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The use of multi-detector row computed tomography in cardiac examinations is increasing
globally. Several hospitals are yet to establish a practical method for evaluating the extra scat-
tering dose in the lungs (Dy,,,) of male examinees with different body-weights undergoing
cardiac computed tomograpily. To measure the dose in each slice of a lung (Diypg;)s
thermoluminescent dosimeters are inserted into Rando and tissue-equivalent phantoms
made of polymethylmethacrylate and derived from ICRU 48 with masses from 10 to 90 kg.
Dy, Was evaluated by weighing the scanned volume of each slice. A practical method for de-
termining Dy, involves 64-slice computed tomography scans using a Philips Brilliance com-
puted tomography at 120 kV and 200 mAs, with a thickness of 1.0 mm. Dy, ; increased with
distance from the scanning region. This experiment yielded Dy, values from 12.1 +2.1 mSv
(90 kg) to 23.0 + 3.8 mSv (10 kg). Finally, a simple equation can be used to derive the relation-
ship between Dy,,,,, and the body-weights of a male examinee. Experimental results are com-

pared with others in the literature.

Key words: cardiac computed tomography, lung dose, thermoluminescent dosimeter,

tissue-equivalent phantom

INTRODUCTION

Cardiac computed tomography (CT) is the most
commonly used technique for diagnostic purposes.
The frequency and variety of CT examinations are in-
creasing globally [1]. According to Statistics on Gen-
eral Health Welfare for 2014 [2], the ten leading
causes of death from 2007 to 2012 included malignant
tumors and heart disease. Lung cancer is the third most
deadly cancer in Taiwan, responsible for 12.21 % of
cancers. In recent years, multi-detector row CT
(MDCT) has been used for most cardiac CT [3], and
has been increasingly used in medical diagnostic ra-
diological examinations [3]. In a cardiac CT examina-
tion, the lung is one of the most scattering critical or-
gans because it is in the path of the primary beam [1].
Extra scanning radiation and radiation-induced mal-
formation are relatively high. According to the ICRP

* Corresponding author; e-mail: chien.ccy@gmail.com

103, the weighting factor for the lung is 0.12 indicat-
ing that the lung is a sensitive organ [4]. MDCT has
recently become regarded as the imaging procedure of
choice in the detection of coronary artery stenosis.
Physicians and radiologists must understand D), to
identify clinical indications and compare them with
other examinations and protocols. CT examinees com-
monly ask physicians and radiologists to tell them the
extra scanning doses to the lung (D) during cardiac
CT. This investigation evaluates Dy, and develops a
practical method during cardiac CT.

MATERIALS AND METHODS

Conducting cardiac computed
tomography examinations

All CT scans were carried out using a CT scan-
ner (Philips Brilliance 64-slice), providing quantita-
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Table 1. Scanning parameters of six phantoms*

Table 2. Dimension and physical properties of Rando,

"1.0 mm thickness, 120 kV, 200 mAs

tive information about coronary calcium and cardio-
vascular risk and replacing traditional intervention
examinations. Fujii et al., [5] used a 16-slice CT to
measure the D, for adults and pediatric patients for
MDCT. A professional radiologist (Sung-Yi Tsai) with
ten years of experience conducted the lung positioning
of phantoms and performed cardiac scanning from
slice 14 to slice 18 of the Rando phantom, and slice 13
to slice 17 of polymethylmethacrylate (PMMA) phan-
toms [6, 7]. Each phantom was placed on the patient
table. MDCT was developed from Spiral CT. Table
1 presents the scanning parameters of six phantoms.
To control errors, the routine CT examinations of a 50
kg patient, were at 120 kV at maximum tube voltage
peak, 200 mAs and thickness of 1.0 mm and fixed in all
experiments.

