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”Don’t underestimate the value of doing nothing, of just going along,
listening to all the things you can’t hear, and not bothering.”

— Winnie the Pooh
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Abstract

Second only to leukemia, primary tumors in the central nervous system (CNS) are the most commonly oc-
curring malignancies in children, with medulloblastoma being the most prevalent. The standard-of-care for
medulloblastoma consists of a combination of surgery, chemotherapy and craniospinal irradiation (CSI) and is
usually administered to children above 3-5 years of age. Pediatric CNS tumors, although rare, have a devastating
impact on patients and their families both due to the disease and the severe treatment related side effects. Most
long-term survivors of malignant pediatric CNS tumors treated with CSI have significant late effects, such as
perturbed growth, hearing or vision loss, cardiovascular events, lung toxicity and neurocognitive impairment,
and patients irradiated at a younger age tend to have worse outcomes. Since the frequency and severity of late
side effects generally increase with time, they are especially debilitating for pediatric cancer survivors as they
mature into adulthood.

The purpose of this PhD project was to investigate different possibilities of reducing side effects to organs-
at-risk (OARs) for pediatric patients with CNS malignancies treated with CSI. We investigated setup errors and
uncertainties to evaluate margins and robustness perturbations needed for CSI treatments. These results were
used to create realistic hippocampal-sparing proton therapy treatment plans aimed at reducing neurocognitive
impairment. The results from that study demonstrated that it is possible to reduce the risk of neurocognitive
impairment with only a minimal impact on target coverage and without reducing the estimated tumor control.
We further investigated the effects of linear energy transfer (LET) and how it impacts the radiobiologically
weighted dose distribution generally and how these results affect the sparing of the hippocampi specifically.
We found that areas of where the proton beam stops can be highly affected depending on the tissue specific
parameters assigned to the tumor and OARs. This field of study needs further investigation before biologically
weighted doses can be used clinically, especially in the setting of hippocampal-sparing (HS) CSI. We also created
mathematical models for predicting OAR doses from spinal irradiation treatments delivered in the era before 3D
treatment planning and volumetric dose reporting. The aim of this was to be able to link OAR doses with long-
term follow-up data for an increased understanding of dose-response relationships in cohorts of pediatric cancer
survivors, which could further reduce the side effects to this patient group.

The work conducted and results presented in this thesis show that there are actionable opportunities for
minimizing side effects of pediatric patients with CNS malignancies treated with CSI.

ix



Dansk Resumé

Nest efter leukemi, er tumorer i det centrale nervesystem (CNS) den hyppigste type kraft hos bgrn. Medul-
loblastom er den hyppigste ondartade hjernetumor hos bgrn. Oftest behandles medulloblastom med en kombi-
nation af kirurgi, kemoterapi og straleterapi af det craniospinale (CSI) omrade og gives til patienter fra 3-5 ars
alder. Selv om padiatriske CNS-tumorer er relativt sjeldne, har de en altoverskyggende indvirkning pa patienter
og deres familier pa grund af selve kraeftsygdommen men ogsa pa grund af de mange, sveare bivirkninger. Langt
de fleste af de langtidsoverlevende bgrn der har faet denne meget aggressive behandling, har mange og svare
bivirkninger s& som vakstforstyrrelse, hgretab og tab af syn, kardiovaskulare begivenheder, lungetoksicitet samt
neurokognitiv skade og jo yngre patienterne var ved behandlingen, desto sverere bivirkninger far de. Eftersom
hyppighed og svaerhedsgrad af disse bivirkninger generelt gges med tiden, er de delvis invaliderende for bgrnene
der har overlevet deres kreft imens de vokser op.

Hovedformalet med dette PhD projekt var at undersgge muligheder for at mindske stralingen til risikoor-
ganer og dermed ogsa mindske nogle af de mange sene bivirkninger der rammer bgrn med CNS-tumorer der har
faet CSI behandling. Vi undersggte fejl og usikkerheder ved patientlejring og evaluerede hvilke marginaler og
robusthedsparametre der kraevedes for CSI behandling. Resultaterne brugte vi derefter til at generere realistiske
hippocampus skanende straleplaner med protoner for at reducere de neurokognitive senfglger. Disse resultater
viser at det er muligt at mindske risikoen for neurokognitive senfglger med kun et minimalt tab i straledekning
af behandlingsomradet og uden nogen pavirkning af tumor kontrol. Vi undersggte ogsa effekterne af lineaer
energioverfgrsel og hvordan de pavirker radiobiologiske dosisfordelinger generelt, samt hvordan de pavirker
hippocampus specifikt. Vi fandt ud af at omrader hvor protonstralen stoppes kan blive steerkt pavirket athengigt
af hvilke blgddelsvev-vaerdier der antages at gelde for tumoren og det raske vav. Dette forskningsomrade
kraever flere studier fgr disse radiobiologiske dosisfordelinger kan blive brugt i klinikken, iser for hippocampus
skanende behandlinger med proton straleterapi. Vi udviklede ogsa matematiske modeller for at kunne forudsige
hvilke doser risikoorganer modtager ved CSI behandlinger der er givet i en tid fgr 3D planl®gning og rapporter-
ing af volumetrisk dosis. Formalet med dette var at give mulighed for at ssmmenholde doser til risiko organer
med langtids opfelgningsdata for at gge forstaelsen omkring dosis-respons forholdet i kohorter af kraftover-
levende bgrn, for pa l@ngere sigt at mindske bivirkningerne hos patientgruppen.

Arbejdet som er blevet gennemfgrt i dette PhD projekt viser at der findes muligheder for at minimere
bivirkningerne hos bgrn der modtager stralebehandling med CSI for deres CNS-tumorer.
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“The important thing in science is not so much to obtain new
facts as to discover new ways of thinking about them”

— William Lawrence Bragg

Introduction

1.1 Outline

This thesis is based on three manuscripts and parts of this work have been presented at various conferences
and meetings (see Proceedings list). In the first two chapters the introduction, background and motivation are
presented. Chapter three and four include methodological considerations and findings for the investigations
conducted. Together with the findings, some implications are presented and discussed. Final remarks, outlook,
conclusions and future perspectives are given in chapters five through seven. The manuscripts are included at
the end of this thesis (see Papers).

1.2 Improving quality of life

This thesis is a stand-alone part of a series of works and studies conducted by the same research group in order to
reduce radiation toxicity and improve quality of life for pediatric patients receiving treatment for malignancies
of the central nervous system (CNS). To achieve this, part of the focus was to investigate the feasibility and
possible clinical implementation of sparing the hippocampus from higher doses of radiation when treating the
CNS with craniospinal irradiation (CSI) for these pediatric patients. The research is being conducted by a
multidisciplinary group involving researchers from the Niels Bohr Institute, University of Copenhagen and
Rigshospitalet in Denmark, Skéne University Hospital, Lund University, Sahlgrenska University Hospital and
Regional Cancer Centre West in Sweden and the Albert Einstein College of Medicine and Montefiore Medical
Center in New York in the United States. The aims and studies included are summarized in Aims and table 1.1.

1.3 Funding

This PhD project was mainly funded by the Danish Child Cancer Foundation under grant numbers 2016-0225
and 2019-5993 and the Swedish Childhood Cancer Foundation under grant number PR2018-0166. Additional
funding was received from the Regional Cancer Centre West, Gothenburg, Sweden.



