to the difference in the value
of the linear attenuation coefficient of the 3D
printed head phantom against the standard
phantom, the values obtained are 2.52% and
3.78% for ECC without and with normaliza-
tion, respectively. The results indicate that the
3D printed phantom has a linear attenuation
coefficient similar to the standard phantom.
Finally, the 3D printed head phantom has the
opportunity to be used as a tool to help mea-
sure the dose of Hp(3).

Conclusion

The angular response of TLD-700H on a 3D-
printed anthropomorphic head phantom was
shown for calibration of TLD in eye lens do-
simeter with an irradiation source of Cs-137.
3D- printed anthropomorphic head phantom
was fabricated using PLA material as a skull
equipped with artificial brain and artificial ce-
rebrospinal fluid. The fabricated 3D-printed
anthropomorphic head phantom was success-
fully used to determine coefficient conversion
(hpK(3)), Hp(3) dose, absorbed dose, and lin-
ear attenuation coefficient. Compared to the
standard phantom, the results showed that all
parameters have a similar value. Overall, the
fabricated 3D-printed anthropomorphic head
phantom has the potential used to assess eye
lens dosimeters based on the value of Hp(3)
dose.
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