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1 | INTRODUCTION

Abstract

Out-of-field organs are not commonly designated as dose calculation targets during
radiation therapy treatment planning, but they might entail risks of second cancer.
Risk components include specific internal body scatter, which is a dominant source
of out-of-field doses, and head leakage, which can be reduced by external shielding.
Our simulation study quantifies out-of-field organ doses and estimates second can-
cer risks attributable to internal body scatter in whole-breast radiotherapy (WBRT)
with or without additional regional nodal radiotherapy (RNRT), respectively, for right
and left breast cancer using Monte Carlo code PHITS. Simulations were conducted
using a complete whole-body female model. Second cancer risk was estimated using
the calculated doses with a concept of excess absolute risk. Simulation results
revealed marked differences between WBRT alone and WBRT plus RNRT in out-of-
field organ doses. The ratios of mean doses between them were as large as 3.5-8.0
for the head and neck region and about 1.5-6.6 for the lower abdominal region.
Potentially, most out-of-field organs had excess absolute risks of less than 1 per
10,000 persons-year. Our study surveyed the respective contributions of internal
body scatter to out-of-field organ doses and second cancer risks in breast radiother-

apy on this intact female model.
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association between radiotherapy for the breast and second cancers

in organs adjacent to the breast, that is, the lung, esophagus, and

Breast-conserving therapy requiring radiation therapy is the standard
of care for early-stage breast cancer. Whole-breast radiotherapy
(WBRT) and regional nodal radiotherapy (RNRT) are first-line treat-
ments. Nevertheless, despite their benefits, doses attributed to head
scatter, collimator transmission, and internal body scattering can
cause second cancer and deterministic effects in peripheral organs.

Reports of experiment cohorts have described a significant

thyroid.*® However, an association between radiation therapy and
second cancer risk in out-of-field organs, remains unclear. Compo-
nents of out-of-field doses are internal body scattering, head leak-
age, collimator transmission, and room scattering. Some reports of
the literature have described that internal body scattering is a domi-
nant component of out-of-field doses.*” It is reported that internal

body scattering contributes 70% of the out-of-field dose for
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conventional radiotherapy techniques.” Contributions of head leak-
age and collimator transmission radiation are described in the litera-
ture.>”” Earlier findings suggest that the magnitude of leakage head
scatter that contributes to the out-of-field dose can be reduced by
placing a lead shield over the critical area.®? Internal body scatters,
however, cannot be shielded. Knowledge of exposure attributable to
internal body scatter is crucially important for radiation risk manage-
ment. Nevertheless, measuring the dose directly in each organ in a
patient body is impossible.

Out-of-field organ doses must be managed to mitigate second
cancer risk, just as they are for in-field organs, but they are not cal-
culated in general radiotherapy treatment planning. Moreover,
treatment planning system (TPS) accuracy is usually limited to a
few centimeters outside the field edge.’®!! Earlier studies have
estimated out-of-field absorbed doses using anthropomorphic
phantom measurements or TPS calculations on patient computed
tomography (CT) images. Kry et al. calculated doses for out-of-field
organs and estimated second cancer risks after prostate radiother-
apy using TPS.22 Howell et al. evaluated the accuracy of TPS for
out-of-field dose calculation compared to measurements using an
anthropomorphic phantom.'® Zeverino et al. summarized the
peripheral organ dose in breast radiotherapy depending on the
planning technique for several TPSs.?® Kourinou et al. measured
the contribution of internal body scatter to the fetal dose using an
anthropomorphic phantom.’* These experimental reports have
described approximate doses in out-of-field organs in TPS for
breast cancer, but out-of-field organ doses have not been estab-
lished based on physical simulation with a complete whole-body
model.

Some refined analytical models and systems are able to predict
out-of-field doses.*>*® However, scattering in the complex structure
of the human body is not considered. Also, the dose of a specific
organ is not a calculation target.

