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Aim:  The  aim  of  this  study  was to estimate  the  secondary  malignancy  risk  from  the  radiation  in  FFB
prostate  linac-based  radiotherapy  for different  organs  of the  patient.
Background:  Radiation  therapy  is one  of  the  main  procedures  of  cancer  treatment.  However,  the  applica-
tion the  radiation  may  impose  dose  to  organs  of  the  patient  which  can  be  the  cause  of  some  malignancies.
Materials  and methods:  Monte  Carlo  (MC)  simulation  was  used  to  calculate  radiation  doses  to  patient
organs  in  18 MV linear  accelerator  (linac)  based  radiotherapy.  A humanoid  MC phantom  was  used  to
calculate  the  equivalent  dose  s for different  organs  and  probability  of  secondary  cancer,  fatal  and  nonfatal
risk,  and  other  risks  and  parameters  related  to megavoltage  radiation  therapy.  In  out-of-field  radiation
calculation,  it could  be seen  that  neutrons  imparted  a  higher  dose  to  distant  organs,  and  the dose  to
surrounding  organs  was  mainly  due  to absorbed  scattered  photons  and  electron  contamination.
Results:  Our  results  showed  that  the bladder  and  skin  with  54.89  ×  10−3 mSv/Gy  and  46.09  × 10−3 mSv/Gy,
respectively,  absorbed  the  highest  equivalent  dose  s from  photoneutrons,  while  a lower  dose
was  absorbed  by the lung  at  3.42  × 10−3 mSv/Gy.  The  large  intestine  and  bladder  absorbed

−3 −3
55.00  × 10 mSv/Gy  and  49.08  × 10 , respectively,  which  were  the  highest  equivalent  dose  s  due  to
photons.  The  brain  absorbed  the lowest  out-of-field  dose,  at 1.87  ×  10−3 mSv/Gy.
Conclusions:  We  concluded  that  secondary  neutron  portion  was  higher  than other  radiation.  Then,  we
recommended  more  attention  to  neutrons  in the  radiation  protection  in  linac  based  high  energy  radio-
therapy.

© 2020  Greater  Poland  Cancer  Centre.  Published  by  Elsevier  B.V.  All  rights  reserved.
. Background

Megavoltage electron linear accelerators (linacs) are widely
sed to treat deep-seated tumors, and they offer advantages in can-
er radiation therapy over low-energy machines.1–3 Researchers
ave conducted extensive studies on the dosimetric proper-
ies of linacs, their primary photon beams, secondary radiation
ontamination characteristics, and other aspects of megavolt-
ge linacs, both with experimental methods and Monte Carlo
MC) simulation.4–8 There is agreement among various researchers

egarding MC  simulation and experimentally derived results. Addi-
ionally, the radiation dose following linac that is absorbed by
atient’s tumor or absorbed by normal organs out of field, as well

∗ Corresponding author.
E-mail address: hoseinghiasi62@gmail.com (H. Ghiasi).

ttps://doi.org/10.1016/j.rpor.2019.12.029
507-1367/© 2020 Greater Poland Cancer Centre. Published by Elsevier B.V. All rights res
as scattered and secondary radiation have been subjects of sev-
eral studies. Based on the absorbed doses delivered to different
organs in cancer radiotherapy, induction of secondary malignan-
cies in organs has been estimated using international reports and
data from the International Commission on Radiological Protec-
tion (ICRP).9–16 Primary photon doses scattering to out-of-field
organs and the dose from radiation contamination, such as elec-
trons and photoneutrons produced in linac components, have been
reported as sources of probable secondary malignancies. Photoneu-
trons originate from heavy components in the linac head and
propagate peripherally in a nearly isotropic pattern.5 Photons scat-
ter from the linac collimator, as well as the patient body and walls
of the room.5,17 Electron contamination5,18 in X-ray radiotherapy
is produced mainly in components such as the flattening filter in

the pathway of the primary photons. The aim of the current study
was to use MC  estimation of the out-of-field organ doses in 18 MV
prostate external radiotherapy and calculate the secondary cancer

erved.
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Fig. 1. (a) The room layout and dimensions simulated in this study. The 3.65 m high
room with the 55 cm thick concrete ceiling was simulated. Additionally, 110 cm con-
crete bulk simulated on top of the linac head in linac rotation direction for shielding
the upper space from the primary radiation while the linac irradiates below the
patient. The bulk performs as primary barrier with thickness of 1.65 m.  (b) Axial
view of the prostate and the treatment plan by which a patient is treated and our
88 A. Ghasemi-Jangjoo, H. Ghiasi / Reports of Prac

isk, fatal and non-fatal risks due to received radiation equivalent
ose for the normal organs. Linac photon beam in field and out of
eld were also characterized using MC  simulation.

