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Abstract

We aimed to estimate the risk of secondary cancer after radiotherapy (RT) in high-
risk prostate cancer (HRPC) patients with pelvic irradiation. Computed tomography
data of five biopsy-proven HRPC patients were selected for this study. Two differ-
ent planning target volumes (PTV; and PTV,) were contoured for each patient. The
PTV, included the prostate, seminal vesicles, and pelvic lymphatics, while the PTV,
included only the prostate and seminal vesicles. The prescribed dose was 54 Gy for
the PTV; with a sequential boost (24 Gy for the PTV,). Intensity-modulated RT
(IMRT) and volumetric modulated arc therapy (VMAT) techniques were used to gen-
erate treatment plans with 6 and 10 MV photon energies with the flattening filter
(FF) or flattening filter-free (FFF) irradiation mode. The excess absolute risks (EARs)
were calculated and compared for the bladder, rectum, pelvic bone, and soft tissue
based on the linear-exponential, plateau, full mechanistic, and specific mechanistic
sarcoma dose-response model. According to the models, all treatment plans resulted
in similar risks of secondary bladder or rectal cancer and pelvic bone or soft tissue
sarcoma except for the estimated risk of the bladder according to the full mechanis-
tic model using IMRTgmv:er) technique compared with VMAT techniques with FFF
options. The overall estimation of EAR indicated that the radiation-induced cancer
risk due to RT in HRPC was lower for bladder than the rectum. EAR values ranged
from 1.47 to 5.82 for bladder and 6.36 to 7.94 for rectum, depending on the dose—
response models used. The absolute risks of the secondary pelvic bone and soft tis-
sue sarcoma were small for the plans examined. We theoretically predicted the
radiation-induced secondary cancer risk in HRPC patients with pelvic irradiation.
Nevertheless, prospective clinical trials, with larger patient cohorts with a long-term

follow-up, are needed to validate these model predictions.
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1 | INTRODUCTION

Prostate cancer is the second most common malignancy in men in the
world. Radiotherapy (RT) plays an essential role in nearly every stage of
the prostate cancer. According to the European Association of Urology
Guidelines, intensity-modulated RT (IMRT), with long-term androgen
deprivation therapy, is the main treatment option for high-risk prostate
cancer (HRPC) patients.2 Prophylactic pelvic nodal irradiation has failed
to show beneficial results in cNO patients.® The STAMPEDE trial time to
failure-free survival was worse in patients with N+ disease (HR, 2.02
[95% confidence interval (Cl), 1.46-2.81]) than in those with NO dis-
ease.* Hence, the pelvic lymph node irradiation is still a confounding
problem for clinicians, and it is important to carefully weigh the relative
advantage of adding the pelvic lymph node irradiation over its potential
toxicity or increased secondary cancer risk in the HRPC patients.

The development of secondary cancers after RT is an undesired
outcome of the therapy that can be observed in long-term cancer sur-
vivors. There are several factors that impact secondary cancer risk
which can be analysed from a radiobiological perspective: age at irradi-
ation, type of irradiated tissue, irradiated volume, treatment technique,
previous irradiation/radiological investigations.” In this study, sec-
ondary cancer risks were assessed using Schneider's concept of the
organ equivalent dose (OED) and excess absolute risk (EAR). The EAR
of developing secondary cancer after exposure to radiation can be
estimated from the organ specific differential dose—volume histograms
(dDVHSs) based on biological models that are fitted to data from atomic
bomb survivors and Hodgkin patients treated with RT.®1°

To our knowledge, no previous report has estimated radiation-in-
duced secondary cancer risks in HRPC patients with pelvic irradiation.
The study aimed to estimate radiation-induced secondary cancer risks
using pelvic irradiation in HRPC patients in modern RT techniques

with different energy levels and flattening filter (FF) options.

2 | MATERIALS AND METHODS

2.A. | Treatment planning volumes

Computed tomography data of five biopsy-proven HRPC patients
was randomly selected from our database for a retrospective plan-
ning study. Two different planning target volumes (PTV; and PTV,)
were delineated for each patient. The PTV, included the prostate,
seminal vesicles, and pelvic lymphatics, while PTV, included only the
prostate and seminal vesicles (Fig. 1). The mean PTV; and PTV, vol-
umes of five patients were 1022.30 and 278.94 cm® respectively.
The bladder, rectum, and femoral heads were considered organs at
risk (OAR) (Fig. 1). In addition, all pelvic bones were contoured, and
pelvic soft tissue was created as a structure (total scanned volume in
the irradiation field minus all pelvic bones and PTVs).

