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Abstract

Purpose: To estimate and compare normal tissue toxicity and secondary cancer (SC)
risks from 3D conformal radiotherapy (3D CRT), arc radiotherapy (ART) and
intensity modulated proton therapy (IMPT) for treatment of pediatric medullo-
blastoma (MB). The purpose was also to investigate the possibility of optimizing
radiotherapy treatment with the aim of reducing normal tissue toxicity as well as the

risk of SC.

Materials and methods: Treatment plans were generated with 3D CRT, ART as of
the RapidArc implementation and spot-scanned IMPT. The patient material consisted
of treatment records including CT- and MRI-scans of four males and six females aged
4 to 15 years old. These patients were treated with craniospinal irradiation (CSI) for
MB at Copenhagen University Hospital between 2007-2009. The treatment regimen
studied was CSI to a prescribed dose of 30.6 Gy followed by a boost to the posterior
fossa to 54 Gy. In order to optimize the plans with the aim of reducing normal tissue
toxicity a thorough literature review was conducted to find organ specific dose-volume
vs. toxicity data relevant to children treated with RT. SC cancer risks were estimated
using organ-equivalent dose models based on the combined SC data from the atomic
bomb survivors and patients receiving RT for Hodgkin’s disease. Using the site-
specific SC incidence provided by the Life Span Study (LSS) the RapidArc plans were
re-optimized with the aim of reducing SC risk. A robustness analysis regarding the re-
optimization concept was conducted by estimating SC risks with different models.

Results: The results show that the risk of developing a solid SC from inversely
optimized arc therapy can be reduced to the same level as for 3D CRT. With regards
to normal tissue toxicity, the risks for several severe complications were considerably
lower with RapidArc than with 3D CRT. As for treatment with 3D CRT it was
shown that the choice of spinal field width has a considerable impact on SC risk as
well as normal tissue toxicity. The risks of normal tissue toxicity as well as SC were
substantially lower for IMPT compared to the photon techniques.

Conclusions: This study demonstrates the possibility of reducing SC risk from
inversely planned arc therapy by including it in the optimization process. As SC risk
calculations are subject to large uncertainty, absolute values should be treated with
some reservation. Comparisons between different techniques can however be
considered more reliable. The risk of severe complications such as heart failure was
shown to be substantially higher for 3D CRT compared to intensity-modulated
therapy. The ability to reduce the SC risk related to ART along with the lower risk of
normal tissue toxicity favors RapidArc over 3D CRT for treating MB.

The potential benefit of treating children with spot-scanned proton therapy
compared to photon techniques is clearly illustrated in this study.
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Statistical terminology

Observed/Expected ratio (O/E)

The ratio of observed events over expected events in the studied cohort.

Standardized incidence ratio (SIR)

Standardized incidence ratios are the number of observed events in a cohort over the
number of expected events in that cohort adjusted by classification according to
known confounders. Thus, a separate SIR is calculated for each group of the cohort
adhering to a certain classification, e.g. age or smoking status. The final SIR is then the
weighted mean according to the size of each group.

Relative risk (RR)

Relative risks are used to relate the risk of an event occurring to a certain exposure.
The RR is the ratio of the probability of an event occurring in the exposed group
versus the non-exposed group.

Excess relative risk (ERR)

The excess relative risk is the addition to the relative risk relating to the studied
exposure. Thus the ERR is not based on the absolute probability of an event occurring
but instead the excess probability relating only to the exposure studied.

Excess absolute risk (EAR)

As opposed to ERRs, excess absolute risk describes the risk relating to a certain
exposure in absolute terms, not as compared to a non-exposed group of controls.

Odds ratio (OR)

Odds ratios are calculated as the ratio between different groups of the odds of an event
occurring in each group. It is principally similar to RR but with the numerical
difference of being based on odds e.g. 1:10 or 10:1, rather than probabilities.
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1 INTRODUCTION
1.1 Background

The annual childhood cancer incidence in Sweden, Europe and the United States over
the last few decades has been reported to be about 14-16 cases per 100,000 children
(ages 0-15 years)."” In Europe there has been a relative increase in the number of
childhood cancer cases of approximately 1% per year between 1970 and 1990.” The
overall 5-year survival of childhood cancer in Europe has increased from 65% in 1983
t0 75% in 1994 and as of 2005 the 10-year overall survival in Sweden was 78%.' The
main reason for the improved outcome is the development of advanced chemo- and
radiotherapy over the past decades.

The second most common types of childhood cancers (after leukemias and
lymphomas) are tumors of the central nervous system (CNS) which account for 20-
30% of all childhood cancers.” * The most common type of CNS tumor in children is
medulloblastoma (MB) which is a primitive neuroectodermal tumor located in the
posterior cranial fossa. MBs are characterized by a relatively high rate of spinal
metastases at the time of diagnosis.” ® The overall 5-year survival for standard-risk MB
(patients with primary tumor in the posterior fossa but without confirmed spinal
metastases) is 75-85% for children treated with modern day multimodality regimens.”*
The treatment consists of surgery followed by post-operative multi-agent chemo-
therapy and craniospinal radiotherapy. Even though survival rates are relatively high
there are substantial long-term side effects related to the treatment of MB such as
hearing loss, neurocognitive deficits, cardiac dysfunction and endocrine effects.”" In
recent years the increased survival rates in childhood cancer patients have also led to an
increased awareness concerning treatment-induced secondary malignancies."’

1.2 Secondary cancers in children

A treatment-related secondary malignancy is one of the more severe long-term side
effects befalling childhood cancer survivors. A large ongoing prospective investigation
that has provided a substantial part of the secondary cancer data after treatment in
childhood is the Childhood Cancer Survivor Study (CCSS)."*'" The CCSS has
followed approximately 14,000 children, treated in the United States, for nearly 30
years as of today. A similar, however retrospective, investigation on children treated in
the Nordic countries was conducted and presented by Olsen et al.”” Another study
focused specifically on second cancers after treatment of pediatric MB including more
than 1,200 patients treated in Sweden and the United States.”’ Table 1 shows the
increase in risk of developing a malignancy for patients having received cancer
treatment in childhood compared to that of the general population.
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Table 1. The risk of developing cancer for childhood cancer survivors compared to
that of the general population.

Reference Primary disease  Risk vs. general pop. (95% CI)
. 19 All cancer types X
Neglia et al. (2001) in study cohort 6.4 (5.7-7.1)
Armstrong et al. (2010)'*  CNS malignancies 41 (3.2-5.2)°
Gold et al. (2003)” All cancer types 5.2 (3.4-7.6)"
’ in study cohort A
Olsen et al. (2009)” All cancer cypes 33 (3.1-3.5)"
) in study cohort A
Goldstein et al. (1997)* Medulloblastoma 5.4 (3.3-8.4)"
*O/E
PSIR

The increase in cancer development risk shown in Table 1 is dependent on, among
other things, the duration of follow-up. The CCSS reports showed an increase in
cumulative incidence of secondary cancers with increasing follow-up time (up to 30
years as of today).'® ' *> A question that remains to be answered is how this trend will
be affected when the cohort of patients reaches ages of naturally occurring increase in
cancer development.

The carcinogenic effects of both radio- and chemotherapy are well known as is their
potential for inducing normal tissue toxicities. Many studies have confirmed that
radiotherapy is strongly correlated to the risk of developing secondary cancers.'*'>!"1%21%
The increase in relative risk compared to non-irradiated controls increases with
absorbed dose but is present even at doses below 1 Gy which can be considered a low
dose in the context of radiotherapy.”**® Dose-response relationships relevant to
children have been suggested for the induction of brain tumors and thyroid cancers."®
The impact of chemotherapy on secondary cancer risk has generally been reported as
uncertain. Several studies have suggested that chemotherapy alone does not increase
the risk but in multi-modality treatment it potentiates the carcinogenic effect of
radiotherapy.”*** Secondary leukemia is often considered separately from solid
secondary cancers, one reason being that leukemia develops faster than a solid cancer.
The risk of secondary leukemia in children who have undergone radiotherapy has been
reported to be about eight times higher than for the general population relating to a
cumulative incidence of approximately 0.5%.** *
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1.3 Radiotherapy techniques

There has been a substantial development in the field of radiotherapy. During the last
decade, intensity modulated radiotherapy (IMRT) and the implementation of this
technique as rotational therapy has become readily available in many clinics. In
addition, proton therapy is available at a few European centers and this number is
steadily increasing.” Common for all modern radiotherapy techniques is the use of
computed tomography (CT) to provide a basis for computer based treatment plan-
ning. This is sometimes accompanied by information from magnetic resonance ima-
ging (MRI) or positron emission tomography (PET) to enhance the quality of the
segmentation of target volumes and organs at risk (OARs).