Rando and tissue-equivalent phantoms

The Rando phantom (Alderson Radiation Ther-
apy Phantom, Radiology Support Devices, Long
Beach, Cal., USA) is suitable for dosage measure-
ments in MDCT, as it has a height of 175 cm and a
mass of 73.5 kg, and is made of natural skeletal tissue
and plastic tissue-equivalent materials. It comprises
36 slices, each with a thickness of2.5cm[1, 3, 6, 8, 9].
Figure 1 presents the outer appearance of these phan-
toms. Anthropometrically shaped skeletons, con-
structed from epoxy-resin, were used to simulate hu-
man lungs [3, 7, §, 10]. The PMMA phantoms were
based on a general human design. Each comprised 31
slices, representing the head, neck, torso and abdo-
men, but without arms or legs [3, 6, 10]. Each phantom

Figure 1. Use of five tissue-equivalent and Rando
phantoms as patient surrogates

Phantom [kg] Length [mm] Time [s] tissue-equivalent phantoms
Rando 125 26 Phantom | Rando Tissue-equivalent
10 80 17.7 Weight [kg]'| 70 10 | 30 50 70 | 90
30 115 24.2 Height [cm]’| 94.5 50 78 84 93 | 112
50 135 28.1 Weight [kg]”| 345 | 6.75 | 19.0 | 31.5 | 44.1 | 57
70 150 30.7 emslice' | 2.5 1.6 | 23 | 27 | 30 | 36
90 165 334 “original design referred from ICRU 48; ~“without arms and legs

was based on the GSF-Forshungszentrum fiir Umwelt
und Gesundheit, Germany, adult mathematical mod-
els, and the lung masses were based on the ICRP ref-
erence man [6, 10]. The densities of the materials were
as follows, that of the lung tissue-equivalent was
0.296 gem™, the skeleton-cortical-bone tissue-equiv-
alent was 1.486 gcm™, the tissue-equivalent was
1.105 gem™[3, 6, 10]. The thermoluminescent dosim-
eters (TLD) were inserted into each slice through a
grid of holes with diameters of 11 mm [11]. All slices
of the phantoms were equally thick. Table 2 presents
the dimensions and physical properties of the phan-
toms [6, 10].

In vivo measurements during CT examination

The effective doses can be calculated from the
computed tomography dose index (CTDI) and the
dose length product (DLP) displayed on the console
monitor of the CT scanner. Since the lung is a large or-
gan, during a cardiac CT examination, the lung is ex-
posed toradiation. Dy, is uniformly distributed. Mea-
surements of extra radiation are more complex than
those of smaller organs. TLD-100 (Mg, Cu, and P)
with dimensions of 3.2 mm x 3.2 mm x 0.9 mm were
used herein. Three TLD were packed into one bag.
Each bag was implanted at positions where Dlung was
representative of the phantoms [3, 8, 12, 13]. Table 3
shows that measurements were made at 80 points on
each slice of the lung and subdivided equally of the
70 kg PMMA phantom. The mean dose of that was re-
ceived by each slice of the lung tissue equivalent was
taken as Dy, ;-

Lung of Rando and PMMA phantoms are rang-
ing range fromslice 12 to 17 and slice 10 to 15, respec-
tively. Each lung had six slices. Figure 2 presents the
TLD that were inserted into slice 15 ofa 50 kg PMMA
phantom.

Most in vivo measurements of TLD were mainly
located in the lung. Some TLD were exposed to X-rays
during the CT examinations, while others were ex-
posed to extra scattered radiation. Three individually
calibrated TLD, packed into one bag, yielded three

Table 3. The 80 measured points of the PMMA phantom
Slice 10 11 12 13 14 15
Left lung 6 6 7 7 9 7
Right lung] 4 6 7 8 8 5
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(b)

Figure 2. Three TLD were packed into one bag (a); TLD
were inserted into slice 15 of a 50 kg PMMA phantom (b)
(number means the TLD bag's number)

readings at each measurement location as shown in
fig. 2(a). These were averaged to obtain the TLD-mea-
sured doses from which Dy, ; was obtained. Nine
TLD chips were used to measure background radia-
tion at our low-background lab [1, 3]. Figure 3 reveals
a 70 kg PMMA phantom lung slice 10 to 15. Cardiac
CT scans were performed fromslice 13 toslice 17. The
red rectangle outlines the areas scanned by cardiac CT.
Figure 4 presents a sectional view of the lungofa
70 kg PMMA phantom, comprising six slices.