2.B. | Treatment planning

IMRT and volumetric modulated arc therapy (VMAT) techniques

were used to generate treatment plans. The prescribed dose was

Fic. 1. An example of the contour of the planning target volumes
(PTVs) and organs at risk (OARs) on the axial plane.

54 Gy in 27 fractions for the PTV; with a sequential boost (24 Gy in
12 fractions for the PTV,). At least 95% of the PTVs were required
to receive >95% of the prescription dose. The dose-volume con-
straints used for the OARs are listed in Table 1.

In total, five different treatment plans with 6 and 10 MV photon
energies were created for each patient, including IMRT plans with
FF and VMAT plans with FF and flattening filter-free (FFF) irradia-
tion modes. Herein, the plans are referred to as IMRTmv:er),
VMAT ¢mvirry, VMAT smvierr, VMAT gomvier, and VMAT oMy Fre)-

While the IMRT plans consisted of 11 equally spaced coplanar
beams, the VMAT plans used three full coplanar arcs. All plans were
optimized in the Eclipse treatment planning system (version13.6,
Varian Medical Systems) using the identical optimization parameters
for the targets and OARs. Once each plan was optimized, the
dDVH'’s for the bladder, rectum, pelvic bone, and pelvic soft tissue
were extracted and used to calculate the OEDs and EARs for each

plan type and for all study cases.

2.C. | Calculation of second malignancy risk
estimates

The risk of developing a secondary solid cancer after RT is usually
represented by the EAR. The EAR to develop solid cancer describes
the absolute difference in cancer rates of persons exposed to a dose
d and those not exposed to a dose beyond the natural dose exposi-
tion per 10.000 persons per year (PY).” The EAR can be calculated
according to Eq. (1):

TasLe 1 Dose constraints of the organs at risk (OARs).

OAR Goal or constraint dose
Rectum V70 < 20%

Vso < 50%
Bladder V70 < 30%

Vs5 < 50%

Femoral heads Vso0 < 5%
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EAR(D,e,a) =EARq - REDp - u(agex,agea) (1)

where EARy is the initial slope of the dose-response curve at a low
dose and the RED (risk equivalent dose) is the dose-response rela-
tionship for radiation-induced cancer in units of dose. The function u
takes into account the age of the population examined, based on the
patient’s age at the time of irradiation (agex), and the attained age of
the patient in years (agea). The factor u is given by Eq. (2):

u(agex,agea) = exply, - (agex —30) +y, -In(agea/70)] (2)

where y, and y, are age modifying factors (EARy was originally calcu-
lated for persons exposed at age 30 and attaining age 70). All EAR
calculations in this study were calculated for patients irradiated at
age 60 (agex) and attaining age 80 (agea) as representing the HRPC
population at risk.

The EAR, as defined in Eq. (1), is the mathematically modeled
EAR in a small volume element of an organ or tissue. If the dose—
volume histogram of an organ of interest is known, the EAR for that
organ (EAR,g) can be obtained using the Eg. (1) by a convolution of
the dose-volume histogram with the EAR by Eq. (3):

EARyy = Vir ZVD,EAROREDDW (agex,agea) (3)
1

where V7 is the total organ volume. The sum is taken over all the
bins of the dose-volume histogram, and Vp; is the volume of the
organ that is exposed to dose D;.

It is known, that for doses below 2 Gy, the dose-response rela-
tion is linear.!* For higher doses and inhomogeneous dose distribu-

611 and

tions, however, the dose-response relation is no longer linear
other dose-response functions are required to describe their rela-
tion. To facilitate the estimation of secondary cancer risks in the irra-
diated organs, Schneider et al.>” introduced the concept of the OED
which assumes that any two dose distributions in an organ are
equivalent if they cause the same radiation-induced cancer inci-
dence.® The OED is then described by the following expression in

Eq. (4):
OED:i > VpiREDp; 4
V4

and the EAR,4 can be estimated as in Eq. (5):
EARog =EARq - OED - u(agex,agea) (5)