1.3.1 Three-dimensional conformal radiotherapy (3D CRT)

3D CRT, often referred to as “conventional radiotherapy” is presently the most
commonly used radiotherapy technique and it has been widely used over the last few
decades. The principle consists of megavoltage radiation beams delivered by a linear
accelerator from normally 2-5 different gantry angles with radiation fields shaped by a
Multi-Leaf-Collimator (MLC) to include the target volume and to reduce unnecessary
irradiation of normal tissues.

1.3.2 Intensity modulated radiotherapy (IMRT)

As first proposed by Brahme et al. in 1982°', IMRT employs the principle of inversely
optimizing the dose distribution of incident beams to achieve a predetermined dose
distribution within the patient volume. There are mainly two different types of IMRT
delivery that are clinically applied; step-and-shoot and the sliding window technique.”
Employing IMRT enables conformal target coverage along with the possibility of
complex dose distributions to spare OARs. Characteristic of IMRT treatment is a
spread out of the radiation dose in normal tissues so that a large volume receives a low
absorbed dose. This is often referred to as a “dose bath” and is of concern since
irradiating a larger portion of the body could be associated with increased long-term
risks. In order to assess the impact on secondary cancer risk, several authors have
performed theoretical modeling studies where the estimated risk of secondary cancers

was shown to be higher for IMRT than for 3D CRT.»?3¢

The IMRT treatment planning process involves defining absorbed dose objectives for
the target volume(s) and the relevant OARs. Different penalizing weights can be given
to the objectives in order to prioritize target coverage and sparing of specific OARs.
The end result is the radiotherapy plan that yields the lowest overall penalty, i.e. the
plan best suited for the current objectives with accompanying weights, assuming that
the optimization algorithm finds the perfect solution.
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1.3.3 Rotational IMRT
The currently available rotational IMRT implementations are for instance those of
helical TomoTherapy® (TomoTherapy Inc., Madison, USA), RapidArc® (Varian
Medical Systems Inc., Palo Alto, USA) and VMAT® (Elekta AB, Stockholm, Sweden).
The RapidArc implementation is originally based on the optimization algorithm
proposed by Otto in 2008”" and radiation is delivered by a linear accelerator while it
rotates around the patient. As for fixed angle IMRT the treatment optimization is
based on dose-volume objectives and their respective weighting factors but the degrees
of freedom in the optimization also includes accelerator rotation speed and adjustable
dose rate.

1.3.4 Proton therapy

The suggestion of using protons in radiotherapy dates back over 60 years.”® Protons
are an appealing option compared to photon therapy because of the physical
characteristics of the energy deposition. They deposit most of their energy mainly at a
relatively narrow depth interval corresponding to the so called Bragg Peak. The depth
of the Bragg peak can be controlled by altering the energy of the incident proton
beam. Thus the physical characteristics of protons appear ideal for irradiating a target
volume while simultaneously sparing surrounding OARs. Some of the first proton
treatments were performed in Uppsala, Sweden, in the mid 1950s.”

The available types of proton therapy to date can be stratified as adhering to either the
passive scattering technique or the active scanning technique. The different techniques
are illustrated in Figure 1 for comparison. Due to the introduction of scattering
material in the beam the passive scattering yields a higher contribution of secondary
(unwanted) neutrons than the active scanning technique. It has been reported that
passive scattering results in out-of-field absorbed doses that are approximately 10 times
higher than for active scanning.”® Secondary neutrons contribute to the risk of
treatment-induced secondary cancers but quantifying this risk is difficult due to
uncertainties in the relative biological effect (RBE) of neutrons and in the dose-risk
relationship of secondary induction.****

10
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Figure 1. Illustration of the main differences between passive and active scanning in
proton radiotherapy beam delivery. Figure adapted from Hall.”

1.4 Aims of the project

The main purpose of this study is to estimate and compare secondary cancer risks and
normal tissue toxicity related to radiation therapy of pediatric medulloblastoma for
different radiotherapy modalities. Another aim is to test the feasibility of lowering the
secondary cancer risk by considering it in the optimization part of the treatment
planning. A significant part of the study constitutes finding relevant treatment
planning objectives through a comprehensive literature review of relevant radiation
toxicity data for children.

11
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2 THEORY

Radiobiological modeling has, in this study, been focused on models regarding
radiation-induced secondary cancers. A description of different models estimating
normal tissue complications such as pneumonitis or xerostomia and their applicability
are given in appendix A.

2.1 Modeling secondary cancer risk

Secondary cancer induced by the treatment of the primary cancer has become of great
concern in recent years most likely due to the increase in patient survival. As a result
there have been several models proposed for estimating the risk of radiation-induced
cancer from radiotherapy. They can be stratified into two main categories:

e Phenemenological models — Based on empirical observations.
e Mechanistic models — Derived from a theoretical concept.

2.1.1 The LNT-model

Based on the data collected from following the atomic bomb survivors, the linear no-
threshold (LNT) model suggests that the radiation-induced cancer risk increases
linearly with dose. This is based on exposures from 20-50 mSv up to several Sv and
extrapolated down to zero dose. For exposures up to about 2.5 Sv this model is often
referred to as the gold standard.” Organ-specific weighting factors provided by the
National Council on Radiation Protection and Measurements (NCRP) are used to
estimate the cancer induction risk from exposure to different sites in the body yielding
a total risk of 5%/Sv equivalent dose received.” This risk is assumed to be valid for the
general population and an increase in risk to 15%/Sv has been proposed when
regarding children.

For absorbed doses lower than 2 Gy this model is applicable for secondary cancer
risk estimation but the organ doses are often substantially higher when considering
radiotherapy. In a study by Kry et al. the secondary cancer risk from different radio-
therapy modalities was estimated using a LNT-model including equivalent doses up to

5 Sv.*

2.1.2 The OED-model

The concept of organ-equivalent dose (OED) was first introduced by Schneider et al.
in 2005 as an attempt to provide a model of secondary cancer induction relevant to
patients undergoing radiotherapy.* The principle of OED is that at low doses (below
2 Gy) the secondary cancer risk follows a linear relationship as in the LNT-model and
the OED is the average organ dose. At higher absorbed doses, as those relevant to
radiotherapy, Schneider et al. proposed that the OED follows a linear-exponential, so
called “bell shaped” relationship with the absorbed dose. The idea of a bell shaped risk
of cancer induction was first provided by Gray in 1957 proposing that cell killing
effects overcome cell mutation at higher absorbed doses.”

12
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The secondary cancer incidence in a cohort of patients treated for Hodgkin’s
lymphoma collected by van Leeuwen and Travis” was considered as the most relevant
data on which to base the OED-model parameters. The organ-specific OED for a bell
shaped risk relationship is

1 A 7a°,gDi
OED,, :WZ D,e (2.1)

i
i=1

where N is the number of calculation points for each organ, D; is the corresponding

absorbed dose and ¢, is an organ-specific parameter relating to the dose-response

derived from fitting the model to the Hodgkin’s cohort data. The OED is defined
such that a uniform irradiation of an organ to this dose will yield the same secondary
cancer risk as the inhomogeneous dose-distribution on which the OED-calculation is
based. The secondary cancer risk is by definition linearly dependant on the OED and

can be calculated as 7°% =/;® -OEDOrg where 1 is the organ-specific secondary

cancer incidence relating to low-dose exposure e.g. that provided in the Life Span
Study (LSS).*

The concept of OED has been applied to a plateau dose-response relationship as well,
i.e. where the risk increases until a certain dose level after which it remains constant.”
Model parameters are based on the same Hodgkin’s cohort as the original bell shaped
model and the OED for the plateau model is calculated as

org

11—
OED,, :WZ (2.2)

i=1

where J,,, is the organ-specific dose-response parameter derived from fitting the model

to the Hodgkin’s cohort data.

2.1.3 The competition model

As described by Dasu et al.”® the competition or competing risks model is in principal
based on considering the probability of radiation-induced cell mutation and the
probability of cell killing as competing effects. With a dose-response relationship
similar to the bell shaped one suggested by Gray® the competition model utilizes a
linear quadratic relationship to estimate cell mutation effects

Effect = (@, D + ,D? ). e (=040 (2.3)

13
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The first term of the product represents the cell mutation probability and the second
term represents cell survival. For low radiation doses D, Equation 2.3 yields an
approximately linear relationship which is consistent with epidemiological data. Thus
the parameter ¢, can be derived from epidemiological studies of low dose irradiation.
Dasu et al. proposes the effect of radiotherapy fractionation be considered in the risk
estimate according to

ﬁ DZ —(aZDJrﬂZDZJ
Effect = (alD + 1—} ‘e " (2.4)

n

where 7 is the number of fractions to deliver the total prescribed dose D. The fact that
this model requires organ-specific a/f -values introduces an uncertainty due to the fact
that such a/ff -values are not well known for all the relevant organs. The effect of

heterogeneous dose distributions is considered as

K
v, -Effect(D;)
Totaleffect = =—— (2.5)

2V

i=1

where the fractional volume of an organ V; receives absorbed dose D; .