Monte Carlo (MC) simulation, which is well known as a physi-
cally accurate dose calculation method, has been used in some ear-
lier studies to calculate out-of-field absorbed doses. Reda et al.
used a simple anthropomorphic phantom to calculate the doses for
some organs for one situation of breast radiotherapy.’” Joosten
et al. calculated out-of-field organ absorbed doses by simulating
irradiation of left breast radiotherapy on a CT-based female phan-
tom that did not include forearms or lower limbs.*®1? Abo-Madyan
et al. estimated the second cancer risk for the breast and lung after
breast radiotherapy.?° However, no report of the relevant literature
describes a study validating irradiation effects for regional lymph
nodes from a low-dose bath or a study estimating the second can-
cer risk for out-of-field organs mainly attributed to internal body
scatter in radiotherapy for the breast in a complete whole-body
MC simulation.

This study specifically undertook simulation of all organ
absorbed doses by internal body scatter from conventional radio-
therapy techniques using WBRT alone and WBRT plus RNRT, with
calculation of second cancer risks in these radiotherapies using the

21

concept of the organ equivalent dose (OED) with Japanese
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atomic bomb survivor data. The radiation dose was calculated for a
complete whole-body voxel model for Japanese female adults 22
using the MC code Particle and Heavy lon Transport code System

(PHITS, ver. 3.02).2°

2 | METHODS

2.A | Whole-body female model

Simulation of the particular organ dose distributions in a female body
requires a full standard whole-body model. For this study, we used
the whole-body voxel model for a Japanese female adult designed in
2003 by the National Institute of Information and Communications
Technology.?2?* This model was constructed based on magnetic res-
onance images of a female Japanese person. The model height and
weight approximate the average body size for a Japanese female
adult (159.1 cm and 52.6 kg). The model, which consists of
2 x 2 x 2 mm® (coronal, axial, sagittal) voxels, is segmented into 47
tissues and organs including the contents of digestive organs. Free-
form deformation software 2* for postural modification of the model
is combined with the whole-body model package. The model posture
was modified for dose calculation: it was set to resemble a realistic
position of raising both arms above the head (Fig. 1). We assigned
mass density and compositions for all tissues and organs based on
the International Commission on Radiological Protection (ICRP) pub-

lication 110%° and allocated air around the model.

2.B | Treatment planning

The WBRT plans consisted of two opposing tangential fields with
two additional opposing subfields for the breast using multileaf col-
limators (MLCs), that is, “field-in-field technique.” RNRT plans had
two opposing regional lymph node fields using MLCs. The pre-
scribed dose of WBRT is 50 Gy to the breast in 25 fractions. That
of RNRT is 50 Gy to regional (subclavicular and internal mammary)
lymph nodes in 25 fractions. For treatment planning, a combination
of 4- and 6-MV x-ray beams was used. Above is a standard of care
for breast cancer patients at our institution. The convolution-super-
position algorithm, a model-based algorithm, was used for dose cal-
culation in TPS. The calculation grid size was equal to the voxel
model (2 x 2 x 2 mm®). Many internal organs are asymmetrically
shaped and positioned relative to the left and right sides of the
body. Asymmetry might be a cause of different organ doses found
for irradiation of the left and right sides. To evaluate the difference,
WBRT alone and WBRT plus RNRT treatment plans were gener-
ated, respectively, for the left and right sides using software (Pinna-
cle® ver. 14.0; Philips Medical Systems) TPS. A certified medical
physicist generated these treatment plans for breast cancer for the
whole-body female model.

Conversion from a voxel format to DICOM format is necessary
to plan treatments for the whole-body voxel model on the TPS. For
this study, voxel values in DICOM files were inversely assigned mass

density of each tissue and organ from the CT-density table. The
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Fic. 1. Whole-body female model designed by the National
Institute of Information and Communications Technology.?? Fat,
muscle, blood, and skull are not visible in this figure..

outside region of the phantom was set to —1000 Hounsfield units
(HU) as air.