The OED values are independent of the EARy and modifying
function p.” The EAR, values for Western populations and different
sites were taken from the study by Schneider et al.” and tabulated
in Table 2. There are different models for the RED calculation, based
on different assumptions of cells’ behavior after dose exposition.”?
The linear model assumes a linear response over the whole dose

range:
REDp =D (6)

The mechanistic model that accounts for killing and fractionation
effects:®?

e—/aD

_ - 2 0D (1 p\2,—iRD
REDp =~ — (1 2R +R2e™0 — (1—R)%e 1% ) (7)

where /a = a+p-dr
The parameters a and p are those from the linear quadratic
model of cell killing, describing the linear and quadratic dose-re-
sponse of the tissue to radiation. The parameter R describes the
repopulation and ability to repair between dose fractions delivered.
For this model, there are two limiting cases with the parameter
R = 0 for no repair and R = 1 for full repopulation/repair occurring.

Therefore, the limit R = O leads to the linear-exponential model:
REDp = De™"*P (8)

The linear exponential model takes into account that the proba-
bility for cell killing increases exponentially with dose which leads to
a decrease of the risk of cancer induction due to the killing of
mutated cells.

Moreover, the limit R = 1 is the case of full repopulation/repair,
known as the plateau model:

REDp = 1%% 9)

Previous studies have demonstrated that, for inhomogeneous
dose distributions above 4 Gy, the full mechanistic, plateau, and lin-
ear-exponential models represent a better description of the dose—-
response function than the linear model.”’ Therefore, the linear
model was not included in our results.

OEDs for the bladder and rectum were calculated for the three

different dose-response models based on the dDVHs according to:

e~ 1aD;

1
OEDmechanistic = V_T zi:VDi W

(1-2R+R%e — (1-R)%e 40 (10)

1 1D
OEDIinear—exp = V_TZVDiDi67 D (11)
i

1— e—/aD,-

la

OFDteas = Vo (12
T i
The risk of radiation-induced pelvic bone and soft tissue sec-
ondary malignancies were calculated using a specific mechanistic sar-
coma model based on an intermediate repopulation (R = 0.5)
according to:

e—/aD; D, o
e (1—2R+R2e"D'—/aRD,-—(l—R)Qe 17'?«9')

1
OEDsarcoma = V_T ‘ZVDI al

(13)

The site-specific parameters were derived from a combined fit to
data from atomic bomb survivors and Hodgkin patients treated with
single doses of 2-40 Gy assuming an o/f value of 3 Gy. The differ-
ence between the baseline risks of developing cancer, without expo-
sure to radiation for the Japanese and Western populations was
included. The parameters used for the EAR calculations are shown in
Table 2.
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TaBLE 2 Parameters used in the secondary malignancy risk calculation.

Full mechanistic

model
Site EAR, & (Gy™) R &Gy™)
Bladder 3.8 0.219 0.06 0.213
Rectum 0.73 0.033 0.56 0.031

Pelvic bone (Sarcoma Model): R = 0.5; & (Gy™):0.067; EARg: 0.20
Pelvic soft tissue (Sarcoma Model): R = 0.5; & (Gy~%):0.060; EARo: 0.60

2.D. | Statistical analysis

The statistical analysis was performed using SPSS software (version
18.0). Quantitative data are expressed as the mean + standard devi-
ation. Multiple groups of means were compared with a one-way
analysis of variance, after testing for variance equality. Variance
homogeneity was assessed using Levene's test. A post-hoc test was
used for situations where there were significant differences between
groups.

3 | RESULT

The OED and EAR values for the bladder, rectum, pelvic bone and
soft tissue calculated with different dose-response models are
shown in Tables 3 and 4. The tabulated data shows values averaged
over all patients. Average EARs for all three dose-response models
for the bladder and rectum were 3.15 and 7.59 respectively for
IMRT ¢mv:rr), 3.32 and 7.01 respectively for VMAT gmv:er), 3.35 and
6.85 respectively for VMAT gmv:eer, 3.32 and 6.92 respectively for
VMAT 10mv:er), and 3.35 and 6.83 respectively for VMAT(1omv:err)-
When comparing the plans, IMRTgmv:rr significantly reduced
the OED and EAR of the bladder, according to the full mechanistic
model, compared to VMATsmv:rery and VMATqomvirrr) (P-values
0.036, 0.030, 0.031, and 0.030, respectively), despite resulting in
similar risks of secondary bladder cancer based on the linear-expo-
nential and plateau dose-response model. There were no statistically

significant differences between the plans, in all techniques, beam

Linear-exponential model

A difying fact
Plateau model ge modifying factors

&(Gy™) T T

0.633 -0.024 2.38

0.065 ~0.024 2.38
-0.013 -0.56
-0.013 -0.56

energies, and irradiation modes with regard to EAR of the rectum,
pelvic bone, and soft tissue, regardless of the model used.