Calculation of the surface
area of the lung

In cardiac CT, radiation is not uniformly distrib-
uted throughout the lung. The lung can be divided into
the left and the right lungs, and both can be divided
into six slices yielding a total of 12 slices. The calcula-
tion of Dy, requires the volume of the lung associated
with each slice to be determined. Based on the weight-
ing factors in eq. 1, a slice with a larger volume has a
larger weighting factor of D,,,,. Since each slice has
the same thickness, the volumes of the lung can be de-
termined simply by calculating the cross-sectional
area of each slice (tab. 3). Each slice has a different
Dy, i- €q. 1 yields Dy, as weighted by volume as the
sumofthe Dy, ; values of all scan slices. Table 4 pres-
ents the weighting factors (%) of all parts of slices of
the lung of a 70 kg PMMA phantom [13]. The follow-
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Figure 3. 70 kg PMMA phantoms, the lung is located
from slice 10 to slice 15; cardiac CT scan from slice 13 to
slice 17
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Figure 4. Sectional view of the lung of a 70 kg PMMA
phantom, comprising six slices

Table 4. The weighted factor [%] of all parts slices of left
and right lungs of a 70 kg phantom

10 11 12 13 14 15
Leftlung [%] | 2.27 | 5.80 | 7.71 | 843 | 9.18 | 11.7
Right lung [%] | 4.96 | 7.01 | 8.61 | 10.2 | 10.5 | 13.7

ing equation yields Dy, taking into account the ratio
of the area of the lung
2V Dyung
== el (1= 10-15) (1)
XV

i

lung

where Dy i represents the extra radiation dose to which
the phantom lung at each slice is exposed. V; is the
weighting factor volume i (%) part of the lung slices.
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Calibration of TLD-100 using “Co

To calibrate the photon dose and the linearity of
TLD, TLD was irradiated using a ®°Co standard source
with activities of 128 GBq at the Calibration Labora-
tory of the National Tsing-Hua University. TLD mea-
surements were made five times with the TLDs at ran-
dom locations. Taam et al., stated that the energy
dependence of TLD is not considered significant and
is lower than 20 % [14]. The TLD-100 was selected
owing to its small dimensions and the response lower
dependence on photon energy, dose rate, and the direc-
tion of incidence of radiation. To ensure batch homo-
geneity, the TLD were irradiated as described by eq. 2.

ECC, = Q"Q"Q 100% )

The element correction coefficient (ECC) deter-
mined the relative sensitivity of these TLD to correct
the variation among the sensitivities of the batches.
ECC, is the accuracy of the ith TLD. Q, is the reading
of the i-th TLD, and Q is the average of all TLD read-
ings in the calibration. TLD were selected witha 10 %
accuracy [3, 6,7, 11]. The selected TLD chips were an-
nealed and read using a fully automated Harshaw 3500
reader (Bicron NE, Solon, O., USA). The read-out was
a two-step procedure: first, in a microprocessor-con-
trolled oven, the TLD were heated using a
Barnstead/Thermolyne 47900 Furnace (Thermolyne
Co.) to 50 °C, which temperature was held for 1s; sec-
ond, they were heated at a rate of 10 °Cs™! to 240 °C,
which temperature was held for 1s, they were then
cooled rapidly on an aluminum block [3, 6, 7, 15].
These TLD have been established to be accurate do-
simeters for use in CT examinations. To optimize the
annealing procedure, the TLD were always handled
with great care to prevent direct contact with dirt or
hands [3, 6, 11].

RESULTS

TLD calibration and uncertainty

The response of the TLD-100 to 100 pSv, 500
pSv, 1 mSyv, 2 mSv, 2.5 mSv, 5 mSv, and 7.5 mSv pho-
tons in the range studies was linear. The conversion fac-
tor for the TLD-100 was ¥ [mSv] = -8.16:102 +
+1.14-107'[nC] (TLD), and the square of the correla-
tion coefficient (R%) was 0.9992 [3]. The precision and
accuracy of the TLD-100 were determined by many
factors, including the following. Mainly from (1) sys-
tematic uncertainties in the readings made using the
Harshaw 3500 reader ranged from 10 to 12 %; (2) TLD
calibrations of the ®°Co source, the homogeneity, and
the exposure to low X-rays were within 10 %; (3) TLD
counting statistical errors, ranging from 8 % to 10 %
were effectively suppressed; (4) the uncertainty of the
PMMA phantom set to 5 %, includes scan ranges of the

