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In the current study, the out-of-field organ and effective dose for external radiation therapy of
prostate cancer was estimated by the MCNPX Monte Carlo code and a mathematical phantom.
Organ doses from scattered photons, photoneutrons, and capture gamma rays were calculated
for an 18 MV photon beam. Our results show that scattered photons are the main contributors
in out-of-field patient doses. The resulting effective doses from scattered photons, neutrons,
and capture gamma rays amounted to 723 mSv, 134 mSv, and 45 mSv per a 72 Gy prostate
dose, respectively. In conventional treatment, the total effective dose from the three radiations
in the current study was 902 mSv per a 72 Gy tumor dose. Taking into account that the risk fac-
tor for a secondary cancer of an adult male patient is 2% per Sv, the probability of secondary
cancer risks of 1.8% and 6.3% were obtained for the conventional and intensity-modulated
treatment of the prostate, respectively. Our study suggests that, taking into account all contri-
butors to organ doses - including scattered photons, neutrons, and capture gamma rays -
out-of-field dose calculations can provide a more realistic estimation for secondary cancer risk

analysis, as well as a wider range of therapeutic techniques for comparison.
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INTRODUCTION

Radiation therapy of prostate cancer is one of the
more effective techniques in treating prostate malig-
nancies. Both conventional and intensity-modulated
methods have resulted in relatively successful out-
comes for prostate cancer patients. The application of
intensity-modulated radiation therapy (IMRT) and
three-dimensional conformal therapy in the treatment
of prostate cancer has resulted in higher tumor dose
administration, accompanied by a lower normal tissue
dose [1]. Using modern external radiation therapies,
the 5-year freedom from relapse in patients with the
T,/T, disease (T, through T, describe the tumor size
and status of spreading) has been reported as amount-
ing to 65-85% [2]. Despite a greater dose of radiation
delivered by these methods, the toxicity of the thera-
pies has decreased considerably, because a smaller
volume of the normal rectum receives high doses [2].
Thus, compared to other types of cancers, the dis-
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ease-free period and survival rate in prostate cancer
cases have increased dramatically. By increasing the
life span of prostate cancer patients, the probability of
secondary cancer risks from received out-of-field
doses could prove to be significant [3]. In recent years,
several studies have reported on the whole body effec-
tive dose from radiation therapy treatments [4-12]. It
was found that using a multi-leaf collimator can de-
crease the amount of scattered photons and, conse-
quently, cause a moderate reduction in out-of-field
photon doses. In radiation therapy of the prostate, high
energy photons are employed to provide the required
penetration of the pelvic region. On the other hand,
photoneutrons are produced in high energy photons
(>10 MeV) and become a significant source for un-
wanted, out-of-field exposure for the prostate patient
[13]. These neutrons with an effective energy range of
2 MeV have an average quality factor of 20 [14]. Nu-
merous studies have been performed to identify the
characteristics of the patient received dose by
out-of-field photons and neutrons[1, 4, 6,9, 15-18].In
addition to experimental investigations which were
carried out using anthropomorphic phantoms and di-
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odes and thermoluminance dosimeters, some in-vivo
studies have also proved that, with high energy pho-
tons, the dose received by the patient can be even
higher, due to photoneutrons in conventional treat-
ments. In recent studies, the Monte Carlo (MC)
method and mathematical phantoms have shown their
capabilities in estimating organ specific doses from
photons and neutrons [19, 20]. In a MC study on pros-
tate cancer, the contribution of scattered photons has
been determined using the MC method, but neutron
doses were not calculated [9]. In a study by Kry et al.
[5], organ doses from scattered photons and neutrons
were measured using a Rando phantom and
thermoluminance dosimeters for different conven-
tional and IMRT treatments of the prostate. In addition
to this, neutrons captured in the body tissue of the pa-
tient and concrete walls of the room can generate
gamma photons which may have a significant effect
on the patient out-of-field dose and the effective dose
of prostate cancer patients under radiation therapy in-
volving high energy photon beams [19, 21, 22].

The aim of the current study was to calculate the
specific organ doses and the effective dose from scat-
tered photons, photoneutrons and capture gamma rays
for conventional and IMRT treatments of the prostate
with 18 MV photon beams using a MIRD-based math-
ematical phantom and the MCNPX MC code.