The relative differences in the EAR between the plans predicted
using the linear—exponential, plateau, and full mechanistic dose-re-
sponse models were lower for the rectum compared with the blad-
der. Within each model, absolute differences between individual
plans were small. The absolute risks of the pelvic bone and soft tis-
sue sarcoma were small for the plans examined. The EAR ranges for
all techniques were 0.43-0.45 for the pelvic bone and 0.47-0.53 for
the soft tissue (Table 4).

When comparing FFF plans with the equivalent FF plans, for the
bladder, rectum, pelvic bone, and soft tissue, there were minimal dif-
ferences in the EAR. The relative differences of the EAR for each
organ type, all the treatment techniques and all dose-response
model are plotted in Fig. 2.

4 | DISCUSSION

Radiation-induced secondary malignancies is one of the important
late side effects of RT. Many factors may contribute to the develop-
ment of radiation-induced secondary malignancies, such as the age
at the time of RT, the dose and volume of the irradiated area, type
of the irradiated organ and tissue, radiation technique and individual
and family history of cancer. Theoretical concerns have been raised
regarding a potentially large increase in secondary cancer risk using
modern techniques such as IMRT compared to three-dimensional

conformal RT (3D-CRT).1*"%* However, the direct clinical evidence of

TaeLe 3 Organ equivalent dose (OED) for the bladder, rectum, pelvic bone, and soft tissue.

Bladder Rectum Pelvic bone Soft tissue
Plan OEDjin-exp OEDyat OEDrmech OEDiin-exp OEDypiat OEDmmech OEDsarcoma  OEDsarcoma
IMRT smv:Fr) 079 £013 313 +005 116+011 1964 +143 2181 +202 2219 +212 320+026 1.23+0.15
VMAT smv:ER) 0.95 £ 0.09 3.12 + 0.06 1.29 £+ 0.07 18.04 + 1.63 2049 + 3.18 20.28 + 2.49 3.28 + 0.24 1.29 £ 0.12
VMAT ¢mv;eeR) 097 £008 312+007 131+007 1781 +158 19.67 +£224 20.00+236 324+030 127 +0.15
VMAT 10mv:FR) 094 +£0.07 312 +007 129 +006 1800+ 1.67 19.84 +239 2017 +£251 324+025 1.20+0.12
VMAT (10Mv:FFR) 0.97 £ 0.06 3.11 + 0.07 1.31 £ 0.06 17.77 £ 1.77 19.61 + 2.41 19.93 £ 2.54 3.18 + 0.26 1.15 £ 0.13

The mean values and standard deviation of the OED averaged over all patients. The bold value indicate a significantly lower OED compared to
VMAT ¢mv:eer) and VMAT somv:eer. Abbreviations: IMRT, intensity-modulated radiotherapy; VMAT, volumetric modulated arc therapy; FF, flattening fil-
ter; FFF, flattening filter free; lin-exp, linear-exponential; plat, plateau; mech, full mechanistic; and sarcoma specific mechanistic sarcoma dose-response

model. OED unit is Gray.
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TaBLe 4 The excess absolute risk (EAR) for the bladder, rectum, pelvic bone, and soft tissue.