Table 1.1: Overview of the studies included

Patients and methods

Highlights

STUDY I

38 pediatric patients included where setup images
were registered offline in order to evaluate imaging
protocols and treatment margins

* The current study can be used for improving margin
calculations and/or robust optimization of
radiotherapy for pediatric medulloblastoma

* The wide field junction protocol is the preferred
protocol studied since it allows for correction in
the superior-inferior direction

* Longer field lengths are associated with larger
uncertainties, suggesting that the youngest patients
might benefit from narrower margins

STtUuDY II

24 pediatric patients included where multiple plans
were created for each patient using different
positioning uncertainties, hippocampus doses and
robust optimization in order to evaluate the TCP
and NTCP for CNS and hippocampi when sparing
the hippocampus by lowering its received radiation
dose

* Hippocampal-sparing HS IMPT for medulloblastoma
patients can be constructed using realistic positioning
uncertainty estimates and robust treatment planning
methods

* We provide estimates of potential benefit of clinically
realistic and robust HS IMPT regarding neurocognitive
impairment as compared to standard radiotherapy

* In this simulation study, HS IMPT considerably
reduced predicted neurocognitive adverse effects with
marginal effect to target coverage while maintaining
and estimated tumor control probability

StuDY III

21 pediatric patients included where CT scans and
treatment plans were evaluated in order to develop
multivariable linear regression models for
retrospective estimation of doses to the heart and
lungs

* This study provides a simple recipe for retrospective
heart and lung dose evaluation

* The current study can be used for analyzing heart

and lung dose effect relationships on historical
cohorts in long-term pediatric cancer survivors

* Accurate models linking organ dose to late toxicity

can aid in the decision making when competing
radiation techniques are considered and could also
help to identify patients in need of close post-
treatment surveillance for late adverse effects




1.4 Aims

The overall aim of this PhD project was to minimize side effects to pediatric CNS patients treated with CSI. This
thesis addresses these problems by creating tools to aid researchers in analyzing dose effect relationships as well
as studying the effects of uncertainties and errors for different dose levels to the hippocampus, all in order to
investigate the potential and possible clinical implementation of hippocampal-sparing radiotherapy treatments.
The work in this thesis is divided into four interim aims:

1. Determine the systematic and random components of uncertainties related to patient positioning for pedi-
atric craniospinal irradiation treatments (STUDY I).

2. Explore the estimated risk of neurocognitive impairment and tumor control probability from hippocampal-
sparing proton therapy (STUDY II).

3. To create a mathematical model to act as a simple tool for analyzing dose effect relationships when retro-
spectively studying late effects in long-term pediatric cancer survivors (STUDY III).

4. Explore the effects of linear energy transfer and radiobiological effectiveness for hippocampal-sparing
treatments (unpublished data).

Three studies were set up in order to address these interim aims and they are summarized in table 1.1.

1.5 Notes

Throughout this thesis all referrals to hippocampus relates to both the left and right hippocampi as one common
structure unless it is indicated which one is described. A multi-energetic pencil beam scanning technique is
used when referring to intensity modulated proton therapy (IMPT). The unit of gray (Gy) is used for describing
photon absorbed dose while gray for protons (Gygrgg) is used to describe proton biological dose. Assuming a
relative biological effect (RBE) of 1.1, the nominal prescription dose for pediatric patients of 1.8 Gy and Gygrsg
is therefore 1.64 Gy for protons.






“So perhaps the best thing to do is to stop writing introductions
and get on with the book”

— Winnie the Pooh

Background

This chapter provides an overview and brief explanation on some of the topics related to this work. The section
is divided into four main parts; section 2.1 explains the different types of radiotherapy techniques and modalities
used, section 2.2 provides brief explanations on the radiobiology aspects of this thesis, section 2.3 contain a brief
summary of the diseases and anatomy of organs important to the understanding and section 2.4 which describes
the craniospinal treatment as well as some aspects of hippocampal avoidance.

2.1 Radiotherapy

External beam radiotherapy is a well-established cancer treatment option and is currently applied in roughly
50% of all cancer treatments [1]. In some cases, it is used as a stand-alone treatment modality and in other
cases in combination with chemotherapy and/or surgery or immunotherapy [2]. Historically, x-rays (photons)
and high energy electrons using linear accelerators (Linacs) have been the proffered choice for radiotherapy [3].
In recent past, proton radiotherapy has emerged as a prominent alternative even though they were proposed as
an alternative already in 1946 [4].

Treatment techniques

The most common modality in external radiotherapy is the use of Linacs that are able to rotate around the patient
and produce the ionizing radiation needed for treatment. Most Linacs can deliver photons and electrons. The
energy of photons and electrons is deposited as a function of depth and while photons (Figure 2.1) are the most
widely used type, electrons are sometimes used for superficial tumors. The deposited energy is measured in
absorbed dose and quantified in Gy where one Gy is defined as the absorption of one joule of radiation energy
per kilogram (kg) of tissue by the international system of units (SI-units).

In today’s radiotherapy practice a clear majority of all plans are optimized based on images acquired with
computed tomography (CT) scans. The position that the patient is scanned in composes the reference image
with which the setup images are compared to at the treatment unit. This position must be repeated as accurately
as possible since radiotherapy does not differentiate between tissues, which means that all deviations, large
or small, translational or rotational, will result in a different dose distribution inside the patient and as dose
distributions increases conformality they may become more sensitive to setup errors. There is a wide variety of
different techniques of delivering photon radiation; 3D-conformal radiotherapy (3D-CRT), intensity modulated
radiotherapy (IMRT), volumetric modulated arc therapy (VMAT), (helical) tomotherapy [5] and several others.
In 3D-CRT the dose is delivered by adjusting the shape of individual radiation beams using a multileaf collimator
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Figure 2.1: Percentage depth dose curve (PDDC) for three different photon energies including °°Co used in
STUDY III together with three different proton energies. The 6 MV and 10 MV photon energies are measured
depth doses performed at the Department of Oncology, Section of Radiotherapy, Rigshospitalet. The ®°Co
photon energy is a simulated depth dose curve from a Siemens Gammatron-3 treatment unit and the proton
depth doses are simulated beam energies from The Skandion Clinic, Gantry 1 (GTRI1).

(MLC). To achieve the desired dose to the tumor a number of these beams are used with different gantry,
collimator and couch angles together with relative field weights. This way, a rather uniform dose distribution
can be achieved while still obtaining a modest sparing of the organ(s)-at-risk (OAR)s [6]. If the MLC instead of
shaping the beam to the tumor is used to modulate (block and open certain areas within the radiation beam) the
technique is usually called IMRT [7]. It is generally possible to achieve a comparable or even a more uniform
dose distribution with IMRT compared to 3D-CRT, however, there could be an increase in radiation induced
second malignancies due to a larger volume being irradiated to lower doses [8—10]. The VMAT technique
involves the gantry rotating around the patient during continuous irradiation and a simplified explanation is that
it is basically a rotational IMRT [11]. This rotational technique is capable of delivering similar dose distributions
as IMRT with one or more arcs, allowing for a faster treatment compared to IMRT. In addition, the beam
output and gantry rotation speed can further be modified with the possibility of an even more conformal dose
distribution [11]. Tomotherapy visually resembles a CT system and essentially is very similar to a rotating
IMRT/VMAT treatment. During treatment, the immobilized patient is positioned on a couch that continuously
moves through the rotating gantry while irradiating [12].

A less modern technique is the use of teletherapy machines that delivers a different radiation beam quality,
namely the isotope Cobalt-60 (°*Co). This machine acts as a housing for the %°Co pellets. The %°Co is a
radioactive element that constantly undergo nuclear decay producing the x-rays needed for treatment [13, 14].
The decay produces stable, dichromatic beams of 1.17 megaelectron volt (MeV) and 1.33 MeV which results in
an average beam energy of 1.25 MeV (Figure 2.1). Due to the constant decay (half-life = 5.3 years) it affects the
treatment time. An older pellet requires a longer treatment time to give the same dose as a newer source with
shorter treatment time. Most %°Co teletherapy machines have been replaced by Linacs in developed countries
and are today mostly used for sterilization of foods, implants and other devices [14, 15]. The use of ®°Co still
has modern applications in the form of the gamma knife [16, 17]

The interesting nature, characteristics and physical properties of protons and possible advantages for cancer
treatments was first reported by Wilson [4] and the first clinical treatments in the world were performed with
research accelerators at Lawrence Berkeley National Laboratory (California, United States) in 1954 [18], and
at The Svedberg Laboratory (Uppsala, Sweden) in 1957 [19]. The use of protons instead of photons is scarcely



novel [18], however, most treatments were conducted at research centers and the first hospital-based proton
treatment was recorded in 1990 [20]. Due to considerable technological difficulties, the first commercially
produced systems were not available until 2001 [21].

One of the main hurdles for the slow adoption of proton therapy centers is the high cost of building and
maintaining these centers [22]. However, the number of patients treated at proton therapy centers have unques-
tionably exploded from around 876 patients treated in 1990 [23] to roughly 14,500 patients treated in 2014 and
is expected to be over 300,000 patients in 2030 [24]. As of April 2020 there are 90 proton facilities in operation
and another 32 under construction worldwide [25].