METHODS AND MATERIALS
Linac simulation and beam modeling

A Varian 2300C/D linac with a multi-leaf
collimator (MLC) (80-leafs) was simulated for calcu-
lations in the current study (fig. 1). The MLC axis was
along the lateral axis of the patient. A validated model
of linac for an 18 MV photon beam was used in the
study[23,24]. The MLC leafs were set to build a circu-
lar beam with a diameter of 10 cm at the isocenter. This
arrangement was used for all four beams in conven-
tional treatments. To calculate the dose to the organs
outside the treatment volume, two components should
be considered. First, the scattered photons from the
target volume and leakage radiation from the linac
head have to be taken into account. The second com-
ponent is related to the photoneutrons produced
mainly in the linac head [21, 25]. To validate our
model for photon leakage, a water phantom was lo-
cated under the linac head at a distance of 100 cm from
the photon source. A sphere with a diameter of 5 cm, at
a distance of 1 m from the source outside the field size
of 0 cm x 0 cm was defined and the photon dose tallied
by a *F8 tally. The ratio of this dose to the dose in the
water phantom at d,,, for a 10 cm x 10 cm field size
was considered as leakage radiation [9]. It amounted
to 0.07%, less than the 0.1% limit for clinical linacs.
The simulation also confirmed the suitability of the
lead shielding for our linac model. To simulate real
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Figure 1. Schematic representaton of Varian 2300 C/D 18
MYV MC model used in the current study

treatment conditions, a treatment room with a dimen-
sion of 6 m x 6 m X 4 m was simulated and the
mathematical phantom and linac situated in the center
of the treatment room (fig. 2).

Monte Carlo modeling for prostate treatment

The MIRD-based anthropomorphic phantom
was built using MCNP4X MC code 2.4.0. [26]. The
phantom resembled an adult man weighing 70 kg (fig.
3). An 18 MV photon beam model of Varian 2300 C/D
was used to irradiate the prostate of the phantom. A
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Figure 2. Simulated geometry of Varian 2300 C/D linac
head, mathematical phantom and treatment room walls
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Figure 3. Representation of a mathematical male
phantom plotted by the MCNPX MC code
(a) frontal view atz = 0, (b) lateral view at x = 0

four-field box technique, including two lateral fields,
an anterior and a posterior one, was simulated. The av-
erage organ dose from the four fields was calculated
and, based on these values, the effective dose was cal-
culated. The rectum and bladder were partially irradi-
ated by the direct beam.

A spherical cell with a radius of 2 cm at the ap-
proximate location of the prostate within the bladder
and rectum was defined to resemble the prostate tumor
and score the deposited energy at the isocenter. To
avoid the primary radiation effect on the estimated ef-
fective dose, the rectum dose and irradiated part of the
skin were excluded from effective dose calculations.
The mathematical model was positioned at a source-
to-axis distance of 100 cm from the photon source.

Dose depositions from scattered photon capture
gamma rays were tallied in the selected organs of the
mathematical phantom by a *F8 tally which scores the
deposited energy in terms of MeV [26]. Using the mass
of each organ in terms of kg and converting the energy
from MeV to joule, the absorbed energy was calculated
for each organ. For neutron dose calculation in the se-
lected organs, the F6 tally which scores an energy depo-
sition averaging a cell in terms of MeV/g was used. The
simulations were performed in two steps. In the first
one, the input file was run for photon dose calculations.
Energy cut-offs of 10 keV and 500 keV were used for
photons and electrons, respectively. In the second run,
the energy deposited by photoneutrons and capture
gamma rays was simulated. In order to obtain more ac-
curate results, the statistical uncertainty of MC results
for the tumor dose was less than 1%, but it varied for dif-
ferent organs in the out-of-field region. In general, the
statistical uncertainty of MC results for all calculations
was less than 3%. For cancer risk calculations, tissue

weighing factors and the coefficient of cancer risk were
derived from ICRP 103 (tab. 1) [14].

Table 1. Tissue weighting factor and nominal risk
coefficient used in the current study for equivalent dose
calculations derived from ICRP 103 [14]

Tissue Nominal risk coefficient
Tissue weighting [cases per 10000 persons

factor per Sv]

Thyroid 0.04 33

Lung 0.12 114

Esophagus 0.04 15

Stomach 0.12 79

Liver 0.04 30

Spleen 0.12 -

Pancreas 0.12 -

Kidney 0.12 -

Adrenals 0.12 -

Small intestine 0.12 -

Large intestine 0.12 -

Bladder 0.04 43

Testes 0.08 20

Skin 0.01 1000

Bone marrow 0.12 42

Effective dose estimation for IMRT treatments

The effective dose calculated for conventional
treatment was then used for IMRT effective dose calcu-
lations using a modulation scaling factor. The results of
previous studies suggest that an increase in the effective
dose could be explained by the increase in the number
of monitor units required for IMRT [5, 9, 10, 19, 27]. In
other words, the relative increase in the out-of-field
dose attributable to IMRT can, partly, be explained by
the increase in the modulation scaling factor (MSF). In
the current study, the MSF of 3.5 for an IMRT with 7
beams relative to the conventional box technique was
used for dose calculations, as reported by a similar pre-
vious study [9]. In all simulations, including conven-
tional and IMRT treatmens, a dose of 72 Gy was pre-
scribed for the target volume, including a sphere
resembling a prostate and an interior wall of a rectum.
In accordance with previous studies and taking into
consideration the new ICRP guidelines, 2% per Sv was
considered in order to determine secondary cancer risk
for elderly patients undergoing prostate radiation ther-
apy [9, 14, 28].