Table 5. The total uncertainties presented in this study

One standard
deviation (A;)
10 %-12 %

Source

Variation of the Harshaw 3500 reader

Calibration of the “’Co source 10 %
TLD counting statistics 8 %-10 %
Non-tissue equivalence effects of the 50,
PMMA phantom
Area of the lung slice 3 %-5%
CT scanner fluctuation <2%
Aot 17.4 %-19.9 %

cardiac CT in each phantom and non-tissue-equivalent
effects because the phantoms were constructed entirely
as described in the ICRU report 48 [6, 10]; (5) to cali-
brate the area of each lung slice, uncertainty ranged
from 3 % to 5 %; (6) errors in power fluctuations from
the Philips CT scanner were obtained from monthly
clinical quality assurance (QA) tests and found to be
less than +2 %. Table 5 listed the total uncertainties
which ranged from 17.4 % to 19.9 %. Tseng estimated
uncertainty to be less than 20 % [6, 11].

D,y distribution among the left
and right lungs in the phantom

The increase in Dy, ; from the 10 slice to the
15" slice reveals that Dy, increases by five for
PMMA phantoms. The Dj,,, 10 of the left lung 10"
sliceis 3.15 % more than Dy, 15 of the 15% slice. The
dose of the right lung 10" slice is 4.08 % of the 15
slice, revealing that Dy, ; decreased greatly with the
scanning region in the cardiac CT examination. The
Dy, values of the left and right lungs of the 10 kg
phantom were larger than those of all other phantoms.
Figure 5 shows Dy, ; [mSv] ranging from 10 to 15
slice of right and left of the phantoms.

Dyyng values of male examinees
with various body-weights

Figure 6 reveals that the estimated D,,,, de-
creased as body-weights increased. The highest Dy,
was measured in the 10 kg phantom. TLD were in-
serted into the Rando lung, and the Philips 64 CT was
setto 120 kV and 200 mAs. Dy, from slice 12 to slice
17 was 12.4 + 1.9 mSv, measured at 26 locations.
Three TLD were placed into one bag. Dy, for the
Rando phantom was approximately 1.06 times that of
the 70 kg PMMA, which was 11.6 + 2.0 mSv. The pri-
mary differences may arise from (1) inconsistent lung
densities (2) the lung volume between Rando and
PMMA phantoms. The error bars represent uncer-
tainty in the Dy, values. The regression equation
Dy [mSv] = ~0.14 W [kg] +23.3 has an R? which is
0.89257, indicating that TLD is a good method for
evaluating the D,,,, of PMMA phantoms.
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DISCUSSION

Comparison of Dy, with other studies

Many papers on cardiac CT doses and methods
of measuring them have been published. Practical
methods for determining the extra radiation doses ab-
sorbed by large organs, Dy, of these PMMA phan-
toms. To compare D, results with other studies, the
phantoms used and the exposure factors must be con-
sidered. In this investigation, Rando and PMMA phan-
toms were used. The data in tab. 6 revealed that it was
similar to the Dy, that was delivered at the coronary
artery calcium scoring with MDCT.

Alonso et al. [1] studied the breast and nearby
organs for unshielded and shield exposures with bis-
muth during lung CT examinations. The Dy, values
of'the right and left parts of the lung were 11.5 £ 0.5
and 12.5+£ 0.3 mSv during thoracic CT scans with-
out bismuth shielding, respectively. Geleijns et al. uti-
lized the Philips Tomoscan LX CT with 120 kV and
333 mAs, for chest examination with a Pb thickness of
10 mm. The researchers inserted TLD-100 into the
Rando phantom without considering the relationship
between D), and the body-weights of the examinee,
yielding a Dy, of approximately 44 mSv [16, 17].

Chan et al. stated a Dy, value of 3.86 +2.35 ob-
tained by a coronary angiograph and 31.4 £ 20.2 mSv
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Figure 6. Estimate of Dy,,, as a function of different
body-weights of a male examinee

by calcium scoring CT using TLD [8]. Gonzaga et al.
found that the 16-slice cardiac CT provided doses of
greater than 17.5 mSv with an error of 12 % of the Bril-
liance 6 during chest CT. Gonzaga also found that Dy,
depended on many protocol-related parameters [12].

Feng et al. measured the Dy, from the thorax
CT in a 64-slice MDCT using an anthropomorphic
phantom that represented a five-year-old child, and
found a Dy, of 5.41 mSv [18].