Protons are accelerated to the treatment energy (typically in the range of 70-230 MeV) using either a cy-
clotron or a synchrotron. The, very thin, proton beams (usually called “beamlets”) are then transported to the
gantry for patient delivery. The beamlets are then spread during treatment delivery using magnetic scanning
to ensure correct volume irradiation. The main difference to photons is that protons continuously lose a small
amount of their energy as they travel through tissue but at the end of the proton’s penetration range the deposited
dose is increased manyfold (Figure 2.1) and this part is commonly known as the Bragg peak [26]. The depth
is predefined according to tumor position and can be changed by varying the protons’ initial energy. Due to
proton range straggling (not all protons of the same energy have the same range) and to widen the otherwise
very narrow treatment depth (i.e. to provide uniform dose within the tumor volume), there is usually a need for
multiple proton energies (Bragg peaks) and the technique of utilizing multiple Bragg peaks is generally referred
to as the spread-out Bragg peak (SOBP) [27, 28].

The typical physical characteristic of protons allows for lower integral dose surrounding the tumor [29-31].
This is a great advantage over photon radiation due to the ability of reducing the risk of treatment induced
secondary cancers [32-36]. There is, however, disadvantages with protons as well. The field penumbra is
slightly wider for protons compared to photons, by typically a few millimeters [37, 38]. Proton treatments are
also more sensitive to setup errors due to the misalignment of the beams and density heterogeneities [39, 40].
Further, there are studies showing a different linear energy transfer (LET) for protons which can yield a widely
different RBE in contrast to earlier experiences from photons (see Biological optimization) and also that it might
not be a constant as previously assumed [41-43].

Errors and uncertainties

Within the field of radiotherapy, one usually refers to errors and uncertainties of different types [44]. First, errors
are usually defined as the difference in shift between actual and intended position at treatment. This position is
usually verified with an x-ray image (see Setup verification imaging). For uncertainties, it is important to keep
in mind that there are mainly two different components to uncertainties, both with its own set of sources. The
random component (Figure 2.2) is the inter-fractionation part and stem from positioning of the patient based
on external markers on either the patient’s skin or immobilization device (e.g. mask). The random component
can also stem from internal motion relative to these markers. Thus, random uncertainties are different for each
treatment fraction and causes a blurring in the precision of the dose delivery.

The second type of uncertainty is the systematic component which stems from changes over the course of
the treatment. Examples of the systematic component (Figure 2.2) could be that the patient’s anatomy changes
for a longer period of time or it could be due to mechanical mismatches between the CT simulation and imaging
device on the Linac or treatment machine. Thus, systematic uncertainties occur in the same way at each of the
patient’s treatments and usually causes deviation in the precision of the dose delivery.

These errors and uncertainties can cause major changes to the dose to the patient and should always be
accounted for according to international recommendations [45—47]. In radiotherapy using photons the most
common method is to expand the clinical target volume (CTV) by a margin either uniform or non-uniform
depending on tumor type and location resulting in the geometrical concept of planning target volume (PTV).
The size of the expanded volume should be large enough to account for the above stated uncertainties. However,
since this expansion is encompassing healthy tissue it also needs to be minimized to spare this tissue and reduce
the general irradiated volume inside the patient and potentially avoiding unintentional irradiation of OARs.
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Figure 2.2: Systematic and random uncertainties. The red volume represents the CTV and the black circles
represent the isocenter at treatment. Ideally the isocenter should be in the middle of the tumor.



When it comes to radiotherapy using protons, the PTV is flawed by definition since it does not take into ac-
count the proton beam’s range uncertainty [39, 48, 49]. For this reason, the robust optimization [50] technique
using different perturbations has been developed. Instead of creating an expanded volume around the target,
the system takes into account, user defined, range uncertainties and setup uncertainties by shifting the isocenter
and addresses multiple uncertainty scenarios simultaneously. Additionally, the plans should also be evaluated
robustly using dose-volume histogram (DVH) and other tools available [39, 49, 51-53]. There are also quite
considerable biological uncertainties in proton therapy (see Biological optimization) presented later in this chap-
ter.

Setup verification imaging

Historically, it has not been standard of care to daily verify the patient’s position with an x-ray image before
treatment. However, imaging of patient positioning has been an essential part of radiotherapy since the intro-
duction of the CT scanner [54, 55]. The patient is positioned using wall-mounted lasers in relation to markers on
the patient’s skin, mask or other immobilization device [56]. The most common practice today is image-guided
radiotherapy (IGRT) which means that the patients setup position is verified to correct for random setup uncer-
tainties and most centers perform this daily [57-62]. Daily IGRT has been standard practice at Rigshospitalet
since late 2009.

Patients can be positioned using many different types of imaging systems. The two simplest ways to take an
image of the patient is to use either the electronic portal imaging device (EPID) using megavoltage (MV) x-rays
or the on-board imaging (OBI) device using kilovoltage (kV) x-rays [63, 64]. These techniques result in two
planar, two-dimensional (2D) images. In terms of matching on bony anatomy these two systems are comparable,
however, a reduced image contrast can be expected for the MV energy system [65]. The OBI can also be used
to scan the patient three-dimensional (3D), using cone-beam computed tomography (CBCT), first introduced by
Jaffray et al. [66]. During a continuous gantry rotation, the system acquires multiple 2D projections that are
later reconstructed into a 3D volume set. This set of images are then used for matching on either bony anatomy
or soft tissue areas, such as OARs, in relation to their target area [67]. Tomotherapy utilizes a similar system but
with MV-energy instead of kV-energy [68]. With daily imaging some setup uncertainties can be considerably
reduced since they are thus automatically accounted for [63, 67].

Most proton accelerators are equipped with imaging systems, many of which have CBCT capability. Imag-
ing in proton therapy is essential to be able to reduce some of the margins used due to uncertainties [69].

2.2 Radiobiology

Radiation damages both tumor cells and surrounding healthy tissue. Damage to organs and other healthy tissue
can cause both acute and late adverse effects which means that patients with tumors closer to OARs are at a
higher risk of side effects [70, 71]. Pediatric patients are at an even greater risk due to their normal tissues being
under constant development and longer life expectancy [34, 72—77]. In radiotherapy, the radiation interacts with
atoms in the body and facilitates generation of free radicals through indirect ionization. Free radicals are highly
reactive ions that damages cells generally and deoxyribonucleic acid (DNA) specifically [78]. Damage to the
DNA primarily consists of single strand breaks and double strand breaks where the latter is the more important
part since it usually leads to cell apoptosis [79].

The deposited energy is measured in absorbed dose and quantified in Gy. However for protons, the quantifi-
cation unit Gyrpg (see Notes) is often used. The very high energy in proton therapy induces reactions that can
produce secondary protons, deuterons, tritons, 3He, “He, other ions and neutrons. Especially neutrons constitute
for a high risk of unintentional irradiation to the patient since the production is extensive and the shielding of
neutrons is not trivial [80]. Neutrons are very penetrating, and their biological effectiveness is up to 20 times
higher than that of a proton, depending on the energy of the neutrons [81]. Neutron exposure therefore increases
the risk of late adverse effects and secondary cancers [82, 83].



Tumor control probability and normal tissue complication probability

The main objective in radiotherapy is to obtain local tumor control by giving the tumor sufficient dose to ac-
complish this. At the same time, it is highly important to spare the surrounding healthy tissue from severe
complications by keeping the dose as low as possible. Trying to achieve both aims at the same time is intuitive
but conflicting. Increased dose to the tumor yields increased tumor control probability (TCP) but it could also
increase the normal tissue complication probability (NTCP) due to the increased absorbed dose. The NTCP
is in most cases the limiting factor. The irradiated volume is often an important parameter included in normal
tissue dose respogammnse curves (Figure 2.3) since there is extensive evidence that the response depends on the
volume of normal tissue irradiated [70, 75, 84—89]. It is important to keep in mind that for some normal tissue
toxicities there is no lower dose limit tolerance at which the complication rate is zero. An endpoint is a specific
circumstance that either has transpired or not. In clinical situations, the data for dose-response curves is attained
in terms of incidence rates for any selected endpoint for multiple dose levels [90].