RESULTS

Out-of-field organ equivalent doses from scat-
tered photons, photoneutrons and capture gamma rays
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Table 2. Scattered photon, neutron, and capture gamma
dose equivalents for prostate cancer irradiation with an
18 MV photon averaged for the four field-box technique.

Table 3. Organ equivalent dose in terms of Sv and the
probability of secondary cancer (cases per 10000
persons) per a 72 Gy prostate dose

Photon and neutron doses for the rectum are excluded -
from the calculations Organ Equivalent dose (SV)| Number of cases per
per 72 Gy tumor dose 10000 person
Accumulated : i
Photon | Neutron ng: Illllr;: equivalent Thyroid 1.58E-02 05
Tissue or |equivalent |equivalent e guivalent dose from Lungs 7.85E-03 0.9
organ dose dose 4 dose photons and Esoph | 45E-02 02
[uSV/Gy] | [uSV/Gy] [LSV/Gy] neutrons sophagus ASE- .
H y [uSv/Gy] Stomach 2.84E-02 2.2
Thyroid 4.5 13.2 4.3 22 Liver 3.85E-02 1.2
Lungs 6.4 34 1.1 10.9 Bladder 4.45E-02 1.9
Esophagus 8.4 10.5 1.3 20.2 Testes 5.72E-02 1.1
Stomach 26.9 8.7 3.8 39.4 Skin 5.15E-02 51.5
Liver 373 12.9 33 53.5 Bone marrow 2.87E-02 1.2
Spleen 29.9 10.9 6.8 44.4
Pancreas 343 13.1 3.6 51
Kidney 32.3 14.0 2.5 48.8 and capture gamma rays were 723 mSv, 134 mSv, and
Adrenals 16.2 8.8 2.1 27.1 45 mSv for a 72 Gy prostate dose, respectively. The
Small photon equivalent dose was 5.4 and 16 times higher
: - 29.0 14.7 4.2 47.9 .
intestine than neutron and capture gamma rays equivalent
Large doses, respectively. The total effective dose from the
. f 534 10.9 5.3 69.6 .
Intestine three components studied in the current study was 902
Bladder - 55.1 6.7 61.8 mSv for a 72 Gy tumor dose.
Testes 47.6 28.7 3.2 79.5 As stated previously, the organ and effective
Skin 24.6 45.1 18 715 dose for IMRT treatments can be estimated by multi-
Bone plying the MSF and the derived effective dose for con-
marrow 201 171 2.7 39.9 ventional treatments. Effective dose calculations were

are shown in tab. 2. Also, the total equivalent dose for
a number of selected organs is shown in the last col-
umn of tab. 2.

It should be taken into account that other studies
[9] and international authorities [ 14] have pointed out
that organ doses cannot be used for absolute survival
and hazard predictions. However, in accordance with
previous studies, when considering the newly devel-
oped techniques, organ doses can be exploited in bene-
fit-risk analysis. According to [CRP103, “there are sit-
uations in which the use of an effective dose is not
appropriate and individual organ and tissue absorbed
doses should be used instead. These include epidemio-
logical studies, assessments of the probability of can-
cer, assessments of the possibility of tissue reactions,
or assessments of doses when treatment or medical
surveillance are needed”. However, in some previous
studies, the risks of secondary prostate cancer have
been estimated for cases based on ICRP60 and
NCRP116 provided tissue and radiation weighting
factors and cancer risk [28, 29]. To compare our results
with the reported data, the effective prostate dose was
calculated and secondary cancer risk for some selected
organs tabulated in tab. 3. Additionally, the effective
dose was calculated using the ICRP 103 tissue weight-
ing factor and MC calculated organ doses. The result-
ing effective doses from scattered photons, neutrons,

determined for 7 beam IMRT treatments using a MSF
of 3.5 provided by the similar studies of Stathakis ef al.
[9], and Howell ez al. (2005) [17]. An effective dose of
3157 mSv was obtained for IMRT treatment. Taking
into account the secondary cancer risk of 2% per Sv for
an adult male patient, a probability of a secondary can-
cer risk of 1.8% and 6.3% was obtained for conven-
tional and IMRT prostate treatments.