. Aim

The aim of this study was to estimate the secondary malignancy
isk from the radiation in FFB prostate linac-based radiotherapy for
ifferent organs of the patient.

. Materials and methods

Monte Carlo general purpose N-Particle transport code MCNPX
2.7. E) developed by Los Alamos National Library (LANL) was  used
or simulation and dose calculation in this study. An 18 MV  Var-
an 2100C linac in a treatment room made of ordinary concrete
density of 2.35 g/cm3) was simulated to evaluate scattering radia-
ion. Fig. 1(a) shows the simulated room dimensions and layout.
ercent depth dose and photon beam profile for the simulated

inac was derived by MCNPX code in a 50 cm × 50 cm × 50 cm water
hantom modeled to simulate full scatter as in a real phantom at

 source-to-surface distance (SSD) of 100 cm and compared with
he measured data. Using the comparison of the percentage depth
ose (PDD) and photon beam profile (PBP) datasets comparison,
ur linac model was verified for the photon dose calculations. Fur-
hermore, the number of neutrons produced per 1 Gy of a X-ray
ose at the isocenter was  scored and the result was  compared
ith results. A humanoid phantom was then modeled at the hos-

ital bed so that the prostate of the phantom was modeled at the
socenter as the target organ. The modeled linac was rotated, and
he prostate was irradiated by four fields. Irradiating the prostate
sing the four-field box (FFB), out-of-field doses from secondary
eutrons, scattered photons, electron contamination, and captured
amma  rays were calculated for different organs. The irradiation
escription can be summarized as follows according to the Core-
lan treatment planning system (TPS) derived from the plan for
rostate tumor irradiation.

Field sizes of 8 × 8 cm2, SSD of 92.1 cm,  monitor unit of 58;
Field sizes of 8 × 8 cm2, SSD of 92.5 cm,  monitor unit of 58;
Field sizes of 7 × 8 cm2, SSD of 84.0 cm,  monitor unit of 64; and
Field sizes of 7 × 8 cm2, SSD of 84.9 cm,  monitor unit of 62.

Fig. 1(b) presents the isodose and the treatment pan of the
rostate using the FFB treatment technique. Because electron con-
amination decreases over a specific distance in a field size, the
ifference between in-field and out-of-field doses is very high in
omparison with other radiation types. Electron contamination is
ot negligible, but the majority of contamination is in field. The
erived absorbed equivalent doses for patient organs and ICRP
ecommendations were used to calculate organ doses, organ accu-

ulated doses, probability of secondary cancer (cases per 10,000
ersons).18 Data obtained is reported in the result section and com-
arisons made with literature reports. ICRP 103 provides updated
ata for various parameters for absorbed dose in organs as a result
f cancer therapy.16 In the recommendation, absorbed dose by a
ass (tissue or organ) is defined as follows:

 =
¯d ∈
dm

(1)

here D is absorbed dose, the numerator is average energy of the
adiation absorbed by a mass, and dm is the mass. This definition

an be applied to small masses, and the energy is defined as the
verage value of energy delivered to the mass. Because some parts
f the mass absorb more or low energy in comparison with other
arts, ICRP has recommended that an average value of delivered
MC  simulation was carried out. Isodoses curves can be seen in the plan provided by
CorePlan TPS and used field sizes (two fields of 8 × 8 cm2 and two fields of 7 × 8 cm2)
applied for simulations. Isocenter relative dose was shown in red color as 100.6%.

energy be applied in dose calculation.16 In nano-scale dose calcu-
lations, energy is applied as the value of absorbed energy in the
small mass, and the definition does not consider energy as an aver-
age value. In macroscopic scales, dose is considered uniformly, but
it is a fluctuating value in very small masses, such as in nano-scale
dosimetry. The same dose absorbed in different types of tissues has
different biologic effect. For the relation of a different tissue dose
to the biologic effects in the tissues, equivalent dose concept (HT)
was introduced and it was defined as16