Tumor cells are, in general, less likely to repair damage from ionizing radiation compared to the surrounding
healthy tissue and this generates one of the fundamental conditions of radiotherapy; the therapeutic window or
ratio (Figure 2.3) which is the region between the two curves. In radiotherapy, there are also a set of tools avail-
able that widens this ratio (e.g. fractionation schedules) and increases the potential benefit from radiotherapy
[91, 92].
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Figure 2.3: Dose-response curves for tumor control probability (TCP) and normal tissue complication proba-
bility (NTCP) and the relationship between them. The therapeutic window or therapeutic ratio is the difference
in absorbed dose between the curves (gray area). The maximum probability for tumor control without normal
tissue complications is presented in yellow and is described as TCP(1 — NTCP). Therapeutic index is the ratio
of the expected TCP to NTCP at a clinically assigned maximum tolerance (in this case, 8%). The curves have
been computer generated using simulated values and the mathematical models of dose-response relationships
are derived from Bentzen and Tucker 1997 [93].

The circumstances for TCP and NTCP models are very complicated since the tissue response rate is influenced
by multiple dynamical factors, factors that are influenced by the co-movement of other factors. For example, the
radiosensitivity of tissue strongly depend on oxygenation, angiogenesis, cell cycle interphase, rate of repopula-
tion and other dynamically changing factors and these conditions can be rather different for different parts of the
tumor. The NTCP models aim to describe the complication probability of healthy tissue for a certain endpoint as
there is comprehensive evidence that the radiation response for normal tissue strongly depends on the irradiated
volume [84, 85, 87-89]. The improved understanding of the volume dependence of healthy tissue response can
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be credited the clinical applications of TCP and NTCP models. This is especially true for the tolerance data and
fit parameters provided by Emami et al [84] and Burman et al [85]. More recently, advances in outcomes and
research priorities have been extensively reviewed in the QUANTEC initiative [70].

Biological optimization

The treatment planning process is usually based on prescription dose to the target and certain dose constraints
to the different OARs in the near vicinity of the target volume. In many cases, instead of dosmetric surrogates,
it might be preferable to optimize on endpoints or outcomes such as TCP and NTCP which are more clinically
relevant parameters as they claim to predict the radiation response in patients [94-98]. Instead, the differences
in biological effect needs to be considered. The biologic effectiveness of protons has been assumed to have a
generic fixed value of 1.1 relative to photons and is currently being employed at proton facilities [47, 99-101].
This RBE pertains to the dose in the SOBP for all types of tissues and thus, does not differentiate between
e.g. lung and muscle tissue. Despite large amounts of data there are still considerable uncertainties in proton
RBE. Several studies suggest that the RBE value actually is variable across the SOBP [41-43, 100, 102—-108].
The RBE increases with increased LET and thus, depth and is suggested to range from approximately 1.1 in
the entrance, 1.15 in the center, 1.35 at the distal edge up to roughly 1.7 in the distal fall-off. The biological
uncertainties are very complex, and it depends on complex functions of LET, fraction dose, type of tissue,
cell type, endpoint(s) and more [100]. This suggests that the RBE is variable and increases as a function of
depth (Figure 2.4), with increased dose and with decreased tissue specific parameters or fractionation sensitivity
(a/B) (e.g. the RBE increases more with lower values for a/3). The a/3 values are given through studies
conducting comprehensive research in NTCP dose-response models and organ specific outcome data and are
used to describe the shape of the fractionation response [70, 71, 84, 109]. In general, this ratio is low (0.5-6
Gy) for late reacting tissue and somewhat higher (7-20 Gy) for early reacting tissue and tumors [91]. Typically
values of 2-3 Gy and 10 Gy are used clinically for late reacting tissue and tumor tissue, respectively [78, 110].

100 Relationship between depth dose and LET
T T T T

T 10

I I
—150 MeV proton beam
90 H{—LET 9

Relative dose (%)
(&)
LET (keV/um)

| | | | |

0

0 20 40 60 80 100 120 140 160 180
Depth (mm)

Figure 2.4: The relationship between a proton depth dose curve and the linear energy transfer (LET). The
proton depth dose curve for 150 MeV is a simulated beam energy from The Skandion Clinic, Gantry 1 (GTR1)
and the LET is computer generated using random numbers. Please observe that the two curves correspond to
the y-axis of the same color.

It is actually quite unlikely that the distal edge would conform to the target shape in multifield IMPT since

multiple beams converge on each other inside the target and many of the small beamlets delivers dose throughout
the volume. This means that the LET can be very different resulting in rather different RBE values, compared
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to the ones stated above, throughout the target. This could further confound the use of biological optimization
for protons due to additional uncertainties.

2.3 Diseases and anatomy

Second only to leukemia, neoplasms in the CNS are the most common types of malignancies in children [111].
It is, however, the leading cause of cancer related childhood death [112]. Fortunately, cancer in children and
adolescents is generally uncommon (Figure 2.5) and in contrast to adults, a majority of pediatric CNS tumors
are infratentorial (i.e. they originate in the lower, back part of the brain). The most common pediatric brain
tumors are medulloblastoma (MB), astrocytoma, germinoma and ependymoma. The treatment of these and
other CNS tumors can be quite different depending on patient diagnosis, age and tumor-related risk factors,
such as residual tumor volume, M-stage, histology and molecular subgroups including various genetic mutations
[113]. Furthermore, anatomy has a role in determination of treatment and prognosis. For example, a tumor in
the cerebellum is more often safely resected whereas tumors appending the brainstem usually are not. For
some types of tumors, the cerebrospinal fluid (CSF) is an important route for tumor dissemination. Metastatic
dissemination implicates a treatment challenge and cause of death in patients with some CNS tumors (e.g. MB)
[114]. Some pediatric CNS tumors are treated with focal irradiation while others are treated with CSI and focal
boost which leads to very different toxicity profiles. Even though the treatment has become somewhat more
stratified over the last decade, it has remained rather consistent. Most long-term survivors of malignant pediatric
CNS tumors treated with CSI have significant neurocognitive late effects (see Treatment related side effects),
and patients treated at a younger age tend to have worse outcomes [115, 116].
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Figure 2.5: Cancer incidence per 100.000 children (0-19 years old) with brain and CNS tumors in Denmark
(solid lines) and the the nordic contries (dashed line; including Sweden, Denmark, Finland, Norway, Iceland,
Faroe Islands and Greenland) between 1960 and 2016 for males (blue lines) and females (red lines). The data
stem from the NORDCAN project [117].

The hippocampus

The hippocampus is a small part of the temporal lobes of the brain (Figure 2.6), with a shape of a curved tube
that closely resembles a seahorse and it is a part of the limbic system in the human brain [118]. It consists of
five combined parts (two main parts) called cornu Ammonis (CA1-CA4) and the dentae gyrus in an interlocking
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“U” composition. Humans have two hippocampus located along the border of the medial temporal lobe, one in
each hemisphere. The hippocampus plays an important role in the neurogenesis, memory encoding and mood
regulation [119, 120], even during sleep [121]. It has also been associated with learning abilities and emotions
[120]. It is not believed that memory is stored there, more that it works as a memory retriever. The hippocampus
is therefore very important in connection of how scents and emotions can trigger a strong memory.

Figure 2.6: Transversal view of a computed tomography (CT) and T} -weighted magnetic resonance imaging
(MRI) showing the central location of the hippocampus (yellow contour) and the cranial clinical target volume
(CTV) (light red).

Damage to the hippocampus

When the hippocampus is damaged it can seriously affect its function and have long-term impact on these pa-
tients and the damage can occur from various sources (e.g. irradiation). The hippocampus are sensitive to
radiation [122—124] and it has been shown that the neurogenesis occurs in the hippocampus [119] and that
radiation damages hippocampal stem cell differentiation [125]. Sparing the hippocampus has been correlated
with improved memory preservation [126, 127], although the exact repercussion of the damage can be some-
what different depending on the affected hippocampus in relation to the patient’s brain location of language.
Studies suggest that damage to the left hippocampus can affect verbal quotient while complications with visual
information and spatial memory as a result after damage to the right hippocampus [128—131].