14
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2.1.4 Comparing the different models

In order to visualize the difference between the models for secondary cancer induction
mentioned above, an example of the risk estimation adhering to each of the different
models is shown in Figure 2 for the case of lung irradiation.

OED - Plateau model
OED - Bell shape model
Competition model

10%

9% -

| NT-model

Secondary cancer risk

l% 1 T T T T 1
0 5 10 15 20 25
Homogeneous irradiation dose [Gy]

Figure 2. Illustration of secondary cancer risk estimation due to lung irradiation
providing a visual comparison between the different models described in section 2.1.

The following model parameters were used for the illustration in Figure 2:

OED plateau model - &y =0.15
OED bell shape - «,,,, =0.129

Competition model - &; =0.017,c, =0.25,/ f =4.5Gy
LNT model - Risk of inducing fatal secondary cancer = 0.85%/Sv

15
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2.1.5 Leukemia risk models

The risk of treatment-induced secondary leukemia can be considered as adhering to an
individual category separating it from that of solid secondary cancers. This is due to
the substantial difference in radiosensitivity of bone marrow compared to other
organs. In the case of e.g. the OED-model mentioned in section 2.1.2 this concept is
based solely on the induction of solid secondary cancers. It has been shown in both
human and animal studies that the risk of radiation-induced leukemia increases with
absorbed dose to a maximum and then decreases with higher dose, relating to a bell
shaped risk dependence.”® ** As opposed to modeling of solid secondary cancer induc-
tion, studies have been performed to specifically investigate possible dose-response
relationships of secondary leukemia for children undergoing radiotherapy. In the study
by Haddy et al. an SIR for leukemia of 7.8 was shown and the radiation dose to the
active bone marrow that appeared most potent for leukemia induction was in the

interval 3 to 6.6 Gy.”

A recent study by Allard et al. thoroughly investigated the dose-response relationship
of radiation-induced leukemia in children who underwent cancer treatment in France
between 1980 and 1999.”' The authors were unable to find a significant relation
between radiation dose and risk of secondary leukemia. The reason for this is likely
due to the relatively frequent administration of epipodophyllotoxin-type chemo-
therapy to these patients confounding the results as epipodophyllotoxins have been
shown to be highly leukaemogenic?® ® The best attempt of modeling secondary
leukemia risk suggested by Allard et al. was a linear-exponential model which is in
principle agreement with the bell shaped risk dependence evidenced in empirical data.

16
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3 MATERIALS AND METHODS

3.1 Patient material

Ten patients, 4 males and six females, ages 4 to 15 years, were included in this study.
They had all received craniospinal radiation therapy for medulloblastoma at the
Copenhagen University Hospital between 2007-2009. The modern prescription
regimen is conventionally 23.4 Gy CSI for standard-risk patients (no confirmed spinal
metastases) and 36.0 Gy for high-risk patients (confirmed spinal metastases), both
followed by a posterior fossa boost up to 54 or 55 Gy.”  In this study the dose
prescription level investigated was 30.6 Gy that has been proposed as an intermediate-
risk prescribed dose.” For all prescription levels, 1.8 Gy per fraction was chosen as the
fractionation scheme as this follows the modern convention.” An experienced
radiologist segmented all relevant structures, more than 40 different organs of interest

for each patient, as specified by an experienced radiation oncologist (Table 2).

Table 2. Organs of interest as basis for radiobiological optimization.

Type Based on imaging modality:
Eye dx Organ of interest Computed tomography and MRI
Eye sin Organ of interest Computed tomography and MRI
Brain Clinical target volume Computed tomography
Cochlea Organ of interest Computed tomography and MRI
Brainstem Organ of interest Computed tomography
Hippocampus dx Organ of interest Computed tomography and MRI
Hippocampus sin Organ of interest Computed tomography and MRI
Medulla Clinical target volume Computed tomography

Optic nerves
Fossa posterior

Organ of interest

Clinical target volume

Computed tomography and MRI
Computed tomography and MRI

Chiasm Organ of interest Computed tomography and MRI
Spleen Organ of interest Computed tomography
Heart Organ of interest Computed tomography
Liver Organ of interest Computed tomography
Kidney dx Organ of interest Computed tomography
Kidney sin Organ of interest Computed tomography
Bladder Organ of interest Computed tomography
Prostate Organ of interest Computed tomography
Oral cavity Organ of interest Computed tomography
Colon Organ of interest Computed tomography
Lungs Organ of interest Computed tomography
Coronary arteries Organ of interest Computed tomography
Small intestine Organ of interest Computed tomography
Pancreas Organ of interest Computed tomography
Carotids Organ of interest Computed tomography
Skin Organ of interest Computed tomography
Bone marrow' Organ of interest Computed tomography
Rectum Organ of interest Computed tomography
Uterus Organ of interest Computed tomography
Mammary glands Organ of interest Computed tomography
Submandibular gland dx Organ of interest Computed tomography and MRI

17
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Submandibular gland sin

Thyroid
Mandible
Ventricle
Testicles
Parotid dx
Parotid sin
Esophagus
Eye lenses
Ovaries
Larynx
Pituitary gland
Spinal canal

Vertebral column

Organ of interest
Organ of interest
Organ of interest
Organ of interest
Organ of interest
Organ of interest
Organ of interest
Organ of interest
Organ of interest
Organ of interest
Organ of interest
Organ of interest

Clinical target volume

Organ of interest

Computed tomography and MRI
Computed tomography
Computed tomography
Computed tomography
Computed tomography

Computed tomography and MRI

Computed tomography and MRI
Computed tomography

Computed tomography and MRI
Computed tomography
Computed tomography

Computed tomography and MRI
Computed tomography
Computed tomography

TSegmented as the ribs, sternum, scapulas, clavicles, pelvis, head of femurs and humerus, vertebrae and

the cranium

3.2 Normal tissue dose-volume objectives

An extensive review of the literature regarding reported radiation toxicity in children
was performed. The review was done with the aim of finding organ-specific radiation
toxicity tolerance levels from studies specifically investigating children. The aim was
also to obtain parameters for NTCP-models if available. If this was not the case, data
from adults were used. The results of this review were accompanied by an attempt to
prioritize between the severity of radiation injuries to different organs based on the
classification in the Common Toxicity criteria 2.0.”> This was done by consulting an
expert in pediatric oncology.”® The resulting radiation dose objectives obtained
through this review are given in Table 3.
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Table 3. Organ-specific dose objectives relating to children undergoing radiotherapy.

Bone Marrow Hematologic toxicity Children Yes N/A 2 D,cannon-casge bone < 10 Gy Chang et al. (2002)”
Cataract Children N/A N/A Kal et al. (2009)*
Dry eyes D, .. < 20 Gy or
Double vision 2 BED (mean eye dose)
Blindness <40 Gy,
Eyes Cataract Children Yes N/A Whelan ct al. (2010)”
Dry eyes
Double vision
Blindness 2 D cancemp. obe < 30 Gy
Cataract
Cardiac failure
Ejection Fraction Children Yes N/A Guldner et al. (2006)"
Heart End Systolic Wall Stress 1 Dyanpen < 35 Gy
Long-term cardiac mortality Adults Yes Relative seriality Gagliardi et al. (1996)
Radiation Induced Liver Disease No LKB Dawson et al. (2005)°
Radiation Induced Liver Disease
Liver Adults 1 D, niver < 10 Gy "
Radiation Induced Liver Disease No LKB Xu etal. (2006)
IQ decrease Children Yes 1Q-decline 2 Donomtersin <25 Gy Merchant et al. (2008)"
.. D, cenc. brain < 20 Gy
Neurocognitive effects
Diffrent neurologic sequelae Children N/A N/A - - Goldsby et al. (2010)®
Xerostomia (75% flow rate red.) Adults N/A LKB Houweling et al. (2009)*
. 0, . 65
Parotids Xerostomia (75% flow rate red.) Adults N/A LKB 3 EUD, .., < 14 Gy Roesink et al. (2001)
Xerostomia (50% flow rate red.) Adults N/A N/A Bussels et al. (2004)*°
Hypothyroidism Children Yes N/A 5 D 6G Ricardi et al. (2001)”
Hypothyroidism Adults Y&N N/A mesndyeid < 2 Y Bathia et al. (1996)"
T . 11
Endocrine system Hypothyroidism Children Yes N/A 4 D, anpiciay < 20 Gy Chow et al. (2009)
Neurologic sequelae Children Yes N/A - Xu et al. (2004)
Sitting height - -
ACTH deficiancy Children Yes N/A - - Rose et al. (2005)"
Infertilicy Children Yes N/A prees <TG, Greenetal. (2010)”
Gynecological Infertility Children Yes N/A 3 Do < 3-0 Gy & Green et al. (2009)”*
Radiation induced menopause Children Yes N/A D, canhypothalipiraicary < 30 GY Chiarelli et al. (1999)"
Infertility Children’ Yes N/A D,....<10Gy SFRO (2008)
Kidn Chronic renal dysfunction Children N/A N/A 1 BED,,,,, (mean dose) Kal et al. (2009)
¥s Renal toxicity Children N/A N/A <16 Gy, Esiashvili et al. (2009)”
Restrictive lung function Children No N/A Attard-Montalto et al. (1992)"
Pulmonary diffusion capacity Children Yes N/A Bossi et al. (1997)”
Lungs Pulmonary function reduced Children No N/A ! Dot < 10 Gy Weiner et al. (2006)"
Pneumonitis Adults Yes Mean Lung Dose Marks et al. (2010)”

