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Abstract

Cranio-spinal irradiation (CSI) is widely used for treating medulloblastoma cases in children. Radiation-induced second
malignancy is of grave concern; especially in children due to their long-life expectancy and higher radiosensitivity of tissues
at young age. Several techniques can be employed for CSI including 3DCRT, IMRT, VMAT and tomotherapy. However,
these techniques are associated with higher risk of second malignancy due to the physical characteristics of photon irradia-
tion which deliver moderately higher doses to normal tissues. On the other hand, proton beam therapy delivers substantially
lesser dose to normal tissues due to the sharp dose fall off beyond Bragg peak compared to photon therapy. The aim of this
work is to quantify the relative decrease in the risk with proton therapy compared to other photon treatments for CSI. Ten
anonymized patient DICOM datasets treated previously were selected for this study. 3DCRT, IMRT, VMAT, tomotherapy
and proton therapy with pencil beam scanning (PBS) plans were generated. The prescription dose was 36 Gy in 20 fractions.
PBS was chosen due to substantially lesser neutron dose compared to passive scattering. The age of the patients ranged
from 3 to 12 with a median age of eight with six male and four female patients. Commonly used linear and a mechanistic
doseresponse models (DRM) were used for the analyses. Dose-volume histograms (DVH) were calculated for critical struc-
tures to calculate organ equivalent doses (OED) to obtain excess absolute risk (EAR), life-time attributable risk (LAR) and
other risk relevant parameters. A o value of 0.018 Gy™' and a repopulation factor R of 0.93 was used in the mechanistic
model for carcinoma induction. Gender specific correction factor of 0.17 and —0.17 for females and males were used for
the EAR calculation. The relative integral dose of all critical structures averaged were 6.3, 4.8, 4.5 and 4.7 times higher in
3DCRT, IMRT, VMAT and tomotherapy respectively compared to proton therapy. The mean relative LAR calculated from
the mean EAR of all organs with linear DRM were 4.0, 2.9, 2.9, 2.7 higher for male and 4.0, 2.9, 2.8 and 2.7 times higher
for female patients compared to proton therapy. The same values with the mechanistic model were 2.2, 3.6, 3.2, 3.8 and 2.2,
3.5, 3.2, 3.8 times higher compared to proton therapy for male and female patients respectively. All critical structures except
lungs and kidneys considered in this study had a substantially lower OED in proton plans. Risk of radiation-induced second
malignancy in Proton PBS compared to conventional photon treatments were up to three and four times lesser for male and
female patients respectively with the linear DRM. Using the mechanistic DRM these were up to two and three times lesser
in proton plans for male and female patients respectively.
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Introduction

Tumors of the central nervous system (CNS) is the most
common malignant brain tumor in children and a rare brain
tumor in adults [1]. It starts in the cerebellum, which con-
trols balance and other complex motor and cognitive func-
tions. Medulloblastoma is also one of the most radiosensi-
tive childhood brain tumors [2], therefore radiation therapy
(RT) is justly considered to be the treatment standard of
care. Radiotherapy for medulloblastoma entails irradiation
of the entire cranio-spinal axis with a homogeneous dose,
and hence termed cranio-spinal irradiation (CSI). Several
X-ray-based techniques are employed for CSI including 3D
conformal RT (3DCRT), intensity modulated RT (IMRT),
volumetric modulated arc therapy (VMAT), and helical
tomotherapy (HT). Recently proton beam therapy (PBT)
has been proposed to reduce late effects. The pros and cons
of each of these techniques are multifactorial, including
dosimetric benefits, costs involved and complexity in plan-
ning and delivery.