2.4 Craniospinal treatment

A combination of surgery, chemotherapy and CSI is the most used treatment combination for MB, however, for
other primary tumors in the CNS it can vary considerable depending on patient diagnosis, age and tumor-related
risk factors. For example, surgical resection of the tumor can be carried out either before or after one or more
cycles of chemotherapy. The neurosurgeon always has to weigh the benefit of removing as much as possible
of the tumor against the risk of impairing vital components in the brain. A complete microscopic removal of
the tumor is not possible thus, surgery is many times followed by both radiotherapy and multiple cycles of
chemotherapy. There is a wide variety of different chemotherapy types used for CNS treatments; vincristine,
cisplatin, carboplatin, cyclophosphamide, vinblastine, methotrexate and on rare occasions also etoposide and
doxorubicin. Additionally, alkylating antineoplastic agents such as lomustine and temozolomide and the MEK
inhibitor trametinib are often used along with the chemotherapy. For example, a MB patient at our institution
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Figure 2.7: Dose distribution in a sagital orientation for 3D-CRT (left), IMRT (middle) and IMPT (right)
craniospinal irradiation techniques.

often receives the “Packer-protocol” which consists of weekly vincristine followed by 8 cycles of cisplatin,
lomustine and vincristine [132]. This is also consistent with other institutions prescription [133]. External beam
radiotherapy is one of the most effective types of treatments for malignant CNS tumors and while CSI is one of
the cornerstones in MB treatments, it is rarely used for low grade tumors (e.g. low grade glioma, LGG) where a
surgical resection is the main type of treatment.

The treatment volume for CSI includes the entire CNS subarachnoid space and the inferior border is extended
below S2 to include the thecal sac. Combining the cranial and spinal parts of the treatment requires careful
technical planning and depends greatly on the choice of treatment modality and technique. Most patients are
prescribed a dose of either 23.4 or 36 Gy to the entire brain and spinal axis in a risk-adapted dose prescription,
subsequently each prescription regimen being followed by a boost treatment to the original or residual tumor
bed to a total dose of 54-55.8 Gy [134, 135].

Historically, both electrons and photons have been used for CSI treatments and recently protons have
emerged as a contender to the conventional treatments by offering the possibility of greatly reducing the integral
dose, which is of predominant importance for pediatric patients because of late carcinogenic effects [29, 73, 136—
138]. Especially compelling is the lack of exit dose for the spinal part of the CSI treatment where the heart and
lungs can be considerably spared (Figure 2.7). The use of protons has also generated the possibility of greatly
sparing the hippocampus [139—-142], which can be compared to advanced, modern photon therapy techniques
that are able to spare the hippocampus to some extent [122, 127, 143-145].

Treatment related side effects

Many patients surviving their treatment for a CNS tumor in childhood suffer from late side effects [75, 76, 146—
149]. First and foremost, secondary malignances are a late adverse event as a large portion of the patient’s body
is being irradiated [150]. Since the elective part of the cranial target covers the entire brain there are many
OAREs in the vicinity. Radiation to eyes, optic nerves and/or chiasm can result in loss of vision or blindness
and as the ears are in the direct path of the radiotherapy beams many patients also suffer from hearing loss or
deafness. Neurocognitive impairment (see Avoiding the hippocampus) is a side effect arising from irradiation
of the brain, where irradiation of the hippocampus (Figure 2.6) has been suggested to contribute substantially to
this impairment in the brain [126, 127, 144].

Since the whole spinal axis is also irradiated, other side effects are possible such as perturbed growth, cardiac
events such as congestive heart failure and myocardial infarction and lung toxicity are also frequent. The most

14



common causes of death among pediatric cancer survivors are relapse of primary cancer, secondary cancer and
cardiovascular disease [151-157]. Other potentially fatal, side effects arises from pulmonary toxicity [158—160].
Late side effects such as loss of vision, hearing loss, growth impairment, gonadal dysfunction, other endocrine
disorders and neurocognitive impairment are usually non-fatal, however, they affect the patient’s quality of life
after treatment. Nausea, vomiting, headache, skin reactions and infections are other types of acute side-effects
that can occur from this treatment [161].

There are various laudable efforts of collecting long-term follow-up data of large pediatric cancer patient
cohorts [162—-168], some containing data dating back several decades. These databases comprise the corner-
stone in many retrospective dose-effect relationship studies. These databases could, together with mathematical
models, aid the process of linking doses with the documented long-term effects [169].

Avoiding the hippocampus

Pediatric cancer survivors comprise a rapidly growing group of young adults [72]. However, a longer survival
is associated with long-term morbidity and mortality [152, 170]. Craniospinal treatment is a quite aggressive
type of CNS treatment (see Craniospinal treatment) which is very effective but it is also associated with a
substantial risk of late adverse effects. One of the most severe, non-fatal, and also most common side effects
is neurocognitive impairment and/or decline [171], unfortunately, a younger age at treatment is correlated with
worse cognitive deficits [115, 116]. There are multiple studies that have reported a relationship between ionizing
radiation dose to the brain and cognitive impairment for pediatric patients [146, 172—175] where dose to the
hippocampus and cognitive outcome is one of them [146, 176]. Recently, in order to improve treatment related,
neurocognitive side effects, several studies investigating hippocampal-sparing (HS) treatments has begun to
emerge [122, 127, 139145, 177].

Consequently, it is important to try to spare the hippocampus when treating adult patients and it is highly
likely that it is even more important to spare when treating pediatric patients [126, 146, 178] especially in terms
of neurocognitive impairment but also in terms of quality of life [127, 148].
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“Before beginning a hunt, it is wise to ask someone what you
are looking for before you begin looking for it”

— Winnie the Pooh

Methodological considerations

This section provides a description of the patients and some of their characteristics included in the three studies.
It also contains a brief summary of the methods and elaborates on some of the methods chosen. A total of 38,
24 and 21 pediatric patients where used in STUDY I, STUDY II and STUDY III, respectively. Further details
regarding additional comparisons are available in the appendix.

3.1 StUDYI

Purpose: Investigate the setup errors for pediatric CSI and explore how daily IGRT has impacted positioning
uncertainty.

Motivation: To allow for informed margin calculation and robust optimization of treatments.

This was a multicenter study with pediatric patients from both Rigshospitalet and Skane University Hospi-
tal where we simulated different treatment imaging protocols to allow for more informed margin calculation
and robust optimization for different clinics treating pediatric CSI patients regardless of the imaging protocol
employed at these clinics. The imaging protocols included were skin-marker based setup, action level (AL), no
action level (NAL), IGRT for narrow field junction (nj) (IGRT;) and IGRT for wide field junction (wj) (IGRTy;).
We refer to IGRT,; as a treatment protocol with narrow field junctions and sharp dose gradients, i.e. where the
field positions cannot be altered in the cranio-caudal direction without the risk of considerable changes in the
dose distribution. The IGRTy; refers to a treatment protocol where wide field junctions and flat dose gradients
are optimized to be overlapping, thus, dosimetric consequences of uncertainties in the cranio-caudal directions
will be very small.

The patients in this study had been treated with CSI on either a Linac or tomotherapy unit. A 3- and 6-
degrees of freedom (DoF) offline match was performed, respectively, in all cardinal directions; superior-inferior
(SI), anterior-posterior (AP), medial-lateral (ML), yaw (rotation around the AP axis), pitch (rotation around the
ML axis) and roll (rotation around the SI axis). These notations and the corresponding rotations are illustrated
in Figure 3.1.

There are essentially two approaches to handle uncertainties related to the treatment within the field of
radiotherapy; reducing and/or accounting for them. Both are important and it is unrealistic to assume that it is
possible to eliminate them all together. There are also studies that have developed widely used algorithms for
calculating margins [179-183] and with these algorithms standardized or personalized margins can be calculated
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using our data. We also present results for both narrow- and wide field junction irradiation techniques (nj and wj)
since some centers that use conformal techniques do not apply imaging-based shifts in the SI-axes after treating
the first isocenter due to narrow field junctions and steep dose gradients. The wide field junctions are usually
associated with proton treatments, but they are also possible to achieve using more modern photon therapy
techniques such as IMRT and VMAT.