] Ototoxicity Children Yes N/A Miettinen et al. (1997)%
Hearing apparatus Ototoxicity Children Yes N/A 2 Do < 37 Gy Huang et al. (2002)’
Submandibular glands Xerostomia (75% flow rate red.) Adults N/A N/A 5 D, cinsubmandis, gants < 19 Gy Murdoch-Kinch et al. (2008)"
Chiasm Blindness Children’ Yes N/A 2 ij;xgof, /052 Gy & SFRO (2008)

Optic nerve Blindness Children Yes N/A 2 D,contic nerve < 70 Gy SFRO (2008)

Skin Telangiectasia/Epilation Children Yes N/A 5 D, < 35 Gy SFRO (2008)
Brainstem Necrosis Children’ Yes N/A 1 D, ... <54 Gy SFRO (2008)
Esophagus Esophagal RTOG Grade 1-4 tox Adults Y &N N/A 3 D, pase < 40 Gy Ahn et al. (2005)"
Larynx Laryngeal edema Adults Y&N LKB-EUD 3 EUD,, .. <29 Gy Rancati et al. (2009)”

Referenced publication is based on the gathered clinical experience of the Société Frangaise de Radiothérapie Oncologique (SFRO), not on published clinical data
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3.3 Treatment planning process

Radiotherapy plans were generated with three different techniques, 3D CRT,
rotational IMRT according to the RapidArc implementation and also with actively
scanned intensity-modulated proton therapy (IMPT). All treatment plans were
generated using the Eclipse 8.6 dose planning software and were based on computed
tomography (CT) scans of the patients. The 3D CRT and RapidArc plans were
generated for a Varian 2300 IX accelerator with the Millenium 120 MLC (5mm
width of inner leaves, 1cm width of outer leaves). The IMPT plans with beam data for
the PT2 Varian proton therapy system.

Plans were created with the aim of achieving good conformity with proper target
coverage while attempting to spare OARs according to the objectives in Table 3. The
convention in craniospinal radiotherapy of children is sometimes to treat the entire
vertebral column to 20 Gy as a means of preventing uneven growth leading to future
scoliosis.** The effect of including this as an aim in the planning process was in-
vestigated for all three techniques. The craniospinal planning target volume (PTV) was
defined as the whole brain with 0.5 cm isotropic margin and the spinal canal including
0.7 cm isotropic margin. The caudal border was set between the sacral vertebras S2
and S3. The boost PTV was chosen as the posterior fossa with a 0.5 cm isotropic
margin.

3.3.1 3D CRT

These plans were created with two opposed cranial fields incident from the right and
left side of the patient, the caudal edge of these fields was positioned just above the
cranial edge of the patient’s shoulders. The eyes were shielded by fitting MLC-leaves
to cover them but only to the extent that it did not compromise target coverage. This
was accompanied by a spinal posterio-anterior field encompassing the spinal part of
the PTV. The junction between the cranial and spinal fields was chosen to be moved
1.0 cm caudally after 9 fractions to avoid particularly over or under dosage due to
possible treatment set-up variations. In order to assess the importance of what spinal
field width to apply, multiple plans were generated with the MLC-leaves fitted to the
PTV with a 0.5, 0.75, 1.0 and 1.5 cm margin respectively. The situation best
resembling the plans with which the patients were actually treated was the 1.0 cm leaf-
to-PTV margin.

The plans for the posterior fossa boost were created using four fields, two opposing
fields from the right and left sides along with two fields from a slightly more posterior
direction, wedged to compensate for the anatomical difference between the neck and

the back of the head.
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3.3.2 RapidArc

In order to get a proper coverage of the entire craniospinal PTV the RapidArc plans
were generated with a cranial arc covering the whole brain and the cranial part of the
spinal canal down to the C2 or C3 vertebra. The rest of the spinal canal was covered
by a spinal arc delivering radiation from a posterior 140 degree arc only, this to avoid
unnecessary irradiation through the arms and ventral parts of the patient. In the case
where the cranio-caudal extent of the spinal canal exceeded the span of a single arc,
two spinal arcs were used. The boost plans consisted of a 220 degree arc covering the
posterior fossa PTV without entering through the anterior part of the patient’s head.

The optimization process in the RapidArc planning was tailored via a trial and error
approach to find a suitable balance of dose objectives and corresponding weighting
factors to provide OAR sparing based on the objectives in Table 3. Using the
predetermined inter-organ priority mentioned in section 3.2 enabled weighting factors
to be set harsher for highly prioritized organs like the heart and lungs while allowing
slightly looser objectives e.g. for the thyroid and esophagus. The target volume was
consequently given the highest priority as the possibility of curing the patient is
considered the most vital objective. The best RapidArc plans for the purpose of this
study were thus the ones where most of the OARs, especially those of high priority,

could be spared to a good extent while not compromising target coverage.

3.3.3 IMPT

The proton plans were as mentioned earlier generated with machine data corre-
sponding to a PT2 Varian proton therapy system utilizing the spot-scanning tech-
nique. The plan optimizations were thus based on varying the weight of the three
dimensional distribution of spots to which the dose was calculated. The delivery of
such plans is carried out by the scanning magnets steering the proton beam to irradiate
each spot to the calculated dose. In order to reach both shallow and deeply placed
structures in the body a range shifter can be introduced when necessary, the result of
which is similar to lowering the span of the achievable nominal energy and thus
decreasing the depth to which the protons reach.

The plans were generated with three fields from the posterior direction. They
consisted of one field with a range shifter covering most of the spinal canal and two
fields, of which one had a range shifter, covering the brain and the cranial part of the
spinal canal. Since the optimization process itself is similar to that of IMRT, suitable
dose constraints and corresponding weights were found in a similar fashion as for the
RapidArc planning. The main difference being the fact that most of the OARs didn’t
receive any absorbed dose as the distal edge of the proton fields is very sharp. The
boost plans consisted of a single posterior field with a range shifter to ensure full
coverage of the posterior fossa. Figure 3 illustrates the different treatment field arran-

gements for 3D CRT, IMPT and RapidArec.
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Figure 3. Illustration of the principle differences beween from left, 3D CRT, IMPT and RapidArc in treatment set-up.

Also shown is a corresponding transversal cross section with the absorbed dose shown as a color wash.
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3.4 Re-optimization considering secondary cancer risk

The concept of radiotherapy optimization with respect to secondary cancer risk is a
previously untested method. This approach is dependent on the knowledge of where
the secondary cancers are most likely to occur. Using the radiation-related secondary
cancer incidence from the LSS mentioned in section 2.1.2 provided a means of
prioritizing organs in order of secondary cancer risk contribution. The incidence data

from the LSS is provided in Table 4.

Table 4. Radiation-related secondary cancer incidence from the LSS and as adopted in
this study. The incidence is given as average excess absolute risk due to external low-
LET radiation as per 10 000 person years and Sieverts equivalent dose.