Dosimetric benefits of these techniques have been
widely studied in literature [3—6]. The major difference
in terms of dose distribution between these techniques
is that intensity modulated X-ray-based techniques have
higher monitor units (MU) compared to 3DCRT and
deliver relatively higher doses to healthy tissues compared
to both 3DCRT and PBT. However, intensity modulated
techniques are preferred due to their superior conformity
of higher dose to, and homogeneity of dose within the
target volume which results in better sparing of organs-
at-risk (OAR) and higher tumor control. Though this is
beneficial in the short-term, relatively higher doses deliv-
ered to healthy tissues is of grave concern in children,
which is shown by atomic bomb survivors database, this
concern is due to their higher genetic susceptibility and
due to smaller body size in children compared to adults
which results in a larger extent of body exposed to low
dose levels through leakage and scattered radiation [7, 8].
The most recent childhood cancer survivor study (CCSS)
showed long-term survivors of childhood cancer who
received radiotherapy have a significantly increased risk
of developing second malignant neoplasms (SMNs) [9].
In fact, IMRT has been shown to double the risk of SMNs
compared to conventional techniques [10]. However, it’s
worth mentioning here that the 5-year survival rate for
pediatric patients have increased from 30 to 80% since
1960 due to advancements in pediatric cancer care [11].
The 5-year survival rate for children with medulloblastoma
is substantially higher (73%) [9]; while 30-year cumulative
incidence of SMNs is also shown to be high (31%) [11].
It is not ideal for patients with such a high survival rate
to have doubled the risk of SMN’s posed by using IMRT.
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According to the literature the key factor for reducing the
SMN:s is to improve the treatment regimens [12]. The major
factor that is considered to be associated with SMNs after
radiotherapy is the higher dose to healthy tissues. PBT offers
superior OAR sparing whilst also delivering much lower
doses to healthy tissues due to the characteristic Bragg peak
observed in proton irradiation. PBT can be delivered either
by passive scattering or an active scanning method, which is
also known as pencil beam scanning. However, the passive
scanning technique uses scattering foils to broaden the beam
which becomes a source of neutrons that have a relative bio-
logical effectiveness (RBE) of 10 [13] and hence have pro-
portionately higher risk of SMNs compared to IMRT. This
fact supports the use of pencil beam scanning (PBS) method
over passive scattering. It has been emphasized in the lit-
erature that the long-term risks of particle therapies will
not be known for many years since these techniques have
only gained momentum recently and availability of sufficient
long-term clinical follow-ups are far from conclusive. There-
fore, theoretical risk assessment techniques based on existing
knowledge of SMNs have been proposed in the literature to
quantify the risk of these techniques [14] and justify the use
of protons over X-ray-based radiotherapy. Several studies
have evaluated the risk of SMNs in current techniques and
protons in various sites either using phantoms or patients’
treatment plans [15-21]. However, comprehensive analyses
of SMN risk in all or most of the techniques available to date
using real patients’ datasets in CSI is rare. Moreover, several
dose-response models (DRM) for SMN have been proposed
in the literature in addition to the commonly used linear-no-
threshold (LNT) model [22]. Furthermore, male and female
patients have been shown to have different SMN response
to radiotherapy [9, 23-25]. This has been hypothesized due
to the increased activity of cytochrome p450 enzyme and
effects of estrogen in female patients [26].

The aim of this study is to quantify the risk of SMN in
CSI for male and female pediatric patients using the LNT
and a mechanistic DRM that takes cell proliferation and
mutation into account in 3DCRT, IMRT, VMAT, HT and
pencil beam scanning PBT.

Materials and methods
Patient selection and contouring

Ten pediatric patients approved by the institutional review
board with a mean age of 8 years ranging between 3 and
12 years with six male and four female patients were avail-
able for this study. CT scans which were previously used
for conventional (3DCRT) CSI planning and treatment
were selected and anonymized. Treatment planning was
performed in Monaco® treatment planning system (Elekta
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Medical Systems, Stockholm) consistent with Sharma et al.
[27]. The PTV of the brain and spine were generated by
growing a uniform volumetric margin of 0.5 cm and 1 cm
in all directions over the corresponding CTVs respectively.