HT =
∑

wRDT,R (2)

R

wR is the radiation weighting factor, DT,R is absorbed dose from
radiation R by tissue T. Absorbed dose (D) was  derived by MC  sim-
ulation in the 18 MV  external photon beam prostate radiotherapy
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Fig. 2. Neutron equivalent dose equivalent to different organs in the prostate radio-
therapy from out-of-field radiation scored by MC simulation.
A. Ghasemi-Jangjoo, H. Ghiasi / Reports of Prac

or different organs and wR was applied for the conversion to HT. wR
s reported as 1 for all energies of photon and electrons and is not
nergy dependent for the mentioned types of radiation. Photoneu-
ron spectra at the maze entrance do not contain the contribution
f the high-energy neutrons. For the neutron radiation weighting
actor was reported as an energy dependent factor, so, according to
he neutrons energy, the neutron weighting factor can be used and
ithout knowledge about the neutron radiation energy, one cannot

pply the factor correctly. Because it differs up to 20 according to
he neutrons energy and its maximum is in the energy range from
00 keV to 200 keV. In the neutron equivalent dose we  used a radia-
ion weighting factor to convert an absorbed dose to an equivalent
ose. In the current study, we used MC  simulation to derive the
tudied radiation spectra around the linac in an entrance maze as
ell as on a patient couch. Calculated portion and also total spectra
ere reported in the next. section. More detailed information can

e found in the ICRP recommendation 103.16 Gamma-rays from
n,�) reactions induced in interactions between low energy (spe-
ially thermal) neutrons and low atomic number (Z) materials. The
amma-ray production is dominant at maze entrance because of
ower energy neutron presence. HT for different out-of-field organs
sed for secondary cancer risk estimation and other health-related
arameters of the patients undergoing megavoltage external beam
herapy were obtained. ICRP provided data for secondary cancer
isk estimation for different organs in cases per 10,000 persons per
v. The obtained organ equivalent doses were also used for fatal
nd non-fatal risk estimation as well as nominal risk adjusted for
ethality and quality of life using the coefficients reported for differ-
nt organs doses.16 All of the calculated parameters for the studied
rgans are tabulated and reported in the next section and compared
ith the literature. Any difference or agreement with other works

re discussed and the source of difference or conditions, methods
nd causes of the agreement are discussed and reported.

. Results

An 18 MV  Varian linac was simulated and PDD and PBP data were
erived in the simulated water phantom. MC  calculated dataset
as compared with the measured one and the minimum differ-

nce of 0.8% was found in the PBP dataset at the central region of
he field, while the maximum difference of 1.08% for the standard
0 × 10 cm2 field size was obtained in field edges. At the penumbra
ite the deference between the measured and calculated dataset
ncreased to 0.0288 with increasing distance from the center of
he field at out-of-field. At the isocenter the difference was 0.0005
hile above and below the isocenter the differences were increas-

ng. The maximum difference was observed at the phantom surface.
n the other hand, the number of photons per electron incident on

he linac target is 1.2 × 10−14 at the isocenter. Thus, our calculation
howed that for delivering the 1 Gy photon dose to isocentre for
he 6.28 × 104 gr mass of water 8.33 × 1014 initial electrons were
equired to incidence on the tungsten target. Furthermore, in the
ully closed field, 1.56 × 10−8 n0/cm2 was obtained at a spherical
urface around the linac with the center in the linac target. The
alculated number of neutrons per 1 Gy of X-rays at the isocentre
as 1.3 × 1012 n/Gy which corresponds to the definition of the neu-

ron source strength (QN) which is an essential factor for neutron
ose calculation. For speeding out the photon calculation by MC,

n the input file data card the parameter of BNUM, which controls
remsstrahlung production and tracking, was set to 5. As a con-
equence, 5 photons were generated per initial electron, whereas

nly 1 photon is initiated for the default set. For 10 × 10 cm2,
0 × 20 cm2 and 40 × 40 cm2 regular field sizes QN was  calculated to
e 1.28 × 1012, 1.23 × 1012 and 1.09 × 1012 neutrons per 1 Gy of the
-ray dose at the isocenter and the number of produced neutrons
Fig. 3. Scattered photon equivalent dose in the prostate radiotherapy from out-of-
field radiation scored by MC  simulation.