Incidence Values adopted
(10* PYSV)* (10* PYSV)*?
Site/cancer type Males Females Males Females
Esophagus 0.26 0.44 0.26 0.44
Stomach 2.61 5.86 2.61 5.86
Colon 2.66 1.01 2.66 1.01
Liver 0.033 0.005 0.033 0.005
Lungs 2.67 5.81 2.67 5.81
Bone and connective tissue 0.38 0.12 - -
Skin 0.89 0.72 0.89 0.72
Female breast - 6.80 - 6.80
Prostate 0.44 - 0.44 -
Urinary bladder 0.84 1.02 0.84 1.02
Brain and CNS -0.21 0.43 0.00 0.43
Thyroid 0.87 2.32 0.87 2.32
Non-Hodgkin’s lymphoma 0.73 -0.20 - -
Hodgkin's disease 0.04 0.04 - -
Multiple myeloma 0.26 -0.08 - -
Leukemia 3.35 2.29 - -

As the ability of optimization with respect to the secondary cancer risk is dependent of
knowing where a secondary cancer might occur, the cancer types where no localized
anatomical site relating to radiation exposure could be specified were excluded.
Analogous with this reasoning, the possibility of optimization with respect to
secondary leukemia was also excluded from this study since the leukemia-related
exposure involves all active bone marrow in the body. Negative values are interpreted
as being zero and thus not contributing to the secondary cancer risk.
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The data in Table 4 were used to derive which organs are the most important when
considering solid secondary cancer induction. Radiotherapy plans with the RapidArc
technique were then re-optimized including constraints aiming to reduce the dose to
these organs. For patient group in this study, the usefulness of the applying this
approach for IMPT was considered to be negligible. The optimization priority was
related to the incidence in Table 4 such that the incidence of each organ relative to
that of all considered organs was used as a factor governing what constraints and
weights to apply to the different organs. The aim of this re-optimization was to reduce
the risk of secondary cancers while compromising neither target coverage nor the
original normal tissue objectives. An example of the optimization process is shown in
Figure 4, illustrating the large number of dose-volume objectives required.
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Figure 4. Illustration of the treatment planning optimization criteria for RapidArec.

3.5 Solid secondary cancer risk calculations

The estimation of solid secondary cancer risk was done using several models as to test
the sensitivity of the secondary cancer risk optimization by concluding whether the
different models show an increase or decrease in risk. The approach that was regarded
as the most reliable for radiotherapy purposes consists of a development of the OED-
concept. As published by Schneider et al. in 2008 this approach uses the data of
atomic bomb survivors, combined with a cohort of Hodgkin’s patients that have
undergone radiotherapy, as a basis for the models.®” The data was fitted to a linear,
linear-exponential (bell shape) and a plateau model respectively according to the
concept of OED as explained earlier. The linear model however did not allow for a
good fit to the data and it is only included in the following calculations to show the
principal difference between modalities when applying a linear risk model.
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Along with fitting the models to the atomic bomb survivor and Hodgkin’s patients
data Schneider et al. provided a population dependent modifying function accounting
for patient gender, age at exposure and to which attained age the risk is considered.
This function is described by the following expression

ue,a,s)= exp{ye e-37)+y, In(%ﬂ -(L£59)

+ for females, — for males

(3.1)

where € is the patient’s age at exposure, @ is the attained age and S is a variable
relating to the gender of the patient. The constants y,and y,are related to age at
exposure and attained age respectively and were derived from fitting the model to data.

The excess absolute risk (EAR) of a secondary solid cancer is then given by
EAR(D,e,a,s)= BOEDu(e, a,s) (3.2)

where f describes the initial slope of the dose-response curve. The cumulative EAR to

a certain attained age can then be calculated as proposed recently by Schneider et al.*
including gender specific survival functions as

Cear (@) =Za: EAR(D,¢,i,s) -% (3.3)

The ratio S(i)/S(e) is the gender specific conditional probability of a person alive at

age €rto reach age, i. In this study the survival functions given by Kellerer et al. were
used.”’

A limitation of this model is that no organ-specific model parameters were derived in
the original publication.”” The dose-response curve for these models relates to the
induction of any solid secondary cancer, thus representing the mean dose-response for
all secondary cancers studied. In order to calculate the organ-specific risk contribution,
this dose-response was assumed to be valid for all studied organs.

In order to take into account the risk contribution from each of the relevant organs, a
weighted mean OED was calculated for all organs considered in the risk optimization
described in section 3.4. This yields a risk estimate weighted on the likelihood of
inducing a solid secondary cancer, calculated as

OED -Incidence +OED

OED _ Esophagus Esophagus Stomach
ighted - - -
welghied meen Incidence + Incidenceg,, . + .-

-Incidence gy en + -

Esophagus
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The risk is then estimated by applying the resulting mean OED in Equation 3.2. As
the EAR provided by these calculations is given per 10 000 person years, the
cumulative EAR given by Equation 3.3 was converted to percentage risk per individual
in order to display a more relevant quantity.

3.6 Secondary leukemia risk calculations

An attempt was made to estimate the risk of radiation-induced secondary leukemia
according to the model that provided the best fit to data in the study by Allard et al.”’
This model proposes to estimate the risk of secondary leukemia as the risk to each of
seven major sites of bone marrow in the body according to the age-dependent
distribution of active bone marrow proposed by Cristy.* These bone marrow sites
were segmented with the Eclipse 8.6 contouring software and the mean absorbed dose
to each of the sites were calculated. The fact that this model is based on mean doses is
a major limitation as the effects of inhomogeneous dose distributions are ignored.

3.7 Normal tissue toxicity estimates

Based on the literature referenced in Table 3, the dose-dependent incidences of normal
tissue complications were estimated for the tissues where such data were available. In
the absence of dose-dependent incidence data relevant to children, adult data were
used. Details concerning the estimations are provided in appendix B.

3.8 Data extraction

Data from the radiotherapy plans were extracted as DICOM-files and imported into
the Computational Environment for Radiotherapy Research (CERR) MATLAB-
program.* The plans were then extracted from CERR into files containing differential

DVHs for each structure specified in Table 2. MATLAB was then used to compute
the estimations for secondary cancer risk as well as for normal tissue toxicities.
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4 RESULTS

Presented below are the results from the estimation of secondary cancer risks and
normal tissue toxicity relating to CSI for the three studied treatment modalities.

4.1 Solid secondary cancer risk and the effects of
considering it in the optimization process

The excess absolute risks (EARs) of inducing a secondary solid cancer versus attained
age are presented in Figures 5-7 for the different treatment techniques and risk
models. The models in this work are based on those developed by Schneider et al.*’
which were utilized for site-specific risk estimates according to the method described
in section 3.5. Results are shown for treatment plans adhering to 3D CRT, IMPT,
RapidArc and RapidArc re-optimized with the aim of lowering secondary cancer risk.

70% - Plateau model - All patients
4 60% -
0 = 3DCRT
£ 50% 1 = |MPT °
Eda% ) o apidArc
w s B apidArc_Re-opt
B 30%
S
o 20%

10%
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] 10 20 30 40 50 a6 70 30
Attained age (y)

Figure 5. Mean values for all patients of solid secondary cancer risk calculated with
the plateau model as a function of attained age.
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Figure 6. Mean values for all patients of solid secondary cancer risk calculated with
the bell shape as a function of attained age.
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Figure 7. Mean values for all patients of solid secondary cancer risk calculated with
the linear model as a function of attained age.
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Comparisons of excess secondary cancer risk between male and female patients are
given in Figures 8-10.
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Figure 8. Mean values of solid secondary cancer risk calculated with the plateau model
as a function of attained age for the male and female patients respectively.
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Figure 9. Mean values of solid secondary cancer risk calculated with the bell shape
model as a function of attained age for the male and female patients respectively.
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Figure 10. Mean values of solid secondary cancer risk calculated with the linear model
as a function of attained age for the male and female patients respectively.

As demonstrated in Figures 5-10 the risk of developing a radiation-induced solid
secondary cancer doesn’t start to increase until an attained age of approximately 30
years. Thus, it is not possible to distinguish between the secondary cancer risks from
the different modalities before this age. This corresponds to a latency period of 15-25
years for the patients investigated in this study. It is clearly shown that including the
risk of secondary cancer induction in the optimization process of RapidArc treatment
reduces it to the same level as that from 3D CRT when using the plateau and bell
shape models for risk estimation. The linear model predicts a substantially lower risk

from the RapidArc treatments than for 3DCRT.

The risk of developing a solid secondary cancer is, for all three models, higher for the
female patients than for the males as shown for the RapidArc technique. This is also
valid for 3D CRT but the difference is small for IMPT. According to the results in
this study, the EAR of developing a solid secondary cancer until the attained age of 70
years is 10-17% higher for female patients when considering the photon treatment
techniques. The secondary cancer risk is consequently lower for IMPT compared to
the photon techniques, though it should be mentioned that the contribution of
secondary neutrons is not included in the risk estimates.
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4.2 The impact of target volume definition on secondary
cancer risk

Additional treatment plans were created in order to estimate how target volume
definition affects the risk of secondary cancer induction. The objective of delivering an
absorbed dose of at least 20 Gy to the entire vertebral column (excluding the
transverse processes) was tested for all three modalities. Since there is no strict
consensus on the lateral extent of the spinal field in the case of 3D CRT, treatment
plans were generated with the MLC-leaves fitted isotropically to a 0.5, 0.75, 1.0 and
1.5 cm leaf-to-PTV margin. A margin of 1.0 cm most resembled the clinical plans
with which these patients were treated.