Mori et al. inserted many TLD into the whole
body, exposing it to intense radiation during 16 and 64
cardiac multislice CT (MSCT). Radiation exposures
of a Rando phantom in 256, 64, and 16 MSCT were
evaluated at45+20,85.0+30.1,and 77.1 £ 36.7 mSy,
respectively. Dy, is higher than the corresponding
values for any other organs [9].

Einstein ef al. determined the radiation expo-
sure for a standardized male phantom (computational
model) using 64-slice Computed Tomography Coro-
nary Angiography (CTCA), and found D, values
from 42 to 91 mSv [19]. Fujii et al. utilized 32
photodiode dosimeters that were embedded within an-
thropomorphic phantoms of six-year-old children
(20 kg, 115 cm) and adults (61 kg, 170 cm). In routine
adult chest CT, Dy, values ranged from 11.1 to 25.8
mSyv and in routine pediatric chest CT, D, values
ranged from 2.2 to 10.6 mSv [5, 16].

A Dy, 0f is 37.44 mSv was obtained in CT ex-
aminations of the chest using a Toshiba Aquilion
MDCT with settings of 120 kV and 350 mAs, and a
scan area of 300 mm [15]. Hunold et al. measured the
cardiac CT dose using a Siemens 4 CT, inserting TLD
into a Rando lung under measurement conditions of
120 kV, 300 mA, and 400 mAs. D,,,, was 37.6 mSv at
the 17" slice using eight TLD. Hunold et a/. found that
MDCT always yielded a higher effective dose than the

Table 6. Extra lung equivalent dose undergoing cardiac CT examinations

CT Dose [mSv] Treatment Reference
This study 12.4 + 1.9 (Rando) Cardiac CT
16 MSCT 11.5 + 0.5 (right) Thoracic CT 1
Bright speed 16 MSCT 12.5 £ 0.3 (left)

Philips Tomoscan LX CT 44 17
Brilliance 16 17.5 + 12 % (Rando) Chest CT 12
Brilliance 6 11.1 £ 12 % (Rando) Chest CT 12

Bright speed 4 11.3 £ 13 % (Rando) Chest CT 12
Somatom sensation 64-MDCT 3.86 £2.35 Calcium scoring 8
Somatom sensation 64-MDCT 31.4+20.2 Coronary angiography 8

64-slice MDCT 5.41 5 years, 19 kg 18

256 MSCT 45+20 9
64 MSCT 85.0 £30.1 9
16 MSCT 77.1 £36.7 9

Toshiba aquilion 16-slice 23.4 Adult chest CT (61 kg, 170 cm) 5

Toshiba aquilion 16-slice 24.9 Adult chest CT (61 kg, 170 cm) 5

Toshiba aquilion 16-slice 6.2 Pediatric chest CT (20 kg, 115 cm) 5

Siemens somatom 16-slice 11.1-25.8 Adult chest CT (61 kg, 170 cm) 5

Siemens somatom 16-slice 19.3 Pediatric chest CT (20 kg, 115 cm) 5

Siemens somatom 16-slice 2.2-10.6 Pediatric chest CT (20 kg, 115 cm) 5

Somatom 64-slice 42 mSy for **ECTCM ***CTCA 17
Somatom 64-slice 58 mSv for ECTCM 120 kV 17
Toshiba, aquilion 37.44 Chest CT 15
Siemens 4-slice 37.6 MDCT 15
*EBCT 2.6 Calcium scoring 20
EBCT 3.9 Coronary angiography 20

"EBCT: Electron beam CT; **ECTCM: Electrocardiographically controlled tube current; ***CTCA: Computed tomography coronary

angiography
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electron beam CT (EBCT). They used a tube voltage
of 140KV, yielding a D, of 2.6 mSv by calcium scor-
ing and 3.9 mSv by coronary angiography [20]. In ad-
dition, no equation for estimating Dlung is in terms of
body-weights. There are is no exactly D), for each
slice in the Hunold ef al. study [20].

The variations in the results of the aforemen-
tioned investigations have two causes. The first is vari-
ations among exposure factors, such as tube voltage,
number of scans, tube current, and CT-modality. The
second is the measurement locations on the lung. In
addition, patients were worried about the organ most
radiosentive to radiation, the gonad, which ranged
from 1.50 to 2.20 mSv because of its long distances
from cardiac.