per 1 Gy of the X-ray dose was  revealed to decrease at the isocen-
ter with the increasing field size. For simulation of the TPS derived
plan we  rotated the modeled linac so that the simulated irradiations
were conducted for 0, 90, 180 and 270◦. Doses to the prostate as the
target organ and to in-field as well as to out-of-field organs, from
linac scattered photons, photoneutrons, gamma-rays produced in
the patient body and from electron contamination were scored in
the prostate for the mentioned irradiation conditions. Low Z and
hydrogenous materials present in tissue capture low energy neu-
trons in the (n,�)  reaction. Table 1 shows accumulated equivalent
doses estimated by the MC calculations for each organ. Addition-
ally, probability of secondary cancer per 1 Sv, fatal and non-fatal
risk due to absorbed equivalent dose, nominal risk adjusted for
lethality and quality of life were estimated for all considered organs
(see Table 2). Figs. 2, Fig. 33 and Fig. 44 show the estimated organ

equivalent doses from neutrons, photons and gamma-rays. Accord-
ing to the results, the bladder and skin with 54.89 × 10−3 mSv/Gy
of the dose to tumor and 46.09 × 10−3 mSv/Gy of the dose to tumor
were the organs which absorbed the highest equivalent dose from
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Table 1
Scattered photon, neutron and capture gamma-ray equivalent dose for prostate cancer irradiation with the 18 MV  beam averaged for the prostate four field box irradiation.
(Photon and neutron doses for the rectum are excluded from the calculations).