2.C | Monte Carlo dose calculation using PHITS

For this study, we chose a full MC simulation package that sup-
ports Message Passing Interface (MPI) protocols: PHITS ver.
3.02.22 PHITS incorporates Electron Gamma Shower Version 5
(EGS5), in which photon and electron transport were established
as valuable tools to simulate a medical linac.24?” As incident x-ray

spectra, we used MC modeled photon fluence spectra reported by

Shiekh-Bagheri and Rogers.?® Beam information such as the leaf
position, jaw position, and beam angle were obtained from DICOM
RT files planned in Pinnacle® TPS for the MC simulation. The
whole-body voxel model was downsampled to voxel size
2 x 2 x4 mm® (coronal, axial, sagittal) to input the model into
PHITS and to reduce statistical uncertainty. To simulate only the
dose contributed from internal body scatter, which is the principal

component of out-of-field doses,*>

scattered radiation produced
by the linear accelerator, for example, head scatter, collimator
transmission, and MLC transmission, was not modeled for dose
estimation in this study. To validate the beam source models, we
compared the percentage depth dose (PDD) and beam profiles of
4- and 6-MV x-ray beams in water (50 x 50 x 50 cm®) for
10 x 10 cm? field and 100 cm source-to-surface distance between
the PHITS simulation and TPS.

The photon and electron cutoff energies were, respectively,
10 keV and 100 keV. The photon mean free path at 10 keV in liquid
water is approximately 1.9 mm.2? The electron attenuation length at
100 keV in liquid water is approximately 0.14 mm.2° They were
smaller than the voxel size.

Two billion incident photons for each simulated beam were used
to achieve statistical uncertainties of less than 2% at the target
breast conclusively. Generally, MC simulation requires a long dura-
tion and tremendous computational power to reduce statistical
uncertainty. We accelerated simulation by parallel computing using a
supercomputing system (Reedbush-H, two 18 core processors, Xeon
E5-2695v4; Intel Corp, with 256 GB random access memory; Silicon
Graphics International Corp.) with 72 MPI processes at the Informa-
tion Technology Center of The University of Tokyo.

The simulated relative dose distributions by PHITS were rescaled
to the prescribed dose (50 Gy) at each beam specification point. Our
software developed in-house extracted the specific organ dose dis-
tributions from the PHITS output files. The local gamma passing rate
with a 3%/3 mm gamma criterion was calculated with the calculated
organ-dose distributions by PHITS and TPS.3!

2.D | Calculation of second cancer risk

We estimated the risk of second cancer by the excess absolute risk
(EAR) optimized against the epidemiological data. The cancer inci-
dence is assumed to be directly proportional to OED, according to
the linear no-threshold model. Therefore, EAR after radiotherapy is
calculated as.

EARy = EARy, - OED; (1)

where EARr stands for EAR after radiotherapy for organ T (per
10,000 person-year (PY)), EARy, denotes epidemiological EAR, and
OED; signifies OED for organ T.2° EAR derived from Japanese
atomic bomb survivor data for organ T (per 10,000 PY at 1 Gy at
the age of 70 yr, following exposure at the age of 30 and 50 yr), as
described by Preston et al.32

The OEDs for most out-of-field organs were calculated using the

linear dose-response model mainly because the model accomplished
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good precision under 2 Gy.3% Most out-of-field organs in radiother-
apy were exposed to less than 2 Gy in this study. Therefore, we cal-

culated OED for the linear dose-response model as shown below.

from i equals zero to n of dose D in organ T, which has volume V7.
Also, Vp, is the volume corresponding to dose D;.3

The mean absorbed doses for the target breast, the ipsilateral
lung, the thyroid, the skin, the large intestine, the liver, the esopha-
gus, and the spleen were sometimes found to be over 2 Gy in our
study. For doses greater than 2 Gy, the dose-response relation for
cancer is no longer linear. This model would generally overestimate
the OED.** It has often been hypothesized that the linear dose-re-
sponse model is no longer applicable because of cell death at higher
doses. The linear-exponential dose-response model is proposed as
one model to describe the dose-response at higher doses, as

explained below.233

1 n
OEDT,linear—exp = VT‘ZQ{VD' -D;- e D }; 3)
=

a=0.044Gy !

Therein, model parameter a was estimated from a combined fit

to the Japanese atomic bomb and Hodgkin cohorts.2%34

3 | RESULTS

Figure 2 and Fig. 3 respectively show comparisons of PDD and
beam profiles at 10 cm depth between the PHITS simulation and
TPS for beams used in this study. The PDD comparisons showed
that PDD curves of PHITS and TPS matched well. However, a few
differences were apparent around the surfaces of both curves. The
PHITS beam profiles agreed well with those calculated using TPS in
the central region and penumbrae. The PHITS beam edge values
were very close to those of TPS.