One of the patient characteristics being evaluated in this study was the patient’s body mass index (BMI). Since
BMI of children and adolescents varies considerably with both sex and age, it is exceptionally challenging to
use the BMI for analysis. Therefore, the BMI was expressed as Z-scores [184] and calculated according to
previously published methods [185, 186] prior to analysis.
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Figure 3.1: Schematic of the anatomical notations and their corresponding rotations.

The systematic error (SE) was calculated by taking the average mean residual setup error for all patients over
their entire treatment. The SE should thus be close to zero since a higher number would indicate a systematic
deviation affecting the procedure (e.g. misaligned lasers, miscalibration of radiation isocenter, improper settings
on the immobilization device or similar). The systematic uncertainty (SU) is defined as the standard deviation
(SD) of the mean errors for all patients over their entire treatment while the random uncertainty (RU) is defined
as the root-mean-square deviation (RMSD)* for all patients, again over the entire treatment. All data were
collected for each cardinal direction (Figure 3.2) according to van Herk [44] and Kutcher et al. [187]. In
figure 3.2, each of the circular shaped markers represent the patient’s setup discrepancy between actual and
planned/ideal position. For clarity, the registrations are presented in a 2D-plane. The corresponding vectors
represents the SE. The difference between the vector and each of the image registrations is the random error
distribution.

Positioning uncertainties for all included imaging protocols were evaluated against the pre-treatment setup
images and univariate linear regression models were fitted for the various positioning uncertainties and resid-
ual errors using all covariates. The positioning uncertainties and residual errors where quantified by means of
Spearman’s rank correlation coefficients or Wilcoxon’s rank-sum tests for continuous and categorical variables,
respectively. The variance of each isocenter for all cardinal directions is assumed to be the same. This assump-
tion is tested with a two-sample F-test and based on the results. The F-test did not reject the null hypothesis that
the samples comes from normal distributions with the same variance (p = 0.054 — 0.799). Therefore, this data is
pooled to increase the statistical power of the comparisons.

The complex margin formula (equation 3.1) proposed by van Herk et al. [179] was applied to calculate the
PTV margin required for pediatric CSI at our institution to provide 95% dose coverage to 90% of the patients.
The PTV margin (mp7y) is given by

mpry = 2.5Z+1.64\/m— 1-64Up (3.1)

“The RMSD is the square root of the average of the squared errors.
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where ) | is the systematic uncertainty, the random uncertainty is described by o and o, represents the penumbra.
Margin calculations are designed to take delineation uncertainty into account [179]. Although this has been
identified to be the largest source of uncertainty [188, 189] there are many institutions that do not include it.
Therefore, we show margin calculations based on three different delineation uncertainties; 0, 2 and 4 mm.

Superior-inferior (cm)
3 04¢%
o o 02 °
0.6 04 ° 02 0.2 0.4 06 ° 08
I I T I I I I
. . . Medial-lateral (cm)
0.2+ ° ° o
°-0.41 o
0.6 -
* Patient 8
* Patient 9 08k
—>Patient 8 vector '
—>Patient 9 vector °

Figure 3.2: Schematic representation regarding positioning uncertainty evaluation for patient 8 and patient 9
(randomly chosen from our dataset). It is presented in 2D for simplicity. The image shows a head-first supine
position with a top viewing and values are presented in cm. Adapted from Kutcher et al. [187].

3.2 StUuDpYII

Purpose: Investigate the risk of neurocognitive impairment for HS IMPT

Motivation: Estimating the benefit of reducing the risk of neurocognitive adverse effects without reducing the
probability for tumor control

The pediatric patients in this study were re-planned and a total of 504 HS IMPT plans were generated; 432
plans for the elective volume and 72 boost plans. Only the cranial part of the target was considered for the
purpose of this study. In accordance with treatments of standard risk medulloblastoma at Rigshospitalet, plans
were prescribed 23.4 Gyrpg + 30.6 Gygrgg in 1.8 Gyrpg fractions to the elective and boost target volumes,
respectively. The hippocampal dose objectives were defined in relation to five different levels of avoidance; 5,
7,9, 12 and 15 Gygrgg with the intent of studying how much of the hippocampus are able to be spared without
compromising the clinical objectives to the target. These levels of avoidance were chosen based on previously
published data regarding hippocampal sparing treatments and also to cover a wide range of dose levels due to
the possibility of interpolating data between the points. Plans optimized without dose restrictions to any of the
hippocampal objectives (denoted standard CSI plan) were used for comparisons. There is a broad variety of
different definitions for homogeneity index (HI). The HI (equation 3.2) used in this study is

HI — (Ta’r'get volumeygry, — Target UOlum€95%) -100% (3.2)

Target volume
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defined as the relative target volume receiving Vgso, - V979, of the prescription dose where a HI score of 100%
constitutes a completely homogeneous plan. When evaluating treatment plans, we also used the dose to 0.03 cm?
of the volume (D o3 .p3) instead of using the maximum dose to individual voxels. A highly modulated IMPT
plan tends to have some hot-spot effects on single voxels, especially in areas of considerable density changes
(e.g. when the beam is entering an air-filled ventricle from bony anatomy). The plans were deemed clinically
acceptable if the following conditions were met: Vy59, >95% of the prescribed dose (PD), Dy g3 cm3 <110% of
PD, D g3 cm3 <107% of the PD to the brainstem, dose to the chiasm <50 Gygrpg and a HI for CTVjeciive Of
>95.

We explored the difference in hippocampal dose for the different plans by investigating patient character-
istics such as gross tumor volume (GTV) size, hippocampal size and the distance between CTVyes and the
hippocampus, defined as the center of the hippocampus to the closest point of CTVypgost-

We analyzed the plans by considering the estimated clinical benefit of sparing the hippocampus and how the
difference in hippocampal dose would affect the TCP and NTCP in the form of estimated risk of neurocognitive
impairment using previously published models [139, 146, 190]. The TCP dose-response model (equation 3.3)
presented by Brodin et al. [190] has been evaluated against recently published data [191] to test its applicability
and updated for use in this study. The TCP is estimated as the product, j, for each included target volume

R R
1- PRy j
TCP = [[ TCP; =[] { Do N + Po,j} (3.3)
1+ (=

j=1 j=1
D;

where P, is the TCP without irradiation and ~y5¢ is the normalized dose-response inclination at the 50% control
level. Dsq, ; represents the dose that is required to obtain an event-free survival (EFS) of % The derived
logistic NTCP dose-response functions, presented by Blomstrand et al. [139], are based on odds ratios from
Armstrong et al. [146] and the following model (equation 3.4)

ORp = (242) OR T e
(%) == E— (3.4)
- 1 10 Gyrge
ORp = OR11(]0 GyRBE (170 — 1) + ORlO Y

where D is the total dose (in Gyrgg), OR10 is the corresponding OR per 10 Gygrpg dose increase, pg is the
baseline risk of impairment without irradiation and pp is the risk of impairment at the total dose D. The
updated dose-response parameters (employed in equation 3.3) and ORs (employed in equation 3.4) used in the
models are presented in table 3.1.

Table 3.1: TCP and NTCP dose-response model parameters

Parameters TCP NTCP1g NTCPo NTCPm
Elective 59 0.36
Elective P, 0.695
Elective D5 17.0 GyRBE
Boost 750 0.36
Boost Fy 0.716
Boost D5 40.36 GyrBE
Baseline 0.24 0.123 0.246
QOdds ratio (OR) 2.95 2.21 1.45

Abbreviations: TCP = Tumor control Probability, NTCP = Normal tissue complication proba-
bility, TE = Task efficiency, O = Organization and M = Memory
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Important to note is that the confidence interval (CI) for the NTCP model parameters are reasonably wide as
the models used are subject to limitations and uncertainties and the TCP dose-response model’s uncertainties
increase for lower doses where no clinical data is available. These models are not stratified based on different
molecular subgroups or patient’s performance status which can further confound use.

3.3 StuDpY III

Purpose: Investigate whether treatment information from older medical records can be used to retrospectively
estimate doses to heart and lungs.

Motivation: Creating mathematical models that could facilitate studies in long-term adverse effects.

