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The use of computed tomography is increasing rapidly and doses are not negligible especially
when medical procedures require more than one scan. The purpose of the present study was
to measure doses in an anthropomorphic Rando phantom during a standard and low dose
computed tomography protocol of the thorax and to estimate risks of radiation induced can-
cer for adult patients that undergo multiple computed tomography scans of the thorax.
Thermoluminescent and radiophotoluminescent dosimeters were used for dose measure-
ments. Radiation risks of cancer incidence, in the form of lifetime attributable risk, were esti-
mated using the BEIR VII model. For five exposures with the standard protocol mean organ
doses were 94 mGy (breast), 85 mGy (stomach), 85 mGy (thyroid), 78 mGy (lung), 52 mGy
(liver), and 16 mGy (colon). Associated lifetime attributable risk were found to be up to
0.401 % (401 breast cancers per 100 000 exposed patients) and 0.116 % (116 lung cancers
per 100 000 exposed patients) for female and male, respectively. A low dose protocol reduces
doses (and risks) by the average factor of 5 and therefore the use of a low dose protocol is rec-
ommended whenever it is medicaly justified.
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INTRODUCTION

Computed tomography (CT) is established as an
essential tool, not only for diagnosis, but also for fol-
low-up of the diseases, as an aid in intervention, for
screening and also for imaging in radiotherapy. Con-
stant increase in the use of CT together with associated
doses for organs within a scan volume, considerably
larger in comparison to corresponding conventional
radiographs, have focused attention also on the poten-
tial risk of radiation induced cancer. According to
present epidemiological data the lowest dose of pho-
tonradiation for which reasonably reliable evidence of
increased cancer risk exists is about 10-50 mGy for
single and 50-100 mGy for protracted exposure [1].
The typical dose to an organ within a scan volume dur-
ing the CT scan is about 10-20 mGy and often can be
even higher [2, 3], but when medical procedures re-
quire more than one CT scan, cumulative organ doses
for a short period can be higher than 50 mGy.

* Corresponding author; e-mail: mmajer@irb.hr

Radiation protection principles, as justification
and optimisation of protection, in CT are topics of sci-
entific and public concern. The most important princi-
ples which have to be followed are appropriate justifi-
cation of every CT scan and optimization of all
technical parameters in such a way that the image
quality is secured keeping the dose and potential risk
as low as possible [4, 5]. It was shown in a previous
study [6], which was carried out on 60 patients with
lymphoproliferative disorders, that a low dose CT
technique can be equally capable of demonstrating
mediastinal pathology for follow-up of patients with
malignant lymphomas compared to the standard dose
CT technique. The cohort involved a large number of
younger and middle- aged patients who were selected
for the study as repeated CT scans during their lifetime
are very important. Due to effective treatment these
patients have a life expectancy similar to the healthy
population and therefore the risk of long term effects
of ionizing radiation associated with multiple CT
scans has to be considered and minimized.

The purpose of the present study was to measure
organ doses in an anthropomorphic Rando phantom
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during the standard and low dose CT protocol of the
thorax and, taking into consideration an average num-
ber of multiple CT scans required for the selected pop-
ulation, to estimate the lifetime attributable risk (LAR)
of cancer incidence. In addition, doses on the surface
of the phantom during both protocols were measured
and compared to the surface doses measured on 60 pa-
tients from the previous study [6] using the same CT
device.

MATERIALS AND METHODS
CT protocols

The phantom study was performed on a spiral
SCT 7800TX (Shimatzu, Japan) CT unit at the Clini-
cal Hospital Merkur. The doses were measured with
two different scanning CT protocols of the thorax.
The standard protocol was carried out with exposure
settings of 120 kV, 160 mA, 7 mm slices, 0.8 s/slice
and pitch 1. The parameters for the low dose protocol
were chosen based on the previous measurements on
a male Rando Alderson phantom which resulted in
the largest dose reduction without compromising the
image quality influenced by only one parameter;
the tube current [6]. The settings for the low dose pro-
tocol in this study were 120 kV, 30 mA, 7 mm slices
0.8 s/slice and pitch 1. The number of slices for both
protocols was 47. Scanning volume was from the
lung apices to the base. Before each exposure, a
topogram was made in AP projection with standard
exposure conditions of 120 kV and 100 mAs.