Organ Neutron equivalent dose in
mSv  per Gy

Photon equivalent dose in
mSv  per Gy

Prompt gamma-ray
equivalent dose dose in
mSv  per Gy

Accumulated equivalent
dose from photons and
neutrons in mSv  per Gy

1. Thyroid 13.28 × 10−3 4.60 × 10−3 4.15 × 10−3 4.15 × 10−3

2. Esophagus 10.50 × 10−3 8.35 × 10−3 1.18 × 10−3 1.18 × 10−3

3. Lungs 3.42 × 10−3 6.49 × 10−3 1.16 × 10−3 1.16 × 10−3

4. Liver 12.77 × 10−3 36.99 × 10−3 3.24 × 10−3 3.24 × 10−3

5. Stomach 8.83 × 10−3 27.93 × 10−3 3.78 × 10−3 3.78 × 10−3

6. Bone marrow 17.10 × 10−3 21.00 × 10−3 2.90 × 10−3 2.90 × 10−3

7. Small intestine 14.85 × 10−3 30.01 × 10−3 4.23 × 10−3 4.23 × 10−3

8. Large intestine 11.01 × 10−3 55.00 × 10−3 5.33 × 10−3 5.33 × 10−3

9. Bladder 54.89 × 10−3 49.0810−3 6.76 × 10−3 11.07 × 10−2

10. Testes 29.02 × 10−3 48.11 × 10−3 3.42 × 10−3 3.42 × 10−3

11. Skin 46.09 × 10−3 25.09 × 10−3 1.47 × 10−3 1.47 × 10−3

12. Adrenals 9.03 × 10−3 16.98 × 10−3 2.34 × 10−3 2.34 × 10−3

13. Kidney 13.88 × 10−3 33.17 × 10−3 2.37 × 10−3 2.37 × 10−3

14. Pancreas 14.10 × 10−3 34.18 × 10−3 3.48 × 10−3 3.48 × 10−3

15. Spleen 11.07 × 10−3 29.09 × 10−3 6.67 × 10−3 6.67 × 10−3

16. Liver 13.05 × 10−3 37.13 × 10−3 3.50 × 10−3 3.50 × 10−3

17. leg bone 12.09 × 10−3 8.99 × 10−3 5.76 × 10−3 5.76 × 10−3

18. Spine bones 15.43 × 10−3 16.39 × 10−3 12.07 × 10−3 12.07 × 10−3

19. Scull bone 11.04 × 10−3 2.07 × 10−3 1.80 × 10−3 1.80 × 10−3

20. Brain 12.38 × 10−3 1.87 × 10−3 1.77 × 10−3 1.77 × 10−3

21. Thymus 11.85 × 10−3 2.00 × 10−3 1.09 × 10−3 1.09 × 10−3

22. Uterus 23.38 × 10−3 15.98 × 10−3 12.00 × 10−3 12.00 × 10−3

23. Ovaries 30.08 × 10−3 25.29 × 10−3 18.00 × 10−3 18.00 × 10−3

24. Scapulae 15.00 × 10−3 3.09 × 10−3 2.19 × 10−3 2.19 × 10−3

25. Arm bones 34.98 × 10−3 10.10 × 10−3 9.55 × 10−3 9.55 × 10−3

Table 2
Secondary risk estimation due to the equivalent dose estimated for the organs in the out-of-field radiations. Data used from ICRP recommendations.16

Studied organ Probability of secondary
cancer risk (cases per
10,000 persons)

Fatal risk due to absorbed
equivalent dose (cases per
10,000 persons)

Non-Fatal risk due to absorbed
equivalent dose (cases per
10,000 persons)

Nominal risk adjusted for
lethality and quality of life

1. Thyroid 0.56 0.07 0.08 0.12
2.  Esophagus 0.24 0.05 0.07 0.10
3.  Lungs 0.93 0.08 0.09 0.16
4.  Liver 1.44 0.09 0.09 0.14
5.  Stomach 0.89 0.09 0.10 0.17
6.  Bone marrow 1.22 0.08 0.08 0.11
7.  Small intestine 0.63 0.04 0.05 0.10
8.  Large intestine 0.55 0.04 0.04 0.10
9.  Bladder 1.93 0.07 0.08 0.99
10.  Testes 1.10 0.09 0.09 0.10
11.  Skin 51.67 0.13 0.15 0.19
12.  Adrenals 0.65 0.07 0.08 0.99
13.  Kidney 0.43 0.06 0.07 0.10
14.  Pancreas 0.43 0.06 0.07 0.08
15.  Spleen 0.38 0.08 0.08 0.98
16.  Liver 1.68 0.07 0.07 0.08
17.  Leg bone 0.31 0.03 0.05 0.07
18.  Spine bones 0.29 0.03 0.05 0.07
19.  Scull bone 0.25 0.02 0.04 0.08
20.  Brain 0.28 0.01 0.03 0.08
21.  Thymus 0.69 0.04 0.05 0.07
22.  Uterus 1.66 0.08 0.12 0.18

t
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23.  Ovaries 2.29 0.10 

24.  Scapulae 0.51 0.03 

25.  Arm bones 0.99 0.02 

he photoneutrons while the lower dose was absorbed by the lung
ith 3.42 × 10−3 mSv/Gy of tumor. Large intestine and bladder
ith 55.00 × 10−3 mSv/Gy of tumor and 49.08 × 10−3 absorbed the

ighest equivalent dose from the photons while the brain of the
atient with 1.87 × 10−3 mSv/Gy of tumor was the organ of the

owest out-of-field dose. In accumulated dose data, we found the
atio of minimum to maximum accumulated equivalent dose to

e 9.902 × 10−3 mSv/Gy. Maximum and minimum probability of
econdary cancer in cases per 10,000 individuals was obtained for
kin and brain tissues, respectively. Fatal and non-fatal risk estima-
0.17 0.23
0.05 0.08
0.03 0.06

tion, according to Table 2, showed that the brain was characterized
by the minimum fatal and non-fatal risk. The highest nominal risk
adjusted for lethality and quality of life was  observed for the skin.
The results of the performed electron contamination study are
included in Table 3. Fig. 5 shows the effect of the flattening filter
on the electron contamination production. Our study performed
for the 10 × 10 cm2 and 40 × 40 cm2 field sizes showed that for the

unflattened photon beam the obtained electron fluence was 6.18
times higher than for the flattened beam. Removing the flattening
filter affected the neutron production in the photon mode for the
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Fig. 4. Capture gamma ray equivalent dose to different organs in the prostate radio-
therapy from out-of-field radiation scored by MC simulation.

Table 3
Estimated equivalent dose from the electron contamination in 18 MV X-ray prostate
radiotherapy and probability of secondary cancer in cases per 10,000 persons.