Simulation with two billion incident photons took 31 h for each
beam in field-in-field technique for the breast and 24 h for each
beam for regional lymph node fields, on average. Each simulation for
WBRT alone took about 124 h; each WBRT plus RNRT simulation
took about 172 h on the Reedbush-H supercomputing system.

Table 1 presents the simulated mean absorbed doses over the
specified volume for the target breast from WBRT alone and WBRT
plus RNRT using PHITS and TPS. The difference in the mean

TaBLE 1 Mean absorbed doses and the 68% confidence interval (Cl) for the target breast from WBRT alone and WBRT plus RNRT for full

MC PHITS and TPS.

Mean dose for target breast

Gamma passing rate

MC [Gy] TPS [Gy] & [%] (3%/3 mm) [%]
Left side irradiation WBRT 52.100 + 0.594 51.666 —-0.833 100
WBRT plus RNRT 51.275 £ 0.728 51.579 0.593 100
Right side irradiation WBRT 51.258 + 0.569 51.462 0.398 100
WBRT plus RNRT 51.101 £ 0.572 51.589 0.956 99.8

Difference is given by the equation [§ = (PHITS - TPS)/ TPS x 100]. Gamma passing rates were calculated between PHITS and TPS.
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absorbed dose for the target breast was less than 1% between
PHITS and TPS (convolution—superposition algorithm) in all treat-
ment plans.

The dose volume histograms (DVHSs) for the target breast and
organs near the radiation field by PHITS and TPS are shown in
Fig. 4. The gamma index passing rate for them is shown in Table 1.

The simulated dose for the target breast accorded well with TPS.
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Fic. 4. DVHs in the target breast and adjacent organs for full MC
simulation PHITS and the convolution-superposition algorithm in
TPS undergoing (a) WBRT for the left breast, (b) the right breast, (c)
WBRT plus RNRT for the left breast, and (d) the right breast.

Earlier reports of experimental studies have described that the con-
volution—superposition algorithm in TPS apparently overestimates
the absorbed dose for the out-of-field organs around the chest.3>%7
Figure 5 and Fig. 6 present part of DVHs for out-of-field organs sim-
ulated using PHITS (Simulated absorbed doses presented in Table 2).
Full MC simulation was useful to survey the absorbed dose distribu-

tion from head to toe, although distant organs such as the genital
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area are outside the calculation area in TPS for radiotherapy for
breast cancer.

Comparison of out-of-field organ doses between WBRT alone
and WBRT plus RNRT plans revealed that the latter was inclined to
increase the maximum dose for out-of-field organs. Also, RNRT

WILEY—Z

produced the mean dose increase in contrast to WBRT alone. The
ratios of mean doses between WBRT alone and WBRT plus RNRT
were approximately as large as 3.5-8.0 at the head and neck region
and around 1.5-6.6 in the lower abdominal region. This increase
resulted from scattering radiation which proceeded via regional lymph
node fields. Table 3 summarizes EAR for out-of-field organs (per
10,000 PY at the age of 70 yr after exposure at the ages of 30 and
50 yr) for conventional radiotherapy techniques calculated using Egs.
(1) and (2). Additional RNRT increased to the same degree as that for
EAR found for WBRT only. EAR of the stomach with WBRT plus
RNRT for the left breast was 13.2, which was the highest value exclud-
ing the breast and lung. Other organs with EAR higher than 1 are the
thyroid and esophagus which were reported to increase second cancer
risk. Furthermore, the EARs of the large intestine and liver were also
higher than 1. The EAR of other out-of-field organs was less than 1.

4 | DISCUSSION

This study simulated absorbed doses for 43 organs and estimated
the risk of second cancer for major organs attributed to specific
internal body scatter from breast radiotherapy with WBRT alone and
WBRT plus RNRT using full MC code PHITS in the complete whole-
body female model. The simulated mean absorbed dose for the tar-
get breast matched with TPS within 1%. Substantial differences were
found, however, between them for the low-dose bath such as the
lung and heart (Fig. 4). In that regard, the estimated uterus and ovary
doses were consistent with reported doses because of internal body
scatter at the fetal level from breast radiotherapy with two opposing
tangential fields.'*

Comparison of the out-of-field organ doses between those found
for WBRT alone and WBRT plus RNRT indicates that the latter
greatly increased the absorbed doses for most out-of-field organs.
As one might expect, the exposure dose for organs around the head
and neck increases because of opposing regional lymph node fields
in RNRT. Furthermore, these fields markedly increased the dose for
all out-of-field organs including the lower abdomen. Although these
additional fields did not overlap with opposing tangential fields for
the breast, the scattered radiation to out-of-field organs originated
from each field was not negligible.