Treatment planning

Five separate treatment plans including 3DCRT, IMRT,
VMAT, HT and a pencil beam scanning PBT plan were gen-
erated for each patient. Daily fractional dose of 1.8 Gy was
delivered in 20 fractions according to the institutional planning
protocol. 3DCRT, IMRT and VMAT plans were generated in
the Monaco® planning system whereas HT were planned on
Tomotherapy planning station (Tomotherapy Inc, Madison,
WI) and pencil beam scanning PBT were planned on RaySta-
tion planning system (RaySearch Labs, Stockholm, Sweden).
Monte Carlo based dose calculation engine was the preferred
choice in Monaco for 3DCRT, IMRT and VMAT plans since
it is more accurate in calculating doses at low levels (where
SMN risk can be high) than other model-based algorithms.
A variance (statistical uncertainty) of 1% per control point as
per the departmental protocol was used on an Infinity® linear
accelerator (Elekta, Stockholm, Sweden) with Agility® multi-
leaf collimator (MLC). For the conventional 3DCRT plans par-
allel, opposed bilateral and a single posterior field were used
as illustrated previously [3]. A feathering technique was used,
where the length of the spinal PTV is more than 20 cm. IMRT
and VMAT plans were created using the “bias dose” planning
technique to achieve a uniform dose distribution at the junc-
tion. The planning technique followed for IMRT is described
previously [27]. VMAT plans on the other hand had + 50° arc
from 0° or 180°. Tomotherapy plans were generated with a
fan beam thickness of 2.5 cm, pitch of 0.3 and a modulation
factor of three as described earlier with the Hi-ART treatment

system [27]. The optimization was continued until OAR doses
could not be reduced any further without compromising cov-
erage or increasing hot spots. For PBT planning IBA Proteus
One machine model was used in RayStation. In Pencil beam
scanning PBT plans, a vertebral-body-sparing technique was
used as explained here [28] with a relative biological effective-
ness (RBE) factor of 1.1. However, the difference in SMN risk
between PBS with and without vertebral sparing is negligible.
Dose wash comparison for all the techniques used in the study
is shown in Fig. 1 for a representative patient. DVHs for some
of the OARs included in the study is shown in Fig. 2.

SMN risk modelling

Lifetime attributable risk (LAR) was chosen as the primary
risk measure in this study as recommended by BEIR VII [25].
To calculate the LAR, dose-volume histograms of critical
structures contoured were extracted for all the plans and con-
verted to organ equivalent doses (OED) using the LNT and
a mechanistic DRM as shown in Eq. 1. A detailed descrip-
tion of the mechanistic model can be found here [29]. Further,
OED values were converted to excess absolute risk (EAR) to
calculate LAR.

1
OEDi = —V.RED;
! v i 1)

T
where V is the total volume of the organ of interest, V; is
the volume and RED; is the risk-equivalent dose in the i,
DVH bin. RED is calculated as shown in Egs. 2 and 3 for
linear and mechanistic DRM.

REDlinear =D (2)

Fig. 1 Dose wash comparison of 3DCRT, IMRT, VMAT, HT and pencil beam scanning PBT. Color wash shown above 50% of the prescription

dose (irradiated volume)
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Fig.2 DVH comparison of
some of the organs included in
the study
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where o in the mechanistic DRM was calculated as shown
in Eq. 4.

a a+ pd 4)
where a and f are the cell-kill parameters of the linear-quad-
ratic model, D is the total dose and d is the dose per frac-
tion. R is the repopulation parameter ranging from 0 for no
repopulation to 1 for full repopulation. EAR was calculated
according to Eq. 5.

1
EAR,,, = A Z V; RED,f' u(age,,age,)(1 + 5) 5)
T

where Vi is the total volume of the organ, V; is the vol-
ume and RED; is the risk-equivalent dose in the ith DVH
bin. f' is the initial slope of the dose-response curve for
radiation-induced second cancers and p is a modifying fac-
tor that accounts for patient’s age at exposure (age,) and age
at which the risk is estimated (age,) which is calculated as
shown in Eq. 6.