DISCUSSION

As seen in tab. 2, distant organs receive a
higher neutron equivalent dose than the photon
equivalent dose while, for the organs close to the
primary beam, the photon equivalent dose domi-
nates. It should be mentioned that the radiation
weighting factor of 20 was used in equivalent dose
calculations for neutrons, while a factor of 1 was
used for photons. The radiation weighting factor for
neutrons was a rounded average value considering
the mean energy of 0.3-0.8 MeV neutrons produced
in radiation therapy according to the ICRP103 re-
port. The equivalent dose from capture gamma rays
was smaller in comparison to the one of scattered
photons and neutrons. However, if we consider the
radiation weighting factor of 20 for neutrons, it can
be concluded that the absorbed dose from capture
gamma rays is higher than the neutron dose in rela-
tively deep organs. In our study, the photon equiva-
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lent dose was higher than the neutron equivalent
dose in all organs except for the thyroid. Itis in close
agreement with the results of Reft et al. [27]. More-
over, the results are in close agreement with the re-
sults of Barquero et al. [19]. They calculated the ab-
sorbed organ dose from neutrons and capture
gamma rays using a mathematical phantom for an
18 MV photon beam. However, they did not esti-
mate the contribution of scattered photons in the or-
gan absorbed dose. Also, the effective dose was not
calculated in their study. Our results for the organ
absorbed dose from scattered photons and neutrons
are comparable with the measurements of Kry et al.
on an anthropomorphic phantom [5]. In another
study, Vanhavere et al. studied the out-of-field or-
gan doses from an 18 MV prostate treatment and the
results showed that the organs far away from the
prostate, such as the thyroid, receive higher neutron
than photon doses [10].

According to our findings which were tabulated
in tab. 3, higher secondary cancer risks are obtained
for skin, stomach, bladder, liver, and bone marrow.
Based on this, it was concluded that both the equiva-
lent dose and nominal risk coefficients are higher for
these organs, especially for the skin. However, for the
testes the dose is higher than for other organs, because
of its proximity to the prostate. But, because of the
smaller nominal risk coefficient for testes, the result-
ing secondary cancer risk is smaller in comparison to
those of other organs, such as the bladder or liver.

Data derived from epidemiological studies have
shown that an exposure to ionizing radiation above
50 mSv to 100 mSv increases the risk of secondary
cancers such as prostate cancer and breast cancer in
patients up to 30 years following the primary treatment
[30]. Furthermore, studies have shown that induced
cancers increase with time after radiation therapy. In
the case of elderly prostate patients, induced cancers
increase for about 1.5% at a time distance of 10 years
after treatment [31]. So, our estimated cancer risk of
1.8% is comparable with previous results. A statisti-
cally significant and very small increase in secondary
cancer risk after radiation therapy has been reported
by several investigations [18, 30, 32]. In cases of pros-
tate cancer, secondary lung cancers show an increase
of 4% to 6% compared to prostate surgery. In a study
by Followill et al, attributable secondary cancer likeli-
hood was estimated as high as 4.5% and 8.4% for
IMRT with 18 and 25 MV photon beams, respectively
[4].

Although equivalent doses for specific organs
have been published in previous studies, only one or
two radiations participating in the total out-of-field ab-
sorbed dose were reported. For example, Kry et al.
showed that neutrons are a significant contributor to
out-of-field organ doses and that the estimated risk for
conventional and IMRT from neutrons amounted to
1.7% and 5.1%, respectively [6]. A similar study on

IMRT by an 18 MV beam revealed that the dose equiva-
lent from photoneutrons could lead to a 2% likelihood
of secondary cancer for a 70 Gy tumor dose [33]. How-
ever, it is worth mentioning that a cancer risk coefficient
of 5% per Sv was used in theses studies. In the MC
study by Stathakis ef al. on conventional and IMRT of
prostate cancer, the scattered photon dose was calcu-
lated and a whole body equivalent dose of 780 and
1450 mSy for a 72 Gy tumor dose obtained. Our effec-
tive dose from photons was very similar to their re-
ported value for conventional prostate treatment. How-
ever, they did not calculate the neutron dose
contribution and based on previous studies [5], it was
assumed that the neutron dose could be 2 mSv to 5 mSv
for the same number of MU used in their study. Based
od this, they concluded that this might cause an increase
of 4% to 10% in cancer risk to the prostate patient.