Phantom

The phantom used for this study was an anthro-
pomorphic male Rando Alderson Phantom (175 cm
height, 73.5 kg weight) which consists of 35 axial seg-
ments with a width of 2.5 cm containing a human skel-
eton and tissue equivalent material. It represents an av-
erage adult patient. Inside the phantom dosimeters are
placed into the holes located on in the positions of dif-
ferent organs/tissues.

Dosimetry systems

The doses in/on the phantom were measured with
thermoluminescent dosimeters (TLD), based on LiF:Mg, Ti
(TLD-100, Thermo Scientific) and radiophotoluminescent
(RPL) glass dosimeters (type GD-352M, Asahi Techno
Glass Corporation). TLD were made in the form of pellets
(4.5 mm x 0.9 mm). RPL dosimeters were silver activated
phosphate glass rods (1.5 mm % 12 mm) packed in a plas-
tic holder (outer dimensions: 4.3 mm x 14.5 mm) con-
taining a tin energy compensation filter which enables their

use for medium and low energy X-rays that are usually used
in diagnostic radiology. Relative standard uncertainty of the
determined dose for RPL and TLD was reported as 2.1 %
and 2.9 %, respectively [7]. For RPL, uncertainties include
repeatability, calibration and angular correction, while for
TLD angular correction is not included because angular de-
pendence is reported only for RPL [8, 9]. Detailed charac-
terisation of RPL and TLD are given in previously pub-
lished papers [7, 10, 11].

Prior to the measurements for improved accu-
racy for all TLD, individual sensitivity correction fac-
tors were calculated by irradiating all TLD to a uni-
form dose of 5 mGy (kerma ,,free in air”’) using the
137Cs source in the Secondary Standard Dosimetry
Laboratory (SSDL) at the Rudjer Boskovi¢ Institute
[12]. In case of RPL dosimeters there was no need for
individual sensitivity corrections [7, 10]. Calibrations
of RPL and TL detectors for in/on phantom measure-
ments were also done using the same '3’Cs radiation
source and previously determined correction factors
for dosimeters obtained for X-ray spectra typically
used in CT imaging were applied. Measured doses in
the phantom were expressed as “absorbed dose to wa-
ter” using the conversion factor from kerma “free in
air” (K;,) to “absorbed dose to water” (Dy,): D,/K;. =
=1.112 [13]. The final results of organ/tissue doses,
Dy, presented with standard deviations in tables and
figures and used for risk estimates, are calculated as a
mean value of RPL and TLD values.

Measurements

A total of 58 dosimeters were placed inside the
phantom on the selected organ positions (thyroid,
lung, breast, liver, and colon) which are determined by
consulting an atlas of sectional anatomy. The entrance
surface dose (ESD) was measured during both proto-
cols on the surface of the phantom on the positions of
the eye lens, thyroid, breasts and gonads bilaterally.
For measurements of doses on the surface two TLD
(packed in thin dark polyethylene bags) and two RPL
were packed together. The final ESD value is calcu-
lated as a mean value of 4 dosimeters. In order to ob-
tain better accuracy of dose measurements and taking
into consideration an average number of required CT
scans for patients with lymphoproliferative disorders
during therapy, five expositions together with five
topograms were made in order to simulate the condi-
tions the same as it had been done previously on pa-
tients [6].

Cancer risk estimate
Cancer risks, in the form of LAR of cancer inci-

dence, were estimated by applying the methods intro-
duced in the biological effects of ionizing radiation
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(BEIR) report VII [14]. LAR is defined as the proba-
bility that an irradiated person could develop a radia-
tion-induced cancer during their lifetime. For leukae-
mia and cancer LAR data are tabulated for each gender
and eleven discrete ages at of exposure in table 12D-1
of the BEIR VII report as the number of cancer cases
per 103 persons exposed to a single dose of 100 mGy
[14]. Assuming a ,linear no-threshold” (LNT)
dose-risk relationship, the LAR for measured organ
doses (D) in this study were calculated with linear ex-
trapolation of LAR data from BEIR VII table 12D-1.
When necessary, linear interpolation for age at expo-
sure was applied. To estimate the radiation risk for
multiple CT scans assumption of risk additivity was
applied as suggested in [14]. As patients with
lymphoproliferative disorders undergo multiple tho-
rax CT scans in a short time (usually in an interval of
3-12 months during 1-2 years), LAR for a single irra-
diation was multiplied by the average number of CT
scans to obtain a LAR for multiple irradiation.