Bladder Rectum Pelvic bone Soft tissue
Plan EARjin-exp EARpjat EARmech EARjin-exp EARpjat EARmech EARsarcoma EARsarcoma
IMRT 6mv:Fr) 147 £ 0.25 5.82 + 0.08 2.16 + 0.20 7.03 + 0.51 7.80 + 0.72 7.94 £0.76 0.43 + 0.04 0.50 + 0.06
VMAT ¢mv:er) 1.76 + 0.16 5.81 + 0.11 240 £+ 0.14 6.45 + 0.59 7.33 £ 1.14 7.26 + 0.89 0.45 + 0.03 0.53 4 0.05
VMAT ¢mv:eep) 1.80 + 0.16 5.81 + 0.12 244 +£0.13 6.37 + 0.56 7.04 £ 0.80 7.15 + 0.85 0.44 + 0.04 0.52 + 0.06
VMAT 10mv:ER) 1.75 £ 0.13 5.80 £ 0.12 240 +£0.11 6.43 £ 0.60 7.10 + 0.85 722 £090 044 + 0.04 0.49 + 0.05
VMAT 1omv;:FFR) 1.81 +0.11 5.79 + 0.13 244 +0.11 6.36 + 0.61 7.01 + 0.86 7.13 £ 091 0.43 + 0.04 0.47 4+ 0.05

The mean values and standard deviation of the EAR averaged over all patients. The bold value indicate a significantly lower EAR value compared with
VMAT smv:rer) and VMAT (qomv:eer). Abbreviations: IMRT, intensity-modulated radiotherapy; VMAT, volumetric modulated arc therapy; FF, flattening fil-
ter; FFF, flattening filter free; lin-exp, linear-exponential; plat plateau, mech full mechanistic, and sarcoma specific mechanistic sarcoma dose-response

model. EAR unit is per 10 000 persons per year.

increased secondary cancers from the IMRT over 3DCRT is still lack-
ing since IMRT is relatively new technology in the clinic with about
<20 yr of wide use in clinics.*>¢

Age at the time of radiation exposure is one of the main factors
involved in radiation-induced cancer. Whereas the cancer risks due
to radiation exposures in childhood have been extensively docu-
mented in the literature,'”?° the relationship between radiation-
induced cancer risk and age at exposure in adulthood is less clear.
Epidemiological data from Japanese atomic bomb survivors and chil-
dren exposed to radiation for medical reasons suggest that excess
relative risks for radiation-induced cancers at a given attained age
are substantially higher for individuals who are exposed during child-
hood than for those exposed at older ages.2°2* However, the
weight of epidemiological evidence now suggests that, for adult
exposures, radiation-induced cancer risks do not generally decrease
with increasing age at exposure.?>?” In the Life Span Study cohort
of the Japanese atomic bomb survivors, the excess relative risks for
radiation-induced cancers as a function of age at exposure were
examined.?” As expected, the excess relative risk for cancer induc-
tion was higher during childhood and decreased progressively at
exposure ages of 30-40. Surprisingly, the excess relative risk of
developing solid tumors ramped up again for exposure ages higher
than 40 years old.?” In addition, Richardson et al. observed that the
radiation doses received after the age of 45 showed a stronger asso-
ciation with cancer mortality than those received at younger ages.?®
All these findings suggest that radiation sensitivity, measured in
terms of carcinogenic events, increases with age among adults after
the age of 40-45. Therefore, prostate cancer is a disease of rela-
tively older patient but also it can be considered as a suitable group
for the risk estimation of secondary cancer.

The secondary malignancy estimation after RT is becoming an
important subject for comparative treatment planning. The data from
modern treatment planning systems provide accurate, three dimen-
sional dose distributions for each individual patient, thereby opening
up new possibilities for more precise estimates of secondary cancer
incidence rates in the irradiated organs. While radiation-induced sec-
ondary cancer risk from IMRT has been compared to that from 3D-
CRT in prostate planning studies,**2?32 far fewer comparisons with
other techniques, such as VMAT®® and FFF techniques,34'35 have

been performed. To our knowledge, no previous report has esti-
mated radiation-induced secondary cancer risks in HRPC patients
with pelvic irradiation.

Radical RT for prostate cancer offers excellent long-term out-
comes for patients with high-risk disease. The increased risk of pel-
vic nodal involvement in this cohort has led to the development of
whole-pelvis RT with a prostate boost. The clinical evidence suggests
that the pelvic irradiation and non-pelvic irradiation techniques with
hormonotherapy result in equally efficacious outcomes for RT.2
There have been many publications on this subject, yet it is still
unclear. In the current, pelvic irradiation with the addition of hor-
monotherapy is still a more common treatment option available to
patients with HRPC in routine practice. Therefore, while deciding to
use pelvic irradiation as a treatment regimen, estimation of the risk
of secondary malignancy is important. We aimed to estimate radia-
tion-induced secondary cancer risk following modern prostate RT
techniques for HRPC patients with pelvic irradiation, by using the
concepts of OED and EAR with multiple dose-response models.