We reviewed our clinical database for all pediatric patients treated with spinal irradiation and had medical
records describing age at radiation exposure (the patients age at treatment), how the patient was positioned on
the Linac couch and the gender of the patient. The radiation plan information such as the field length and field
width were also collected. We also needed volumetric imaging information such as the CT images to recon-
struct the dose distribution. We tried to use as many explanatory predictors as possible since the volumetric data
is often not available from historical cohorts where the patients were treated in an era before CT based dose
planning. For example, using the patients’ age at treatment as a surrogate for organ volume since the size of the
organ usually grows as the child does. This is crucial in order to avoid attributing correlations to characteristics
e.g. to associate the correlation between age at exposure and risk of cardiac toxicity to age, when it may in fact
be the heart dose that drives the association.

We found 21 eligible patients that had been treated with 6 MV 3D-CRT. Only the spinal target was consid-
ered for this study. The full analysis was performed in MATLAB® release 2014b (The MathWorks, Inc., Natick,
MA, USA) using a computational environment for radiotherapy research (CERR) [192] after export from our
treatment planning system (TPS) (Eclipse™ v. 13.7 (Varian Medical Systems, Palo Alto, CA, USA). For the
purposes of this thesis and to confirm the validity of our models, five randomly selected plans were re-calculated
using our updated TPS (Eclipse™ v. 15.1 (Varian Medical Systems, Palo Alto, CA, USA). No differences were
found.

Another important aspect is that this model may be applied to patient plans previously delivered using %°Co
teletherapy machines (see Treatment techniques), which is why all plans were re-calculated using a Siemens
Gammatron-3. Since the ©°Co Gammatron-3 required the dose to be calculated using a pencil beam convolution
(PBC) algorithm, all Linac plans were also calculated using the same PBC algorithm (STUDY III - SUPPLE-
MENTARY MATERIAL) to assure there were no algorithm related confounds with our model.

Multiple linear regression, that was used in this study, is a function that allows for predictions about a known
variable against an unknown [193-195]. In other words, the techniques use explanatory variables to predict the
outcome of a response variable. The multiple linear regression (equation 3.5) attempts to model the relationship
between the explanatory and response variables by fitting a linear equation to all the observed data available.
Multivariable linear regressions are usually described:

y= Po + 181 + 2282+ ...+ 2,06, (3.5)

were y is the continuous dependent variable (e.g. estimated dose), x describes the explanatory variables for each
predictor, g is the intercept term (a constant) and [3,, being the slope for each explanatory variable. The model’s
coefficient of determination (i.e. how much the variation in outcome is explained) is given by an R?-value and a
leave-one-out (LOQO) analysis was performed to assess the predictive performance of the model.

The LOO analysis was used to validate the models internally. A LOO analysis is a cross validation resam-
pling method (also known as iterated k-fold cross validation) that measures the generalization performance of a
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model, typically with low bias and variance. The number of folds is equal to the number of patients in the data
set and the learning algorithm is applied once for each patient where all the other patients are used to train the
model that is subsequently used as a test set for each specific patient [196—199].

3.4 Unpublished data

Purpose: Assess how the LET and RBE affect the dose distribution

Motivation: Investigate how the dose distribution is altered when trying the stop the beam in the middle of
the brain closely in front of the hippocampus.

Since the LET is known to increase as the proton deposits its energy this could potentially play a vital role
in the sparing of the hippocampus. The central placement of the hippocampus possesses a great challenge since
regardless of the beam’s direction the beam will have to stop in front of the hippocampus. This means that the
greatest increase in LET is expected close to the edge of the organ proposed to be avoided.

In order to calculate the RBE-weighted dose distribution, a linear quadratic-based RBE model based on
several studies [106, 200-203] is used. This model takes into account the dependence of RBE on the dose
averaged LET, the tissue specific parameters and the dose delivered. There are multiple phenomenological
models [106, 204-211] available for calculating the RBE as well as Monte Carlo based systems for tracking
dose averaged LET [212, 213]. A dose averaged LET map is created from the IMPT plans, subsequently, the
RBE-weighted dose distribution is calculated based on the tissue specific parameter chosen for each of the
organs and tumor. We simulated the response from both early and late responding tissues as well as the tumors,
multiple a/3 values ranging from two to ten where used [71, 110]. Herein the main problem is presented. The
elective target for CSI is the whole brain and the spinal cord partly due to the CSF. It is, however, impossible
to delineate the CSF or tumor cells alone which means that the entire brain is assigned the same tissue specific
parameter regardless of cell type since an a/3 value can only be assigned to a contoured organ or structure. The
difference of assigning a low vs a high tissue specific parameter results in immensely different RBE-weighted
dose distributions and this effect is multiplied in areas of high LET, such as the distal edge of the proton beam.
Preliminary results are presented in the next chapter.
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“If we knew what it was we were doing, it would not be called
research, would it?”

— Albert Einstein

Findings and implications

This chapter summarizes and highlights the results obtained in STUDY I, STUDY II and STUDY III. It also
contains results previously unpublished and it elaborates on some of the results and observations made, in-
cluding findings not included in the manuscripts. Some details regarding additional un-pooled data and more
comprehensive and detailed results from the different studies are available in Appendix A.

4.1 STUDY I - Residual positioning errors in pediatric CSI

These results are based on 492 fractions across 38 patients. Each fraction had 1-3 isocenters and both 3-DoF and
6-DoF un-pooled and pooled with six cardinal directions data making available a total of 13,572 data points for
each of the simulated imaging protocols. Since there are a wide variety of treatment and imaging units, many
with different inherent uncertainties, this study mainly focuses on providing uncertainties that stem from setup
images. These results could hopefully aid clinics providing pediatric CSI in personalizing the treatment margins
regardless of imaging protocol and number of isocenters.

Large inter-fractional deviations occurred when correcting the shifts according to any of the imaging pro-
tocols. This was especially notable for rotational deviations with a larger uncertainty for larger deviations (the
uncertainties presented in table 4.1 and figures 4.1 and 4.2 illustrates the tendencies mentioned). Rotational
uncertainties are generally larger and more noticeable than translational uncertainties (Table 4.1 and Figure 4.1
and 4.2) mostly due to increase in change further away from the isocenter. The effect of rotational uncertainty
peaks farthest away from the isocenter and then decreases closer to it and is minimal at the matching point of
the isocenter. Generally, the largest uncertainties were found in the SI direction or around the SI direction (roll)
for patients treated on a Linac while tomotherapy inherently perfectly maintain the junction geometry.

The residual errors should only include rotational deviation since translational errors were corrected at treat-
ment. However, rotational errors can affect the translational deviation as well (table A.1-A.5). Translational
positioning deviations greater than 1 cm occurred in 6% of all fractions and 33% of the patients had at least one
such correction. Rotational deviations greater than 1° occurred in 34% of all fractions and 80% of the patients
had at least one such correction. Each patient investigated in this study had at least one deviation larger than the
PTV margin and these deviations therefore would comprise a geometric miss for patients treated without a daily
IGRT-protocol. The lumbar isocenter generally had more residual setup errors compared to the other isocenters.

Moderate to strong correlations between total field length and residual setup errors were found. This means
that a longer total field length is correlated with a larger residual setup error. It also indicates that larger mar-
gins might be warranted for longer field lengths due to prohibited movement in the SI direction after the first
isocenter(s) has been treated. However, For Linac-based multiple isocenter treatments this presents an issue
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Table 4.1: SU and RU for all included imaging protocols presenting both 3- and 6- DoF and all isocenters
pooled (Units: cm and °). The numbers displayed in bold indicate a statistically significant difference com-
pared to skin-mark based setup.