RESULTS AND DISCUSSION
Dose measurements in the phantom

For each protocol doses in the phantom were
measured with two types of dosimeters (TLD and
RPL). With the exception of dosimeters in the thyroid
and colon, the agreement between two dosimetry
systems was satisfactory and it was on average within
7 %. Uncertainties of both types of dosimeters are be-
low 3 % [8], but in this study they might be higher (es-
pecially for RPL) as the angular dependence uncer-
tainty factor used in [8] was estimated for a 6 MV
photon beam [7] and not for CT conditions. A possible
explanation for larger under/overestimation by RPL
compared to TLD in the thyroid and colon, might be
larger dimensions of RPL dosimeters in comparison to
TLD which results that for the same hole, close to the

100
[ Standard protocol
Low dose protocol
80 . O P
=
(O]
E
2 60
o
o
&
o 40
=

20

? Tyroid ung Brast Smach Liver
Figure 1. Comparison of mean organ doses with
standard deviations for 5 exposures measured in the
Rando phantom during the standard and low dose CT
protocol; error bars in the figure show the standard

deviation of measured dose values within each organ

border of the scan volume, the RPL was possible partly
inthe scan volume, while TLD was completely in/out.

For further calculations mean values of TLD and
RPL values were calculated and used.

Comparison of doses for the standard and low
dose CT protocol measured in the phantom for 5 con-
secutive expositions is given in fig. 1. For the standard
protocol, as well as for the low dose protocol, the high-
est doses were measured on the position of the breast
andwere 94 + 4 mGy and 17.2 £ 0.2 mGy, respectively.

The mean doses measured during the standard
protocol in different organs were on average 5 times
(range 4.3-6.1) higher in comparison to the low dose
protocol.

Dose measurements on the phantom and
comparison with entrance surface doses
measured in the previous study

on the patients

Results for entrance surface doses (ESD) mea-
sured on the phantom in comparison with ESD mea-
sured in the previous study [6] on 60 patients with
lymphoproliferative disorders for both protocols are
shown in tab. 1. All results are related with only one
CT exposition. Due to large dissipations of the mea-
sured patient doses (due to large differences in size of
patients, number of slices and imaged volume) not
only mean values of ESD, but minimum and maxi-
mum values are also shown. The anthropomorphic
phantom used in this study represents an average adult
person and, as expected, phantom dose values shown
intab. 1 are between the min and max patient dose val-
ues.

Dose variations for different patients are small
for breasts (relative standard deviation for both proto-
colsis 9 %), but for the thyroid they are very prominent
(relative standard deviation is 48 % and 28 % for the
standard and low dose protocol respectively). The rea-
son for those differences in dose variations is that dur-

Table 1. Comparison of ESD measured on the phantom
and on the 60 patients for the standard (A) and low dose
(B) CT protocol; both ESD were related with a single
exposition

Patients®’ Phantom®
Organ | Protocol ESD [mGy] ESD [mGy]
Mean £ SD | Min | Max |Mean = SD
Lens A 0.60+£0.42 | 0.12 | 3.08 [0.31+£0.07
B 0.11+£0.04 | 0.03 | 0.21 {0.07 £0.02
. A 16.40£7.92 | 2.95 | 30.81 | 25.1+2.2
Thyroid
B 4.68+1.31 | 281 | 7.12 | 46+0.8
A 2278 £2.10|17.44| 28.09 | 204+1.9
Breast
B 6.31+0.59 | 3.51 | 880 | 3.9+0.6
A 0.22+0.19 | 0.05 | 1.07 |0.15£0.01
Gonads
B 0.10+0.05 | 0.02 | 0.35 |0.03+£0.01