IMRT with long-term androgen deprivation therapy is the main
treatment option for HRPC patients.? However, the use of VMAT
has grown in the recent years and become a common choice for
treatment of prostate cancer, as treatment planning studies have
shown comparable or decreased dose to OAR and reduced treat-
ment time when compared to IMRT.3¢

Secondary cancer risks following IMRT of the prostate were pre-
dicted in previous studies.2?*2%738 Fontenot et al.>® found that the
bladder and rectum carried the greatest predicted risk of secondary
cancer. According to Murray et al.®” the rectal and bladder cancer
EARs ranged 1.44-2.69 and 1.70-2.42 per 10 000 PY, respectively,
using the mechanistic model for early PC patients, using the 3D-
CRT, IMRT, VMAT with FF and FFF beams, and stereotactic ablative
radiotherapy. The results from our study for the rectal and bladder
cancer EARs ranged 7.13-7.94 and 2.16-2.44 per 10 000 PY,
respectively, using the mechanistic model. Direct comparison of our
data with data from other groups is not straightforward because of
the difference in irradiation volumes. Their irradiated volumes were
not reported but it is obvious that they were smaller than ours, as it
was the early prostate cancer patients with non-pelvic irradiation
that were analyzed in their study. The non-pelvic irradiation plans

85UB01 SUOWILLIOD BAEB1D 3|t [dde U Ag pausenoh @18 3ol YO 88 JO S3INJ 10} ARIq 1T BUIIUO AB]IM UO (SUOIIPUOO-PUE-SWUIBHW0D /8] 1M ARR1q 1|BU|UO//SURY) SUORIPUOD PUE SLWIB L 3UY 885 *[£202/70/92] U0 Aleiq1T8UIIUO A8|IM ‘BBISIBAIUN RIUPAY 11V BUIBIN Wepediy Ag 2/62T 2Wae/z00T 0T/I0p/wiod: A3 im AreiqjputjuoLudee//sdny woiy pepeojumoq ‘6 ‘0202 ‘¥T6692ST



HACIISLAMOGLU g7 AL

WILEY—-Y

{a) m linear-exponential = plateau mechanistic
&
5 4
- Tl
®
s 3
=
31
1 <
O + _
Ty i i o
¥ “ e A
&@;ﬁ «‘\ «@:‘g .\\?d? &gﬁ

& & o & &

{b} B linear-exponential - W plateau mechanistic

8

B
g
g4
&
3

2

U 4

s .g:‘ _‘;:‘\ QQ\
& e“ & &

o o & & F
{c:. B Pelvic bone sarcoma @ Soft tissue sarcoma

0.6

0.5
E 0,4
i 03
«
g 02

01 4

00 -+

'\ 'Cf'“\
.,g:f':" K &
A ﬂ@

& & o ,,,»v

Fic. 2. The excess absolute risk (EAR) of the bladder, rectum,
pelvic bone and, soft tissue. The EAR based on differential
dose—volume histograms of (a) the bladder, (b) rectum, (c) pelvic
bone, and soft tissue for pelvic irradiation. Calculation of the EAR
was performed using the linear-exponential (dark blue), plateau
(blue), and full mechanistic (light blue) dose-response models for the
bladder and rectum. The EAR calculation was performed using the
sarcoma model for the pelvic bone (dark blue) and soft tissue (blue).
The mean values per 10 000 PY per Gy averaged over all five
patients are shown. IMRT intensity-modulated radiotherapy, VMAT
volumetric modulated arc therapy, FF flattening filter, FFF flattening
filter free.

delivered lower doses to the OAR compared to pelvic irradiation
plans due to the smaller volume of the PTV. As a result, the lower
doses to the OARs contributed to the reduction of all calculated
EARs with respect to the pelvic irradiation technique.

In the present study, we showed the radiation-induced sec-
ondary cancer risks of pelvic irradiation in all organs involved in the

treatment of HRPC for a specific age group in this patient population
according to different dose-response models. When comparing tech-
niques, IMRT-Pligmy:er) plan significantly reduced the secondary can-
cer risk of the bladder according to the full mechanistic model
compared with VMAT plans with FFF options, even though the
absolute risks of secondary bladder cancer were small for the plans
examined. This result may be attributed to the fact that the mecha-
nistic model includes repair and repopulation effects.2? As for the
rectum, unlike the bladder, the secondary cancer risk in HRPC
patients was independent of the treatment techniques, energies,
modes, and dose-response models used. Additionally, this study
showed that the absolute risks of the secondary pelvic bone and soft
tissue sarcoma were small for the plans examined.