Organ Equivalent dose
(mSv/Gy of tumor
dose)

Probability of
secondary cancer

Thyroid 1.05 0.04428
Lungs 0.58 0.24861
Esophagus 0.04 0.02049
Stomach 0.01 0.0051
Liver 0.38 0.16677
Bladder 0.82 0.35508
Skin 0.80 0.34485
Bone marrow 0.06 0.0258

Fig. 5. Electron contamination spectra derived by MC  simulation for 40 × 40 cm2

field size and two  linac configurations; solid red line is under condition with flat-
tening filter and dot black line shows the contamination spectra without flattening
fi
d
o

s
p

5

p

lter. The flattening filter is a main part of a linac that contaminant electron pro-
uction is attributed to. The figure shows the considerable effect of flattening filter
n  the electron contamination fluence.

tandard 10 × 10 cm2 field size: a 34% reduction in photoneutron
roduction was observed at the isocentre.
. Discussion

In the current study the 18 MV  linac was modeled and the
rostate was considered as a target organ. The prostate was a part
ncology and Radiotherapy 25 (2020) 187–192 191

of a modeled humanoid phantom in our simulations. We  consid-
ered that prostate absorbed the X-ray dose of 72 Gy which was
the basis of other calculations. Verification and benchmark method
of MC  simulated linac was explained in the Section 3 as well as
in our previous work.19–26 Out-of-field dose to the patient nor-
mal  organs from the photoneutron, scattered photon, gamma-rays,
and contaminant electron was  estimated and converted to equiv-
alent dose using the ICRP 103 recommended factor.16 Probability
of secondary cancer risk, fatal and non-fatal risk due to equivalent
absorbed dose, nominal risk adjusted for lethality and quality of life
for the prostate as the target organ were estimated. Good agree-
ments were observed between our calculation and other reported
results. A comprehensive study was conducted for normal organs
risk estimation in the course of prostate cancer treatment. Different
researchers have studied the mentioned parameters in megavolt-
age prostate radiation therapy.27,29,31–36 Distant organ high doses
may  be attributed to the photoneutrons and gamma-rays due to
the almost isotropic neutron propagation. Isotropic pattern of the
neutrons emission and low attenuation because of zero electric
charge made the distant organ dose difference lower than that
for the same organ difference in the absorbed photon dose.37–42

These organs are close to the target organ or have characteristics
which make them likely to develop secondary malignancies. Elec-
tron contamination had been studied in the literature and a sharp
drop in electron contamination was the cause why  we  report the
results of organ doses due to electron contamination separately.
But, in the case of electron contamination, we obtained results in
agreement with the results reported in the literature.43–45 Based on
the results, one can say that organs absorbed a dose mainly from
the photoneutrons and their secondary malignancy risk is also, to
a large degree, due to the neutron contamination in contrast of
closer organs which mainly absorb a dose from photons and elec-
trons. As a whole, we concluded that neutrons because of a high
radiation weighting factor and a low gradient dose in distances
around 0.5−1 m have more contribution in the secondary malig-
nancy induction and organ doses in contrast to photon and electron
contamination. It should be stated that gamma-rays are due to the
photoneutron dose to patent’s body. Room dimensions and con-
crete thickness were taken into account in the simulation because
of the effect of wall thickness and room dimensions on the neutron
and gamma-ray production.40,46 Our simulation did not consider
gamma-ray production for atoms and isotopes in the linac head,
room walls, patient body and air atoms. Such data can be found in
the literature.47–49 The obtained doses were the sum of equivalent
doses of gamma-rays originating from the simple capture reac-
tion (n,�). The presented results and considerations are in good
agreement with those published in the literature.20–25,36,37,43–49

6. Conclusions

In the current study, we  estimated organs doses in prostate
megavoltage linac-based radiation therapy for different organs.
The organ received doses from radiation contamination were also
calculated and secondary malignancy induction calculation and
cancer risk estimation were conducted on the basis of the organ
equivalent doses. It was  revealed that using megavoltage machines
to irradiate patients’ tumoral organs was associated with non-
negligible radiation contamination dose received from the patients.
Secondary neutron doses were observed to dominate in radiation
contamination. The authors recommend more studies on the issue
to reduce the secondary risks of linac-based radiotherapy.
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