,u(agex, agea) = exp <ye (agex - 30) +7, <ln (afga ) ))
(6)
where y, and y, are age modifying factors and f' is origi-
nally defined for persons exposed at age 30 and attaining
age of 70 years. The EAR was calculated by assuming age,
as 30 years and also with the actual patient’s age to demon-
strate the impact of age into EAR calculation. The age, is
set to 70 years for all patients. An o' value of 0.018 Gy™!

and a repopulation factor R of 0.93 was used in the mecha-
nistic model for carcinoma induction [29]. Gender specific
correction factor of 0.17 and —0.17 for females and males
were used for the EAR calculation as recommended in the
literature [18]. LAR was calculated as shown in Eq. 7.

ageqo

LAR = / EAR(D,agex,agea)*;Eagea)d(agea) @)

age,)

agey,y

The integration over EAR was performed over an attained
age from a latent period (L) of solid cancer induction after
the exposure (L =35 years) to age, of 70 years. The ratio
S(age,)/S(age,) defines the probability of surviving from age
at exposure to the attained age, which was obtained from life
table for the US population [30].

Results

The mean dose averaged over all ten patients for various
organs are shown in Fig. 3 with 95% confidence intervals
calculated by the bootstrap method. The mean dose was sub-
stantially lesser in PBS plans compared to all other plans for
organs that are farther to the target volumes such as esopha-
gus, liver, heart, bowel and stomach. However, organs closer
to the target volumes such as lungs and kidney had compa-
rable mean dose to other organs in all plans. 3DCRT plans
in general had highest mean doses due to larger volumes of
normal tissue receiving dose around 50% of the prescribed
dose. This can be corroborated with Figs. 1, 2 and 3. Rela-
tive mean integral dose was also calculated by averaging
over all organs and by normalizing it to the average of all

HW3DCRT ZIMRT =EVMAT =Tomo Protons

Mean Dose (Gy) with 95% CI
]

&

5 IS

Esophagus Kidney_L

Fig.3 Mean doses and 95% confidence intervals calculated for organs-at-risk for cranio-spinal irradiation treatment plans planned with 3DCRT,

IMRT, VMAT, Tomotherapy and Proton beam therapy
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Fig.4 Site-specific EAR with the linear dose-response model

organ mean dose in PBS plans. The relative mean integral
dose was 6.3, 4.8, 4.5 and 4.7 times higher compared to
PBS plans respectively in 3DCRT, IMRT, VMAT and HT
plans. Site-specific EAR is shown in Fig. 4 with the linear
dose-response model.

The organ average EAR (10,000 PY~!) with the linear
model ranged from 0.07 to 0.10 for male and from 0.04 to
0.15 for female patients with X-ray-based plans, while it
was 0.03 and 0.04 for male and female patients with PBS
respectively. The mean EAR values are shown in Fig. 5 for
the linear and mechanistic models. The EAR was slightly
higher for the 3DCRT plans compared to other plans in
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the linear model, however with the mechanistic model it
is slightly lower compared to IMRT, VMAT and tomo-
therapy plans. All other plans except PBS had similar EAR
for male and female patients in both linear and mecha-
nistic models. The mean LAR showed a similar trend as
EAR for both models as shown in Fig. 6. The relative risk
(rLAR) [18] calculated as LAR/LARpgg is shown in Fig. 7.
The rLAR ranged from 1.0 to 4.0 for male and female
patients with the linear model, whereas it was from 1.0 to
3.8 for male and female patients compared to PBS plans.
The results are summarized in Table 1 for both linear and
mechanistic models.

Discussion

Our study showed that the relative lifetime risk of develop-
ing SMN after CSI was 2.7—4.0 times higher in X-ray-based
techniques compared to PBS plans for both male and female
patients respectively with the linear model. The same val-
ues were 2.2-3.8 times higher for male and female patients
respectively with the mechanistic model. These values were
within the range of 1.3-4.6 reported by Moteabbed et al.
[18] for lifetime risk of SMN development in head and
neck patients treated by IMRT/VMAT compared to PBS.
The EAR was proportionately higher in all plans for female
patients compared to males due to the gender-specific cor-
rection factor of 1.17 applied in calculating EAR for female
patients for both linear and mechanistic models. This in turn
reflected in higher mean LAR for female patients in all plans
compared to male patients for both models.