(A) from study [6], (B) this study
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ing the CT of the thorax breasts are completely in-
cluded in the scan volume while the thyroid is on the
border of the scanned region and depending on the pa-
tient's anatomy, it can be partly or completely excluded
from the scan volume. For phantom measurements the
maximum scan area was chosen. For both protocols
ESD for the breast measured on the phantom was 10 %
higher than D for the breast. ESD to Dy ratio for the
breast was 1.1 £0.1 and 1.1 + 0.2 for the standard and
low dose protocol, respectively.

In this study ESD was measured for the anthro-
pomorphic phantom and compared with ESD values
measured for the patients [6] using the same methodol-
ogy and two types of RPL and TL dosimeters. In liter-
ature, Alzimami et al. [15] used TL dosimeters type
GR-200A to measure a patient's ESD during conven-
tional and CT urography but justification and uncer-
tainty was not discussed. ESD for CT examinations on
an antropomorphic phantom was measured by
Tsalafoutas ef al. [16] but using different instruments
(active solid state detectors) in order to estimate the
skin dose. Tagekami ef al. [17] recently tested a small
optically stimulated luminescence (OSL) dosimeter to
measure the ESD when performing a CT examination
and concluded that the OSL dosimeter can be consid-
ered suitable for measuring the ESD with an uncer-
tainty of 30 % during CT examinations in which pitch
factors below 1.000 are applied.

Cancer risk estimate

LAR of developing radiation-induced cancer as-
sociated with five exposures to the standard CT proto-
col for 20 and 56 year old persons are shown in tab. 2.
The age of 56 was chosen because the average patient's
age in the previous study [6] was 56 years. The average
age of the youngest group of patients was 20. The av-
erage number of required CT examinations was as-
sumed to be five. In tab. 2 only the results for the stan-
dard CT protocol are presented. Low dose protocol
reduces doses and associated LAR by the average fac-
tor of 5. The reverse order for breast and lung for a 56

Table 2. LAR of developing radiation-induced cancer
associated with five exposures using the standard CT
protocol for 20 and 56 year old persons; Dy is the organ
dose measured in the phantom

LARY
Czﬁzer \Dr [mGy] 20 years 56 years
Male | Female | Male | Female
Thyroid 85 18 96 1 2
Lung 78 116 270 73 166
Breast 94 - 401 - 44
Liver 52 12 5 6 3
Stomach 85 34 46 19 25
Colon 16 28 18 16 11

@ Number of cancer cases per 10° exposed persons

year old female patient compared to a 20 year old fe-
male patient is due to the fact that lung cancer risk does
not decrease with increasing age at exposure. More-
over, excess relative risk (ERR) for lung cancer has a
maximum when age at exposure is around 55 years
[18].

In literature there are many studies dealing with
cancer risk associated with CT examinations. In the
majority of the studies the radiation induced risk is cal-
culated by means of an estimate of organ and effective
doses using the computed tomography dose index
(CTDI) values and/or on the basis of Monte Carlo cal-
culations and mathematical phantoms [19-23]. The
advantage of dose measurements in the phantom is the
direct measurement of doses in the positions of sensi-
tive organs or tissues which are indispensable to esti-
mate risk for particular cancers. Also some studies re-
ported that compared with direct TLD measurements,
computer simulated techniques are likely to underesti-
mate the dose [24, 25].

Cancer risk estimates in this study have been
made using BEIR VII methods assuming a linear
dose-risk relationship and definition of LAR. Limita-
tions and uncertainties [20, 26] of cancer risk models is
an important issue; controversy concerning the use of
the LNT model for low doses and low dose rates [27,
28] should be also mentioned, but this discussion is be-
yond the scope of this paper. However, most of the
doses in this study are above the very delicate region be-
low 10 mGy (where the radiation-cancer relationship is
not clear) and it was assumed as reasonable to consider
the LNT model (as suggested by standard bodies) [4,
14, 29, 30]. Nevertheless, the measured doses are valu-
able information and it is always reasonable to consider
dose reduction if it is medically justified especially in
patients that require multiple irradiations which conse-
quently lead to a higher cumulative dose.