Modern photon radiotherapy techniques such as intensity-modu-
lated radiation therapy (IMRT) and volumetric modulated arc therapy
(VMAT) have also become the standard of care for multiple cancer
sites. They involve a higher number of beams than conventional
radiotherapy techniques. Therefore, the dose can be concentrated
into a target region. Such techniques might increase the low-dose
bath region.33° The influences of IMRT and VMAT upon determin-
istic effects and second cancer risk represent a controversial
issue.t?1341-43 The MC dose simulation on the whole-body female
model can also be expected to help to evaluate acquired risk factors
of modern photon radiotherapy.

The convolution-superposition algorithm in TPS overestimated
the dose for peripheral organs. For example, many reports have
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described dose overestimations around the lung caused by the scat-
ter kernel of the convolution-superposition algorithm.3>=37 The dif-

o N 0O ¥ F N O N ™ T W .

8 8 8. 8 8 8 8 8 8 s 8 3 ference between PHITS and TPS might have been caused by the
= ©O © O O O O O O o O o o treatment of d lect ts in low-density inhomo-
O 4 H HHH A H A H B A reatment of secondary electron components in low-density inhomo
SR E R SR SR N E S R geneous media. The lateral electronic equilibrium is difficult to model
2 9§ 4 0 9 9 9 ¥ o AT @ . -
£ © 0 0 o o o 4 « o o o because the range of secondary electrons in low-density inhomoge-

- neous media, such as the air and lung, is longer than that in water.

g g § % g g § g % § § & g By contrast, MC simulation in this study was conducted with actual

g O O O O O O O O o o © o elemental compositions that are allocated directly to each tissue on

E E‘ g § g ; % S 5 g g ; g g the whole-body model. Therefore, the MC simulation algorithm is

Xx ¥ ¥« M O O O O ® ®© ™M ® O i imati - i i

g g S T 388 ¢g g U@; @ S 53 expected to be valid for estimation of a low-dose bath including
regions that are distant from the target.

The contribution of internal body scatter over lead leakage has
® N O o H d odF N 0V N « < . . 14 -

8. S 8 8 8. 8 8 S 8. 8. = S been reported in the literature.”™ Nevertheless, no report of the lit

O O O o O o 6 o o o o o :
= erature presents data for specific organ doses and second cancer
S H HOHOHOH A HHH oW _ present P 8 . ‘
B s Y El 2 El 2 L 2 G risks posed by internal body scatter in breast radiotherapy. Our sim-
& © © O 9 9 © © ¥ N © K O . .

g O O O O O O O © © © o « ulation results demonstrate clearly that unavoidable EAR for out-of-
5 field organs was less than 1. This result indicates that the risk of sec-
B ond cancer is much lower than for the breast, lung, thyroid, and
T 282383338358 &KNS3 . . . .
£ O 0 0o & & & & ¥ In o In 1 esophagus which were earlier reported to show increased risk. The
= O O O O O o 6 8 o o o o ] i o .
§ = H H H H H H H H HH H A risk might be negligible for these organs. However, the skin on the
VIO 4 0 ¥V © YV P N O N O OO .
%ED g < 8 f_r! f_r! s 8 8. S § (g g y g_ surface of the human body might be more affected by head leakage,
=] © <2 @ e 2 o e Q collimator transmission, and room scattering from all directions than

the internal body organs. Evaluating the second cancer risk for the

O ®m O m ® & &N o6 F N o0 ®© skin requires further investigation. Although the risk is small, WBRT

§83 8888388 8 3 8 -

S5 3 666666 S S S o plus RNRT elevates the risk of the second cancer of out-of-field
G H H o H A HHH A A A organs considerably, by as much as 3.5-8 times for the head and
=S5 $§88383FDRIH . ) )
§ O 8N ¥ 038338 % & dn o neck region, compared to WBRT according to the dose calculation
g O O O O O © © « O « ® « . L

conducted for this study. That risk is nonetheless acceptable because

- radiotherapy benefits outweigh the attendant risk.