Regardless of the risk model selected, our findings revealed that
VMAT did not increase the predicted risk when compared to IMRT,
despite VMAT distributing lower dose over a larger volume of nor-
mal tissue than IMRT 3?40

We showed that the FFF beam plans resulted in very small dif-
ferences in EARs compared with the equivalent FF beam plans, for
the bladder, rectum, pelvic bone, and soft tissue in our study. This

finding agrees well with the results by Murray et al.%”

However, their
results showed some statistically significant differences between the
FFF and FF beams for calculated secondary cancer risks in the
organs outside of the treatment fields.

There are a number of limitations in our work. We performed this
analysis for the secondary cancer risks for only five patients selected
from our patient data base. Other studies on similar cancer risk assess-
ments also used a small number of patient cases, typically 2-3 cases
per study. The reason for a relatively small sample size in this type of
study is that the primary interest is to investigate the differences
between the planning techniques rather than the factors due to inter-
patient variability.3°3237-42 There are also other uncertainties in radia-
tion-induced secondary cancer models and parameters. Schneider’s
concept of OED was employed as this incorporates the fractionation,
and repair and repopulation (with the mechanistic model).” Models
based on the full and no repair/repopulation, were also adopted to
illustrate a range of possibilities for estimating the secondary cancer
risk factors. The results of this study show secondary cancer risks for
all the OARs from pelvic irradiation in HRPC with three different
dose-response models. However, we did not assess the impact of hor-
monal therapy on secondary cancer risks for the HRPC patients, even
though it is accepted that the systemic cancer treatment with
chemotherapy and hormonal therapy is also associated with increased
risk of secondary malignant neoplasm.*® Another aspect of relevance
for the cancer risks from modern RT techniques is the use of image-
guidance techniques employing ionizing radiation. Risk evaluations
accounting simultaneously for primary radiation and imaging doses
have shown that the additional risk due to repeated imaging is in fact
very small.** Such doses were not available for the patients used ret-
rospectively for this study, and therefore we did not include the
impact of image-guided radiotherapy on secondary cancer risk. Finally,
we did not attempt to estimate the secondary cancer risks in out-of-
field organs. In contrast with our study which looked into only in-field
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or close-to-the field organs and tissues, there appears to be a real dif-
ference between the plans using the FFF beams versus FF beams with
the FFF beams resulting in plans with smaller calculated risk factors in
out-of-field organs.®>*%” This is a reasonable and somewhat straight-
forward expectation since there is no flattening filter material in the
beam path for a FFF beam, therefore the FFF beam produces less scat-
ter in the beam production that results in less deposited dose to the
organs outside of the direct treatment field. Despite this difference,
the calculated absolute risk benefits from the FFF at large distances
from the irradiated area, were very small for prostate cancer patients
in the age range we considered in our study. Nevertheless, treatment
of younger patients would have possibly resulted in greater absolute
benefits from the FFF beams.

In our study, we attempted to minimize different planning system
software and treatment margins since both may contribute to different
secondary cancer risk estimates by creating plans, using the same plan-
ning system, and using the same dose constraint and PTV margin.

5 | CONCLUSION

A major strength of this study is its novelty; to our knowledge, this
was the first study to predict the risk of secondary cancer incidence
following RT in HRPC patients with pelvic irradiation. We compared
radiation-induced secondary cancer risks using several contemporary,
clinically relevant RT techniques such as IMRT and VMAT. This
study demonstrated the radiation-induced secondary cancer risks of
pelvic irradiation in all organs involved in the treatment of HRPC for
a specific age group in this patient population according to different
dose-response models. Patient-specific considerations like the irradi-
ated and attaining age of the patient or the addition of adjuvant hor-
mone therapy may influence these findings. Until any clinical data
regarding radiation-induced secondary cancers in HRPC patients
treated with pelvic irradiation is obtained, data from this study can
be of importance in the process of informing individual patients or

obtaining consent from them.
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