Figure 11 and Figure 12 show the difference in secondary cancer risk relating to
different spinal field widths for 3D CRT treatment. The “3D CRT Vert” case refers to
the MLC-leaves being fitted to the edges of the vertebral column. The difference in
EAR starts to show first at an attained age over 50 years as shown in Figure 11. The
bell shape and linear models yield the same result. In Figure 12 there is a substantial
difference in risk depending on target volume definition showing approximately 15%
higher EAR with the largest target volume compared to the smallest, corresponding to
an attained age of 70 years.

70% - Plateau model - All patients
% 60% 1 cmmw3DCRT 0.5cm
% 50% .  ===3DCRT0.75cm
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% 20% -
K
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Figure 11. Mean values of solid secondary cancer risk calculated with the plateau
model as a function of attained age for different target volume definitions in 3D CRT
treatment.
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y Different target volumes for 3D CRT
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Figure 12. Mean values for all patients of solid secondary cancer risk adhering to
different definitions of target volume for 3DCRT treatment. Values correspond to an
attained age of 70 years.
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Figure 13. Mean values for all patients of solid secondary cancer risk adhering to
target volumes including/excluding 20 Gy to vertebral column for RapidArc and
IMPT treatment. Values correspond to an attained age of 70 years.
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Figure 13 shows that the risk of solid secondary cancer induction is slightly elevated
for RapidArc treatment if including 20 Gy to the entire vertebral column as a target
condition. The difference between including it and not including it is however almost
negligible. For IMPT the risk is almost doubled from an original 5% to about 10% for

plans including the 20 Gy to the vertebral column criteria.

4.3 Normal tissue toxicity estimates

Normal tissue toxicity was estimated according to the methods detailed in appendix B

and the results are presented for each endpoint in Figure 14.
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Figure 14. Mean values for all patients comparing the long term risk of inducing, a)
blindness, b) heart failure, c) hypothyroidism, d) pneumonitis, €) xerostomia and f)
ototoxicity for the studied treatment modalities.

The results show that the risk of inducing heart failure, xerostomia, hypothyroidism
and ototoxicity is substantially higher for 3D CRT than for the RapidArc treatment.
The risk of pneumonitis is equivalent for the different photon techniques while the
risk of inducing blindness is slightly higher for RapidArc treatment compared with
3D CRT. The risk is lower for IMPT compared to the photon techniques for all of
the studied complications.

As the risk of heart failure is considerably higher for 3D CRT than the other
techniques the effect of target volume definition on this risk was studied and the

results are presented in Figure 15. This shows that depending on the choice of target
volume the risk of heart failure is 2-2.5 times higher for 3D CRT than for RapidArec.
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Figure 15. Mean values for all patients comparing the risk of heart failure induction
between different definitions of target volume in 3D CRT treatment.

4.4 Robustness of the secondary cancer risk optimization

In order to test the robustness of the concept of re-optimizing the RapidArc treatment
plans with regard to secondary cancer risk as performed in this study, the risk of
secondary cancer induction was estimated using all the applied risk models. The results
are shown in Figure 16.
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Figure 16. Mean values of secondary cancer risk according to four different models
comparing the effect of treatment optimization with respect to secondary cancer risk.
The risk is given as EAR of inducing a solid secondary cancer for all except the LNT
model where it is given as absolute risk of inducing a fatal secondary cancer.
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It is shown that a re-optimization lowers the secondary cancer risk according to the
LNT model. Since it is based on organ mean doses a reduction in absorbed dose will
always lead to a lowered risk. The risks are lowered slightly (-1%) according to both
OED models while according to the competition model it is slightly increased
(-1.5%) after the re-optimization. Three of the four models suggest that a re-
optimization as it has been done in this study lowers the risk of secondary cancer
induction. The risk decrease shown with the OED models and the increase shown
with the competition model are small enough to be considered negligible.

Figure 17 shows the difference in secondary cancer risk between male and female
patients according to the four models utilized in the robustness test, the models on
which the risk estimation of this work was based are also depicted. The only model,
besides those used in this work, showing any difference in risk between males and
females is the competition model. This is most likely explained by the fact that the
OED models do not consider breast tissue as a risk organ and that the risk weighting
for breast is relatively low in the LNT model (NCRP risk coefficient 0.20%/Sv as
compared to 1.10%/Sv for the stomach). The female patients included in this study
are slightly older than the male patients (mean age females = 9.2 years, mean age males
= 6.3 years) which could mean an underestimation in risk for the female patients
relative to the males. The difference between males and females was negligible for the
IMPT plans according to all models.
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Figure 17. Mean values of secondary cancer risk according to six different models
comparing the risks between the male and female patients. The risk is given as EAR of
inducing a solid secondary cancer for all except the LNT model where it is given as
absolute risk of inducing a fatal secondary cancer.
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Figure 18. Mean values of secondary cancer risk according to six different models
comparing the risks adhering to different target volume definitions in 3D CRT
treatment. The risk is given as EAR of inducing a solid secondary cancer for all except
the LNT model where it is given as absolute risk of inducing a fatal secondary cancer.

In Figure 18 it is shown that the secondary cancer risk increases slightly with larger
target volume for both the OED models and increases substantially for the LNT
model. This is not the case for the competition model where the risk is about 1%
lower for a 1.5 cm margin compared with 1.0 cm. This would suggest that irradiating
a larger volume of the patient to the same prescription dose as a smaller volume does
not increase the risk of secondary cancer induction. This disagrees with the results for
the other models and should be addressed with care.

4.5 Estimate of secondary leukemia risk

The results for the estimation of secondary leukemia risk were inconclusive and could
not be used to compare the risk between the different treatment modalities. The
reason is most likely the large limitation of the secondary leukemia model which is
based on mean doses to sites of active bone marrow. This would mean that the risk is
similar if a small volume receives a high dose or a large volume receives a low dose
since the mean doses would be comparable. This does not agree with the theories and
empirical data concerning secondary leukemia induction presented in section 2.1.5.
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4.6 Target coverage

Descriptors of target coverage are presented in Table 5 for the different treatment
techniques studied. Target coverage is presented as the minimum dose, maximum
dose, the dose to 95% of the target volume (Dys,,), the volume which receives 107%

of the prescribed dose (V) and the volume which receives 95% of the prescribed
dose (Viysy)-

Table 5. Mean values of different target coverage descriptors for all patients.
Brain — Prescription dose 30.6 G

Technique Mindose (Gy) Maxdose (Gy) Dgsy, (Gy)  Vigre (%)  Vise, (%)
3D CRT 29.3 56.9 31.3 41.7% 100.0%
IMPT 26.4 57.7 30.2 29.4% 99.9%
RapidArc 27.3 57.8 30.2 44.2% 99.5%
RapidArc re-opt 27.2 58.0 30.2 44.6% 99.5%
pinal canal — Prescription dose 30.6 G
Technique Mindose (Gy) Maxdose (Gy) Dgsy, (Gy)  Vigre (%)  Vise, (%)
3D CRT 28.3 53.0 29.6 26.8% 98.6%
IMPT 28.7 52.1 29.8 8.0% 99.5%
RapidArc 28.6 51.7 30.1 71%  99.7%
RapidArc re-opt 283 51.8 30.0 6.8% 99.6%
Technique Mindose (Gy) Maxdose (Gy) Dgsy, (Gy)  Vigre (%)  Vise, (%)
3D CRT 18.9 57.4 30.0 40.4% 97.6%
IMPT 18.0 57.9 29.8 25.0% 97.7%
RapidArc 19.9 57.9 29.3 38.0% 95.7%
RapidArc re-opt 19.2 58.1 29.0 383%  94.8%
Technique Mindose (Gy) Maxdose (Gy) Dgsy, (Gy)  Vigre (%) Vise, (%)
3D CRT 52.0 57.1 53.3 0.0% 100.0%
IMPT 48.7 57.5 53.3 0.0% 99.8%
RapidArc 48.4 57.8 52.5 0.1% 99.0%
RapidArc re-opt 47.9 58.0 52.3 0.1% 98.5%
Posterior fossa PTV — Prescription dose 54 Gy
Technique Mindose (Gy) Maxdose (Gy)  Dosy, (Gy)  Vigre (%) Vise, (%)
3D CRT 45.7 57.4 53.1 0.0% 99.6%
IMPT 37.7 57.9 51.8 0.0% 95.9%
RapidArc 39.4 57.9 51.0 0.1% 93.9%
RapidArc re-opt 39.4 58.1 50.9 0.1% 93.5%

Target coverage was evaluated based on the sum of the CSI treatment plans and the
boost plans. Thus the maximum dose to the target volume is only relevant for the
posterior fossa target. The large value of V,,, for the craniospinal target volume is due
to the fact that the boost plans expose part of the brain to a substantially higher dose
than the prescribed 30.6 Gy. The large value of V|, for the spinal canal concerning
3D CRT shows the lack of conformality in this technique.
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5 DISCUSSION

The results show that the solid secondary cancer risk of RapidArc treatment can be
reduced to the same level as 3D CRT using the concept described in section 3.4 along
with the plateau and bell shaped OED models as in section 3.5. This would suggest
that the conventional situation of intensity-modulated photon treatment yielding a
higher risk of secondary cancer induction than 3D CRT can be avoided. The way to
do this would be to consider the risk of secondary cancer in the optimization process.
The method used in this work is an example of such an approach and other ways of
doing this could make it more applicable. For instance there is the possibility of using
radiation-induced secondary cancer data from studies based on children having
received radiotherapy treatment instead of the LSS data. Such an approach is
appealing since the data would be specifically for children and the possible cancer-
prone genetic disposition of childhood cancer patients would be taken into con-
sideration.