© . N

z 853355883 % 3 Medical safety demands our best efforts to reduce this risk. The

x © © ¥ © 9 9 9 9o « o « N . . . . .

@ SO O © O O O O « « o « o relation between radiation therapy and second cancer is being clari-

= H H H H H H H H H H H H . ) o

:‘ oI MO ™ fied.3*4*> Combining the specific organ doses obtained in this study

El>23238388388¢d8% . . ont 1 :

g E g g g Sl S B % zrr- = %5 with prognosis of the patient is expected to clarify the causal rela-
tion between the absorbed dose and second cancer in breast radio-
therapy.

N OO N AN H H ™M 0 o N O . . . . ) .

s 8 8_ 8 8 8 8 8 8 8 = S Regarding the effect of uncertainty in dose estimation on esti-

O 0O O o o o o o o o o o . . .

B H HoHHH A HH A mating the risk of second cancer, reports of the relevant literature
B SR SEI Sl S R 5 claim that 50% uncertainty in the calculated peripheral dose is
8 O <« 4N O © 9 O N N 9o ¥ . - .
g O O O O O O © © © O « «i acceptable given the uncertainties of risk factors for second can-
- cers.*® However, the risk of second cancer might be different when
2 : o, fobe 47 ey
= N EEEEEREERES a dose uncertainty of at least 50% exists.”” In our study, the statisti
E © © 9 © © © © ! ¥ O v In cal uncertainties of out-of-field organ doses were mostly less than
E O 0O O o o o o o o o o o ) i
o = H H H H H H H H H H H H 50%. Therefore, assuming 50% as the threshold of dose uncertainty
AP RPER R R RS sk estimati ! st
2 g x 9835853318 R&8&R for risk estimation based on the former claim, then the statistical
gl2lg @ ° e e xrrpyCIES uncertainties of organ doses which have less than 50% uncertainty
. can be acceptable for risk estimation in our study. However, the
©
g uncertainties for some organs such as the bladder, uterus, and ovar-
c
B ies exceeded 50%. The estimated risks of second cancer for these
(e} ) . . . .
O 5 S organs might be inaccurate based on the assumption, but the risks
> n 2 5 ) . . ..
ﬁ g S c 8 5 o E T E ° would still be sufficiently small as to be negligible.
a = é s § & ®» 3 '*g “g’ *(E“ 3 £ Limitations exist in this study. First, only one whole-body female
< +— = . . )
= HoEmocECECECOE Y model was used for dose calculations. Reportedly, the patient’s body
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type has little effect on a low-dose bath*® However, DVHs for
peripheral organs differ considerably among patients. Treatment
plans such as different irradiation of right and left breasts were
examined in this study. Therefore, when estimating the risk of sec-
ond cancer for peripheral organs, they are calculable with the
patient’s individual CT dataset used during treatment planning.

A second limitation is the coverage of Japanese atomic bomb
survivor data. Marked differences exist in the rates of some cancers,
such as breast and ovary cancer, between the general Japanese pop-
ulation and the world population.*® This striking interpopulation dif-
ference in baseline rates for some cancers presents a complicated
issue, as discussed in earlier reports.so'51 Moreover, the EAR data
include no distinction between men and women. Therefore, it is dif-
ficult to apply the data to the rates of some cancers for which gen-
der differences are large, such as bladder cancer. Extrapolating the
results to the world population is hindered by these inherent limita-
tions.

5 | CONCLUSION

We applied MC dose simulation and estimated the second cancer
risks for a low-dose bath by internal body scatter for WBRT alone
and WBRT plus RNRT with realistic radiotherapy conditions using a
postured whole-body female model. The MC simulations based on
sophisticated physics can validate low-dose bath attributable mainly
to internal body scatter. Most out-of-field organs present sufficiently
low second cancer risk. The data suggest that conventional breast
radiotherapy contributes little to the probability of second cancer of
the breast with shielding head scatter. Further MC dose calculation
on clinical patient data is expected to help in evaluating acquired risk
factors for patients considering or undergoing radiotherapy.
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