CONCLUSION

The highest organ doses during the single
standard CT protocol of the thorax were measured
for the breast (18.8 mGy), stomach (17 mGy), thyroid
(17 mGy) and lung (15.6 mGy). Assuming that the av-
erage number of CT scans for patients with
lymphoproliferative disorders is five (during 1-2
years), associated LAR for the standard dose CT pro-
tocol were found to be up to 0.401 % for female and
0.116 % for male. Comparison of the results for the
standard and low dose protocol showed that the low
dose protocol yielded with the reduction of organ
doses (and risks) by the average factor of 5 (5.1 £ 0.7).
As the low dose CT technique can be equally capable
of demonstrating mediastinal pathology for follow-up
of this group of patients as previously shown in [6], the
use of the low dose protocol is highly recommended as
an alternative in routine clinical practice.
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Mapuja MAJEP, XKeska KHE2KEBWh, Jenena ITIOIINh,
Xpsoje XPIIAK, Caeta MUJbAHU'h

OO3E Y OPTAHUMA U NNPUAPYKEHUN PU3UK KAPIIMHOMA
PN UCIIMTUBABY TPYJHOI' KOIMA KOMIIJYTEPCKOM TOMOI'PA®UIOM

Ynorpeba KoMrjyrepcke Tomorpaduje je y BEeIMKOM MOpacTy, a J03e HUCY 3aHeMapuBe
IIOTOTOBO aKO MEJIUIIMHCKA MPOLEAYpa 3aXTeBa BUIIIEe Off jeAHOT cHIMama. LIk oBor paga 6mo je fa ce
n3Mepe fo3e y antponoMopdHOM (paHTOMy PaHmo TOKOM cCHMMama TPYJHOT KOIIa KOMIIjyTEPCKOM
TOMOTrpacujoM IPUMEHOM CTaHAAPHOT ¥ HUCKOO3HOT IIPOTOKOJIA, KA0 U IPOLEHa PU3UKa 32 000JbeBabhe
OJ] KaplIMHOMa HaKOH 3payuera 3a ofpaciie 00JeCHUKE KOju MpoJia3e HEKOJINKO CHUMAamkha TPYAHOT KOLIa.
Jlo3e cy MepeHe TepMOIYMUHECIIEHTHAM B pafiioOTONYMUHUCICHTHAM JO3UMeTpuMa. Pu3uim 3a nojaBy
KapUUHOMa, y OOJIMKY >XMBOTHOT PU3UKa 3a 000JieBame Ofi KapLUUMHOMA, IIPOLEHEHN Cy KopullthemeM
mopiena BEIR VII. 3a meT cHUMama CTaHAapHUM IPOTOKOJIOM, CPEE 03€ Y OpraHnMa M3HOCHIIE CY
94 mGy (rpyau), 85 mGy (Tpoyx), 85 mGy (mturmaua), 78 mGy (mayha), 52 mGy (jerpa), n 16 mGy (ne6emno
peBo). Onrosapajyhu sKUBOTHH pU3UIHK 32 000JIEBabe Off KapiuuHoMa u3nocuiu ¢y Hajsuiie 0.401 % (401
kapuuaoM rpymu Ha 100 000 o3pauenux Gomecuumka) u 0.116 % (116 xapuuroma mayha wa 100 000
o3padcHUX OOJIECHUKA) 3a JXEHE, OMHOCHO MYIIKapIie. YTIoTpe6a HUCKOJO3HOT MPOTOKOJIa CMAmbHIIIa je
no3e (1 pu3nKe) y IpOCeKy 3a MeT Iy Ta U CTOra ce ynoTpe6a HUCKOTO3HOT TPOTOKOJIA IIPENopydyje Kaj| ToJ
je MeTUIMHCKY ONpaBJlaHa.

Kmwyune peuu: 003a opzaua, pusuk paoujayuoHo? Kanyepa, KoMmijyitepcka iomozpaguja, Zpyoru Ko,
ApOMIOKOA HUCKUX 003a