It should be stressed that the linear model did not provide a good fit to the Hodgkin’s
patients and atomic bomb survivor data on which the models are based so it should
only be considered for relative comparison. Secondary cancer risk calculations in
general are subject to large uncertainty so absolute risk values should be treated with
some reservation but relative comparisons can be more reliably considered.

The optimization based on reducing secondary cancer risk is, as it is implemented in
this work, independent of the choice of model used to estimate the risk. Performing
such an estimation with several different models in order to analyze the robustness of
the approach yielded results that disagree somewhat with the original estimates. The
results according to the competition model suggest that the re-optimization actually
increases the risk of inducing secondary cancers. It should be mentioned that this
model is mechanistic i.e. based on theoretical concepts and relies on the input of
organ-specific a/f -values. These values are not well known for many of the organs
included in the risk estimation and an a/f of 3 was used for those organs. The dose-
response according to the competition model suggests that secondary cancer risks are
highest at a relatively low absorbed dose (-5 Gy). The risk then decreases with
absorbed dose and the risk is negligible at doses higher than approximately 20 Gy.
This should be considered with care since large retrospective studies have shown
significant increases in secondary cancers in regions irradiated to high doses.”

The risk of developing a radiation-induced solid secondary cancer is shown to be
considerably higher for the female patients compared to the males. This is in agree-
ment with clinical experience concerning children treated with radiotherapy.”* "
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The secondary cancer incidence, based on the combined atomic bomb survivors and
Hodgkin’s patient data, is somewhat higher for females as described by Equation 3.1.
Studying the organ-specific OEDs of the male and female patients shows that for
males, the thyroid, colon, stomach and lungs are the organs contributing most to
secondary cancer risk. For females the corresponding organs are the thyroid, stomach,
lungs and to some extent also the breasts. Female breast tissue was surprisingly not one
of the largest risk contributing organs although this is explained by the fact that the
breasts are located relatively far from the target volume and thus receives a fairly low
absorbed dose. The female breast tissue is however the organ contributing most to the
difference in risk between 3D CRT and RapidArc. The OED of the breasts is almost
twice as high from non-re-optimized RapidArc treatment compared to 3D CRT. The
breasts are also the organ which contributes most to the reduction in secondary cancer
risk from re-optimization as this lowers the OED of the breasts by about one third.

The fact that the female patients in this study are slightly older than the males would
actually suggest an underestimation of risk for the female patients relative to that of
the males. However it has been shown that the risk of secondary breast cancer after
radiation therapy is only increased in females over ten years old.”” This may mitigate
the risk underestimation relating to the female patients being slightly older than the
males. The secondary cancer risk is not shown to be higher for females according to
the OED models included in the robustness analysis. The explanation for this is most
likely due to the fact that secondary breast cancer is not considered in these models. It
has been shown that breast cancers are the most common secondary cancers after
radiotherapy for pediatric Hodgkin’s disease.”’ The fact that the breasts are excluded is
surprising since these models are based on secondary cancer data of patients treated for
Hodgkin’s disease. Including the female breasts as a secondary risk organ in the
original OED models would likely enhance the effect of the re-optimization according
to these models.

As for the estimations of normal tissue toxicity the results suggest that patients treated
with 3D CRT are subject to substantially larger risks of serious complications such as
heart failure and severe hearing loss than those who would be treated with intensity-
modulated therapy. The ERR of heart failure adhering to radiotherapy is about five
times higher for 3D CRT compared to RapidArc treatment relating to a substantially
higher mean heart dose. It was shown in this study that the risk of developing a
secondary cancer becomes noticeable at an attained age over 30 years and then
increases. It is difficult to assess whether the risk of secondary cancer or the risk of
complications like heart failure and pneumonitis is of greatest importance for these
patients. It is however feasible to suggest that a 10% risk of heart failure, which is a
serious threat to a patient’s life, before the age of 25 is worse than a 20% risk of con-
tracting a secondary cancer before turning 50. It will have to be determined from
increasing follow-up of studies like the CCSS whether the incidence of complications
like secondary cancers or heart failure will follow the naturally occurring increase with

age.
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In this work the optimization priority of normal tissue toxicity prevention was based
solely on the severity of each complication. The best treatment plans with respect to
these risks would most likely include an optimization also considering the incidence of
the different complications as not to attempt reducing a risk which might already
negligible. Such an approach of fully risk-based optimization is an appealing concept.

It proved difficult to estimate the risk of secondary leukemia because of limitations
inherent to the currently available models. A possible improvement would be to
consider the inhomogeneous dose distribution common to modern radiotherapy
rather than basing models on mean doses. Although no comparison between the diffe-
rent modalities could be made, the risk of inducing a secondary leukemia has been
reported to be relatively low, corresponding to a cumulative incidence of about 0.5%
in the first five years after treatment.”

The risk of all long-term complications, secondary cancer as well as normal tissue
toxicity, was shown to be considerably lower for IMPT than the photon techniques.
This is due to the advantageous physical characteristics of protons compared to
photons, considering radiotherapy purposes. A limitation in this study is the fact that
the effect of secondary neutrons is not accounted for. The uncertainty in neutron RBE
complicates this risk estimation although attempts have been made. Taddei et al.
estimated the EAR, attributable to secondary neutrons, of inducing a fatal secondary
cancer for a pediatric MB patient treated with passive scattering proton radiotherapy
to approximately 3.4%.% The authors estimated that treatment with active scanning
could facilitate a 5-fold reduction in secondary neutron contribution. Other authors
have reported secondary neutron contribution as approximately 10 times lower for
active scanning techniques like IMPT than for passive scattering.*’
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6 CONCLUSION

This study has shown that reducing the risk of solid secondary cancers by including it
in the optimization process is feasible for inversely-planned arc therapy. The uncer-
tainties related to secondary cancer risk estimations should be considered but an
optimization resulting in risk reduction according to all available models would offer a
relatively robust approach. The results in this study showed that treating pediatric
medulloblastoma with 3D CRT would subject patients to substantially higher risks of
severe normal tissue complications compared to intensity-modulated treatment. The
definition of the spinal field width in 3D CRT was also shown to have a considerable
impact on secondary cancer risk as well as the risk of heart failure. The risks of severe
treatment-induced complications like those presented in this study should always be
considered when treating children with medulloblastoma.

Treatment with spot-scanned IMPT was shown to reduce the risks of all radiation-
induced complications compared to the photon techniques. Although secondary
neutrons were not considered in this study, the results suggest that actively-scanned
proton therapy can greatly benefit patients with pediatric medulloblastoma.
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Appendix A
NTCP-modeling

Models estimating normal tissue complication probability (NTCP) have been used to
attempt prediction of organ damage due to radiation since the classical paper by
Emami et al.” and Burman et al. in 1991.”* The main purpose of an NTCP-model is
to find the optimal balance where as much absorbed dose as possible can be applied to
the tumor volume while keeping the risk of complication in the OARs reasonably low.
This section will describe the theory behind three widely used NTCP-models.

The LKB-model

The Lyman-Kutcher-Burman or LKB-model is based on the original model described
by Lyman in 1985” which estimates NTCP as a function of absorbed dose, D
according to

tZ
NTCP =1/+27 - [ e Zdt (A.1)
where
_(D-TDy). (A.2)
(m-TDs,)

The variable 7D, is the absorbed dose to the whole organ that would yield an NTCP
of 50%, m is a dimensionless parameter, describing the slope of the dose-response
curve, derived by fitting the model to data. For uniform irradiation of a fractional
volume v of an organ Lyman introduced the parameter 7 as

TD,, (V) =TDg, -v " (A.3)

where 7 describes the volume dependence of the organ, i.e. whether the organ adheres
to a parallel or serial architecture of functional subunits. A parallel structure
corresponds to a strong volume dependence while a serial structure yields the same
response independent of how much of the organ’s volume is irradiated. The parameter

vis derived as v =V [V, where V4 is usually taken as the volume of the whole organ.