This investigation has some limitations. First, the
PMMA phantom cannot simulate cardiac motion.
PMMA phantoms represent discrete weight-specific
examinee groups. The shapes and size of examinees ob-
viously vary, even among examinees of equal age. Sec-
ond, automatic tube current modulation can effectively
reduce the radiation dose inside the CT scanning region.

CONCLUSION

The information investigation is useful for deter-
mining the Dy, which serves as a reference for clinical
radiology doctors and radiologists. The optimizing pro-
tocol is important for improving technique and reduc-
ing unnecessary exposure to of the lung. In cardiac CT
examinations, the lung was the organ that received the
highest radiation when scanned. As the weight of
PMMA phantoms increased, Dy, decreased. The lin-
ear equation Dy, [mSv] =—0.14-W [kg] +23.3 yielded
an R? of 0.89257, indicating that the TLD method is ef-
fective for evaluating extra radiation to which lungs in
PMMA phantoms are exposed. It is very important to
evaluate extra radiation doses during the cardiac CT ex-
amination of different body-weight examinees as future
investigations.
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Cyenr-ju HAU, Xcuen-YUyen HEHT, Llunenr 2KY AH, Hymeun CJY,
Jynryej JbAO, lllenr-ITun YAHI'JIAJ, UYnen-Ju YEH

AIICOPBOBAHA T0O3A O PACEJAHOI 3PAYEIbA Y INIYRUMA MYHKUX
IMAIIMJEHATA IMIOABPTHYTUX KAPOUOJIOMKOM IIPEIIEQY
KOMIIJYTEPU30BAHOM TOMOTPA®UIOM

IIpumena xKomIjyTepusoBane ToMorpadguje ca MyITHAETEKTOPCKIM peoBUMa IpU KapaKo-
JIOLIKUM TperienumMa y riodaHoM je nopacty. bonHuie Tek Tpeba 1a ycrnocraBe NpakTUYHY METOAY 3a
OpolLEeHy fo3e y IulyhuMma Off pacejaHOr 3pauema MYIIKHUX MalyjeHaTa pa3jnduTe TeJeCHE Mace,
NOJBPIHYTUX KapAMOJIOLIKUM IIperieguma KoMIjyrepu3oBadioM Tomorpadujom. Kako 6u ce usmepuia
1032 y CBAaKOM CJI0jy Iutyha, TepMOJIYMUHUCLEHTHY 103UMETPH II0CTaBIbEHN Cy YHYTap Panno hantoma n
TKUBHO-€KBHUBaJEHTHOT (haHTOMa, n3pabenux o nonumetunmetrakpuiara npema ICRU 48, ca macama of1
10 mo 90 kg. [1o3a je mpoliemheHa Ha OCHOBY TEKMHCKOT (DaKTOpHCalkha CKEHUPaHe 3alpeMUHe CBAKOT CIIoja.
3a mpakTHUHYy NPOIEHY flo3e ynoTpebdibeHu cy 64-cinojuu Tomorpadceku ckeHosu Ha Philips Brilliance
amapaty, ca napametrpuma ekcrnoduije 120kV, 200 mAs n ne6muHOM citoja o 1 mm. [To3a y ciojy pacre
ca ygajbaBambeM OfI 00acTH CKeHupamwa. Pe3ynraTu ekcnepuMenTa 3a 103y y cinojy cy o 12.1 £2.1 mSv
(90kg) 1023.0+3.8 mSv (10kg). Ha kpajy, jeqHOCTaBHA je[IHAYNHA CE MOXKE KOPUCTUTH KaKo O ce onucaia
3aBHCHOCT JI03€ Y CJIOjy W TeJIECHE Mace MYIIKHX nanujeHara. Takobe, m3BpiieHo je u mopebeme
eKCIIEpUMEHTAIHUX pe3ysTaTa ca paHuje 00jaBJbeHUM MOfalMa.

Kmwyune peuu: kapouoaowku upezaeo, Komijyiliepudosana womozpaguja, 0o3a 3a iayha,
HLepMONY MUHUCUCHITIHU 003UMeTap, KUBHOEKBUBANEHIUHU (PaHILOM