The results of the study by in vivo measurement
show that, for prostate patients treated with 18 MV
IMRT, the out-of-field photon dose equivalent was up to
7 times greater than the neutron dose equivalent and
that the neutron dose equivalent varied by 2 mSv/Gy to
6 mSv/Gy for different therapy machines. In our study,
the photon equivalent dose was 5.4 times higher than the
neutron equivalent dose which was slightly smaller, but
in agreement with the study.

CONCLUSIONS

Our results have shown that the photon equiva-
lent dose is the dominant source of the out-of-field ef-
fective dose for patients undergoing prostate radiation
therapy. But the neutron equivalent dose is another
strong contributor. Also, the effect of capture gamma
rays cannot be neglected for 18 MV beam treatments.
Developments in cancer treatments and, consequently,
the increase in the life span of patients might permit
secondary cancers to appear after primary treatment.
Therefore, in order to find a practical strategy for solv-
ing this problem in the near future, we believe that it is
necessary to have estimations on patients’ effective
doses from different radiation therapy techniques so as
to make reliable risk-benefit comparisons between ra-
diotherapy techniques. Otherwise, our study suggests
that for out-of-field dose calculations in radiotherapy
techniques employing high energy photon beams, tak-
ing into consideration all contributors in organ doses
including scattered photons, neutrons, and capture
gamma rays, can provide more realistic estimations
for secondary cancer risk analysis and reliable com-
parison of different techniques.
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Moxamag MOXAMAJI3AJIEX, Acrxap MECBAXHU

MOHTE KAPJO INPOIEHA NO3A Y OKOJHMUM OPITAHMMA KOJE
nmoTnvy oa PACEJAHUX ®OTOHA, ®OTOHEYTPOHA N T'AMA
3AXBATA Y PAIUOTEPAIINIA ITPOCTATE

Y pajy cy npouereHe eeKTUBHE 103€ 3a OpPraHe KOjU Cy U3BaH JUPEKTHOT 10Jba 3pavewa, y
clydajy pajMjaliioHe Tepamuje KaHiepa npocrate, npumeHoM MOCNPX MonTe Kapno Koja
ofgrosapajyher mMaTeMaTHUKOr Mofeja HpuMemeHor ¢paHToMa. Jlode y opraHmma Koje MOTHYY Off
pacejanux ¢oToHa, (OTOHEYTPOHA U TaMa 3axBaTa MpopadyHarte cy 3a ciydaj 18 MeV-ckor oToHCcKOTr
cHona. Hamm pesynraTtu mokasyjy fa IJIaBHU JONPHUHOC A03€ y [E€JOBMMA Teja KOjU HHUCY AMPEKTHO
U3JI0XKEHH CHOIYy NMOTHYE Off pacejaHuX (POTOHA. YKynHa eeKTUBHA 1032 KOja MOTHYE Of pacejaHux
¢oToHa, HEYTPOHA U rama 3axBaTa u3zHocu 723 mSv, 134 mSvu 45 mSv npu npenaToj 1031 IpOCTaTE Of
72 Gy. 3a KOHBEHIIMOHAIHY TPETMaH pa3MaTpaH y OBOM pajy, yKyllHa e(peKTUBHA [03a KOja IOTUYE Of] OBE
Tpu KOMIOHEHTE 3padera n3Hocu 902 mSv 3a go3y ox 72 Gy koja je mpenaTta Tymopy. Mimajyhu y Buny
nojaTakK 1a pU3HUK Off CEKyHIapHOT KaHIepa KOJ Of[pacior MallijeHTa MyLIKOT 1ToJ1a U3HOcHU 2 % MO CUBEPTY,
IpeMa HallliM pe3yJITaTUMa BepoBaTHOhe fobujama CeKyHAapHOT KaHlepa uznoce 1,8% u 6,3% y ciyuajy
TpeTHpama KaHIepa IpocTaTe KOHBEHIMOHAIHOM U HUHTEH3UTET-MOAYIIUCAHOM TEXHUKOM, PECIIEKTUBHO.
Hamra ananusa nokasyje jja, OpUIMKOM IpOpadyHa JO3€ OpraHa KOju HUCY I€PEKTHO M3JIOKEHH CHOILY,
y3UMame y 003Up CBUX BPCTa JONPHUHOCA KOjU IOTUYY Off pacejaHux (poTOHA, HEYTPOHA U raMa 3axBara,
npy>ka MHOTO peajMCTUYHUjy IPOLEHY PU3HKA Of 0jaBe CEKyHAAPHOT KaHIepa.

Kmwyune peuu: paduoitiepaiiuja, iipociliaitia, pu3uk cexkynoaproz kauyepa, MCNPX tipozpam