To apply the Lyman model to situations of non-uniform irradiation Kutcher and
Burman developed a volume-reduction (also called DVH-reduction) algorithm.”
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k
They assume that for each irradiated sub-volume v i ,[ Vi = l} receiving an absorbed
-1

O derived as

d 1/n
vl =y [—’j (A.4)
eff j . .

dose d; there is a corresponding partial effective volume V

ref
In this definition lies the assumption that, with a csertain volume-dependence

described by #, irradiating the partial effective volume to absorbed dose d . will yield
the same N'TCP as irradiating the sub-volume V;to dose d;. To estimate the NTCP

for the entire inhomogeneously irradiated organ the total effective fractional volume is
given by the sum of all partial effective volumes in the DVH as

k .
Vo = Vel (A.5)
-1

The application of this volume-reduction has led to this model being conventionally
referred to as the LKB-model. The practical result of the volume-reduction is that the
NTCP described by the DVH of an inhomogeneously irradiated organ is the same as

the NTCP resulting from a volume V4 of that organ being uniformly irradiated to

dose O, . The NTCP for an entire DVH can then be calculated as in Equation A.1
with

_ (d ref _TDSO (Veff ))
(M- TDg (v )

(A.6)

The parameter O is normally chosen as the maximum dose in the DVH to ensure
that V4 < 1 but, as can be shown mathematically, a different choice in d, would

yield the same NTCP because of the corresponding change in Vg .
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The relative seriality model

The model was developed by Killman et al. in 1992” in an attempt to estimate
normal tissue radiation toxicity based on the so called relative seriality of an organ.
The relative seriality described by the parameter s is a measure of how much an organ
behaves as consisting of either a parallel or serial architecture. A small value of s would
suggest that the organ has a mainly parallel structure while a large value of s represents
a mainly serial organ. The complication probability of an organ comprised entirely of

m number of subunits in series, where the response of each subunit is described by P

would be

le—ﬁ(l—Pi). (A.7)

The corresponding probability for an organ comprised of 7 number of subunits in
parallel would instead be

P=T[P (A.8)
j=1

The normalized dose-response gradient, y, describes the slope of the dose-respons
curve.

Analogous to the LKB-model calculations with the relative seriality model are based on
that of partial sub-volumes V; =V, /V,;where V, is the volume of the entire organ.

The NTCP for an organ comprised of subunits in serial and parallel structure as
described by the relative serialty s is then

NTCP:(l—f[[l— P(Di)s]v‘j s (A.9)

where

P(D) = 2-exple7(1-D/ Dy )] (A.10)

and 7 is the number of sub-volumes represented by the dose distribution in the organ’s
DVH and Dy is the absorbed dose which would yield an NTCP of 50% if the organ

was homogeneously irradiated to that dose.
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The EUD-model

The concept of equivalent uniform dose (EUD) as introduced by Niemierko in 1997
was originally intended as a means of assessing tumor control probability (TCP). In
this original work a basic formulation of an EUD describing TCP based on the
surviving number of clonogens is derived for a standard 2 Gy per fraction regimen.
Formulations for including the effect of, absolute number of clonogens, different dose-
fractionation, proliferation and inhomogeneous clonogen density are also proposed.

Focus will however be on using the concept of EUD to estimate NTCP relating to
inhomogeneous dose distributions such as those provided by a DVH. In 1999
Niemierko proposed a generalization of the EUD concept as the following imp-
lementation”

1/a
EUD =(ivi ij (A.11)

where £ is the number of fractional sub-volumes V; analogous to the LKB-model, D; is
the absorbed dose received by the corresponding sub-volume and # describes the dose-
volume effect of the organ. It has been shown by Wu et al. that the parameter # is the
equivalent of the LKB-model parameter » as a=1/n."" In Equation A.11 it is

k . . o
assumed that, ZHVi =1, otherwise it requires a normalization factor. It can be

mathematically shown that the generalized EUD formulation utilizes the same
volume-reduction as in the LKB-model. Thus the single quantity of EUD represents
the absorbed dose that, if the whole organ is uniformly irradiated to this dose, yields
the same NTCP as the inhomogeneous dose distribution.
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There are certain similarities between the EUD- and LKB-models and it has e.g. been
shown by Luxton et al. that EUD =d . - Vg .'”" They also showed that it is possible

to utilize the EUD concept to reproduce the NTCP-calculations of the LKB-model
within 0.3% uncertainty, thus providing an alternative to solving the somewhat
inconvenient integral in Equation A.1.

Applicability of NTCP-models
The application of NTCP-models in radiotherapy is an appealing concept as this

could provide a means of tailoring the treatment regimen of each individual patient,
instead of using surrogate information (radiation dose). There is however a need of
solid clinical data in order to base patient treatment on such models. Relevant data
would be required for each organ and each complication (endpoint) studied. The
individual patient characteristics would also have to be considered. Organs and
endpoints heavily investigated when it comes to NTCP-modeling are, pneumonitis of
the lung, xerostomia of the parotid gland and long-term cardiac mortality due to
irradiation of the heart.* 7 ' As of today there have been no studies attempting to
estimate NTCP specifically in children undergoing radiotherapy.

A recent investigation performed by the QUANTEC (Quantitative Analysis of
Normal Tissue Effects in the Clinic) group has evaluated the feasibility of using
NTCP-models in the clinic.'” Some of the major concerns posted are those of, the
uncertainty in applying the linear quadratic (LQ) model to account for different dose
fractionation, addressing the organ heterogeneity when basing calculations on DVHs
and how to estimate the effect of combined chemo- and radiotherapy.
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Appendix B
Estimates of normal tissue complication

Thyroid

Data was taken from Bathia et al.*® for patients treated with radiotherapy in childhood
for the endpoint hypothyroidism. The incidence numbers reflects a patient follow-up
of 11 years. The specified doses are the prescribed doses for mantle radiotherapy which
can be considered approximately equal to a mean thyroid dose as the entire thyroid is
involved in such a field. Fitting a logistic risk function of the form

eb0+131-D

P=
l+e

(B.1)

by+by-D

to the data where D is the mean thyroid dose yielded 4, = -2.50 and &, = 0.09.

Cochlea

Data was taken from the study by Huang et al.” for children treated with radiotherapy
and the endpoint is severe ototoxicity (hearing loss) defined as grade 3-4 according to
the Pediatric oncology group's objective ototoxicity code. The incidence is dependent
of mean dose to the cochlea according to a dose-response relationship derived from
fitting data to Equation B.1. The fit was based on two data points and yielded 4, =
-7.34 and 4, = 0.148.

Lungs

Data was taken from the QUANTEC-publication by Marks et al. with focus on lung
toxicity.” which is a review based on adults treated with radiotherapy. The relevant
endpoint is pneumonitis and the NTCP is based on the mean lung dose according to
the dose-response curve provided by a fit of data according to the logistic risk function
described by Equation B.1. Parameters taken from Marks et al. were 4,= -3.87 and 4,
=0.126

Parotids

Data was taken from a review by Houweling et al.** that focused on modeling of
xerostomia in adult head and neck cancer patients. The NTCP is estimated using the
LKB-model with parameters, TDs, = 39.9 Gy, 7 = 0.40 and 7 = 1 as reccommended as
the model best describing data. The data was collected one year after radiotherapy
corresponding to a follow-up of one year.
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Heart

Data was taken from a CCSS report by Guldner et al."” and the endpoint is congestive
heart failure. The average follow-up was 18 years to a mean age of 24. The results
showed that an OR of heart failure relating to radiotherapy compared to non-
irradiated controls was best predicted by a linear quadratic model as

OR=1+a,-D+a, D? (B.2)

where D is the mean heart dose. The fit provided by Guldner et al. was adjusted for
confounders and yielded o, = 0.19 and a, = 0.002. In this work it is assumed that
confounding terms are the same for all patients, thus assuming e.g. that they are
treated with the same chemotherapy regimen. From the incidence data in the report it
could be estimated that the cumulative incidence in non-irradiated childhood cancer
patients was about 2.4% over the duration of follow-up.

Eyes
Data was taken from a CCSS report by Whelan et al.”” and the endpoint is blindness.
Follow-up was five years or more after diagnosis and siblings were used as controls.
The dose-response depends on the mean dose according to a linear fit to data that
yielded

Incidence=0.0028- D — 0.0015 (B.3)

where D is the mean dose to the eyes.

Kidneys

Data was taken from a review by Kal et al.”® concerning children treated with whole-
body irradiation and the risk of chronic renal failure. Incidence data in the review was
compared according to the BED,; mean dose to the kidneys. The dose-response
function fitted linearly to all data points as done by the authors was:

Incidence =0.075-BED,, —1.42. (B.4)

The BED,  is the mean kidney BED corresponding to an a/f -value of 2.5 Gy.
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