The mean LAR for IMRT, VMAT and HT plans were
almost similar, whereas 3DCRT plans had higher mean
LAR than PBS in the linear model but lower compared
to IMRT, VMAT and HT plans in the mechanistic model.
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Fig.5 Mean EAR for male and female patients for the linear and mechanistic model
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Table 1 Summary of the results
for the linear dan mechanistic

models for various organs used

in the study

Technique  EAR| . EAR a1 mean LAR e (%) tLAR .. TLARg e
(10,000PY~!y  (10,000PY™!)  LAR,. (unitless)  (unitless)
(%)

Linear model
3DCRT 0.10 0.15 7.87 12.41 4.0 4.0
IMRT 0.08 0.11 5.78 9.10 29 2.9
VMAT 0.07 0.11 5.63 8.86 29 2.8
Tomo 0.07 0.10 5.28 8.32 2.7 2.7
Protons 0.03 0.04 1.97 3.11 1.0 1.0

Mechanistic model
3DCRT 0.01 0.02 0.96 1.52 22 22
IMRT 0.02 0.03 1.53 241 3.6 35
VMAT 0.02 0.03 1.39 2.19 32 32
Tomo 0.02 0.03 1.62 2.56 3.8 3.8
Protons 0.01 0.01 0.43 0.68 1.0 1.0

This can be attributed to the dose-response function of the

mechanistic model that reduces the risk at higher doses

due to predominant cell kill in contrast to cell mutation

at low doses that are more likely to turn malignant [7,
21]. However, the risk is shown to be substantially lower
in PBS plans compared to all other plans for both male

@ Springer
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and female patients in the linear and mechanistic model.
Exceptionally, 3DCRT plans had lower risk than other
X-ray based plans and in the mechanistic model. This can
also be attributed to the dose—response relation modeled
by the mechanistic model, where higher doses are asso-
ciated with lower risk; which is the case with 3DCRT.
The rLAR in IMRT, VMAT and HT plans were similar
to the findings of Mirabell et al. [31] where protons have
been shown to reduce the risk (relative risk compared to
standard X-ray plans) by a factor of 2.4. In contrast to this,
Zhang et al. [15] reported a slightly higher reduction in
protons compared to photons. i.e., photon to proton LAR
ratio of 0.18 (5.5 times reduction in risk in protons) using
a single medulloblastoma patient treated by CSI with a
three-field photon and a four-field passive scattering plan.
This increased reduction found by Zhang et al. was due
to the fact that a passive scattering technique was used in
their study which increases the risk due to the production
of secondary neutrons by the scattering foils employed,
which they also accounted for in the risk estimation. The
comparable risk in IMRT and VMAT found in our study
was also reported by Moteabbed et al. [18] in head and
neck patients since even a few field IMRT will cover most
of the relatively smaller organs in younger patients. This
also makes the dependency of SMN risk on number of
fields in IMRT negligible in younger patients.

Our study has provided a comprehensive comparison
of lifetime risk in CSI with various treatment techniques
using theoretical risk assessment methods based on realis-
tic patient data. It should be noted that the parameters used
in this study is based on a totally different; genetically
more susceptible patient group [32]. This might lead to
an overestimation of the absolute risk found in this study.
However, relative values are arguably less affected by
applying the same parameters using the same model for
different treatment techniques. This justified the use of
rLAR as a primary measure of comparing risk in different
techniques. Another limitation is the negligence of neutron
dose from the proton beam in our risk analysis. However,
it was shown to be very low by Monte Carlo simulations,
i.e., 0.4% of the risk [18]. Moreover, the rest of the X-ray-
based techniques only employed 6MV which also has neg-
ligible neutron production. Hence, this should not affect
the results found in this study significantly.

Conclusions

The reduction in SMN risk was found to be two to three
times and two to four times in PBS plans compared to
X-ray based techniques in male and female patients
respectively based on the commonly used linear model.
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Tomotherapy had comparable risk to IMRT and VMAT,
whereas 3DCRT had higher risk among all plans. The
results were comparable with the mechanistic model
except, a reduction in risk in 3DCRT compared to IMRT,
VMAT and tomotherapy plans.
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