SI AP ML

3DoF ¢y RU SU RU SU RU

Translational

-IGRT (nj) 0.18 026 0.03 0.05 0.03 0.05
-IGRT (wj) 0.02 0.05 0.03 0.05 0.03 0.05

- Skin 020 027 0.8 027 012 023
AL 020 026 0.3 022 007 020
-NAL 0.18 032 0.09 028 007 024
6 DoF SI/Roll AP/Yaw  ML/Pitch
0 SU RU SU RU SU RU
Translational

-IGRT (nj) 0.15 026 0.02 0.05 0.02 0.05
-IGRT (wj) 0.02 0.05 0.02 0.05 0.02 0.05

- Skin 020 026 0.19 031 0.14 0.27
-AL 0.15 026 0.14 026 0.09 0.24
-NAL 0.13 031 0.11 0.32 0.09 0.29
Rotational

-IGRT (nj) 0.02 0.12 0.22 0.66 0.04 0.14
-IGRT (wj) 0.02 0.12 0.02 0.05 0.04 0.14

- Skin 0.39 091 027 0.67 042 0.86
-AL 0.37 087 025 0.66 039 0.79
- NAL 031 1.10 0.22 0.74 038 0.88

Abbreviations: DoF = Degrees of freedom, SI = Superior-
inferior, AP = Anteroposterior, ML = Medial-lateral,
SU = Systematic uncertainty, RU = Random uncertainty,
IGRT = Image-guided radiotherapy, nj = Narrow field
junction, wj = Wide field junction, AL = Action level,
NAL = Non-action level

for standardizing margins where corrections in the SI direction cannot be applied as the irradiation of the first
isocenter defines the position of the next only in a certain couch shift. By focusing on IGRT for each isocenter,
variations of the distance between isocenters and therefore in the dosimetrical properties of the junction can
occur as the anatomical length of the spinal column is varying and adapted margins might not be able to address
this issue.

The IGRT,; protocol eliminated the correlations in all directions except SI and yaw while the IGRT; proto-
col eliminated all significant correlations and relationships, as these were adjusted based on daily setup images.

Unsurprisingly, applying any type of imaging protocol reduces the uncertainties and residual setup errors
compared to aligning the patient using skin-marks alone. An interesting time-trend found was that patients
treated in the earlier years were more accurately positioned to the skin-marks compared to the patients treated
later in the cohort. This difference might originate from less time being spent on patient alignment when a
verification image is pending.

By using the uncertainties found in this study with the margin calculation proposed by van Herk et al. [179],
the difference in margins depending on delineation uncertainties was investigated. We have previously assessed
an uncertainty budget of 2.41 mm for the uncertainties that stem from the treatment couch, gantry, imaging vs.
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radiation isocenter and image registrations. A standard deviation of the penumbra width of 3.2 mm [179] was
assumed for these calculations. Since these calculations are related to the PTV margin, the results are rendered
obsolete for IMPT centers. However, the uncertainties could be used to determine perturbations for robust
optimizations.

Table 4.2: The PTV margin (calculated from the CTV) for pediatric CNS patients being treated with CSI for
the spinal target using daily IGRT for three different contouring uncertainties only accounting for translational
uncertainties (Units: mm).

Delineation uncertainty SI AP ML
0 mm 6.9 7.1 7.1
2 mm 11.9 12.1 12.1
4 mm 16.9 17.1 17.1

Abbreviations: SI = Superior-inferior, AP = Anterior-posterior, ML = Medial-
lateral

The results vary notably depending on the assumed delineation uncertainty (table 4.2). An important note is that
these margin calculations only accounts for translational uncertainties (3-DoF) thus, ignoring errors that stem
from rotational uncertainties. This means that the resulting margins should be considered as a lower limit since
the effect of rotational uncertainties might increase these results. Even though the delineation uncertainty has
been identified to be the largest source of uncertainty [188, 189] there is a well-defined grayscale between soft
tissue and bony anatomy both when contouring and performing setup alignment at the craniospinal axis for these
patients. Therefore, the delineation uncertainty should be rather low for these patients (disregarding delineation
of the tumor bed).
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Figure 4.1: Mean setup error (mm) displayed with blue notched boxplots (left blue y-axis) and their standard
deviation (mm) displayed with green compact filled boxplots (right green y-axis) for a) skin-marks, b) AL-
protocol and ¢) NAL-protocol for all six cardinal directions examined given as the median (central red line /
white circle), 25" and 75" percentile (blue notched box / green filled box) and range (black dashed / green
solid line). The individually plotted markers (red plus signs / green circles) indicate the outliers. For all errors
and uncertainties, the left blue y-axis is used. Please note that there are two different dimensions (cm and °).
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Figure 4.2: Mean setup error(mm) displayed with blue notched boxplots (left blue y-axis) and their standard
deviation (mm) displayed with green compact filled boxplots (right green y-axis) for a) IGRT,;-protocol and
b) IGRT,;-protocol for all six cardinal directions examined given as the median (central red line / white circle),
25" and 75™ percentile (blue notched box / green filled box) and range (black dashed / green solid line). The
individually plotted markers (red plus signs / green circles) indicate the outliers. For all errors and uncertainties,
the left blue y-axis is used. Please note that there are two different dimensions (cm and °).
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4.2 STUDY II - Risk of neurocognitive impairment in pediatric CSI

It is feasible to reduce the dose to the hippocampus considerably with minimal dose reduction to the target.
However, a lower dose constraint to the hippocampus is related to a higher risk of failure to meet one or more
target criteria for what constitutes a clinically acceptable plan (Figure 4.3). The robust optimization with per-
turbations of 2% / 2 mm resulted in the fewest number of failed plans while both 3.5% /3 mm and 1% / 1 mm
resulted in another three and four clinically unacceptable plans, respectively, for the lowest dose constraint (Sup-
plementary Figures A.1 and A.2 in Appendix A). There is a wide variation on how clinics set their robustness
perturbations and what uncertainties they utilize [214, 215]. We choose to investigate these results based on 2%
/ 2 mm uncertainty since this study only covers the cranial part of the CSI treatment where the patient is securely
positioned in a mask, omitting the spinal part where larger uncertainties might be necessary.

Optimizer objective 15 Gy RBE Optimizer objective 12 Gy RBE Optimizer objective 9 Gy RBE
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Figure 4.3: Mean hippocampus dose (Gygrpg) for all patients optimized with 2% /2 mm. The blue bars indicate
a clinically acceptable plan and the red bars indicate a plan that has been deemed unacceptable according to
the parameters described in the chapter covering Methodological considerations for STUDY II. The black line
is the mean hippocampus dose (Gyrgg) for the standard CSI plans and corresponds to each of the patients.

There is a clear correlation between hippocampus dose and distance between the hippocampus and CT Ve
where a longer distance is associated with lower dose to hippocampus (Figure 4.4a). When comparing GTV and
hippocampal size to the hippocampus doses there are similar trends to lower doses with smaller sizes (Figure
4.4b and 4.4c). As expected, the largest differences occur for the standard CSI plans even though there are some
minor differences for the HS plans as well. If we use 9 Gyrgg (yellow line) as an example; the hippocampus
dose is reduced with approximately 4.7 Gyrgg and 1.3 Gygrgg per cm distance between the hippocampus and
CTVpoost for standard CSI plan and 9 Gyrpg optimized plan, respectively. Similarly, the hippocampus dose is
increased by 0.04 Gyrgg and 0.01 Gyrgg per cm® GTV size and the corresponding values for hippocampus size
are an increase in dose with 0.5 Gyrgg and 0.2 Gyrgg per cmd, respectively.

The TCP was relatively consistent at 78.5-80.5% 5-year EFS (Figure 4.5) for all plans and patients and it
compares well to the current multimodality treatment [216]. The limited difference in TCP estimates is explained
by the small hippocampus volume which only constitutes for roughly 1% of the total irradiated volume. The
NTCP was calculated for both the median mean estimated risk of cognitive impairment (table 4.3) and the
average mean reduced estimated risk of cognitive impairment (table 4.3) which constitutes of three subsections;
task efficiency, organization and memory.



Table 4.3: NTCP calculations for median mean estimated risk of impairment and average mean reduced esti-
mated risk of impairment for task efficiency, organization and memory, with corresponding range or standard
deviation. All of the results given below are statistically significant compared to their closest higher neighbor-
ing value (p<0.001), based on a stepwise comparison of paired t-tests.

TE (Range) (0] (Range) M (Range)
Risk of impairment
-5 GyrBE 40.6% (353-529%) 19.8% (17.3-26.2%) 29.8% (28.2-33.5%)
-7 GyRBE 455% (39.6-58.0%) 223% (19.3-293%) 31.3% (29.5-35.1%)
- 9 GyrBg 492% (43.9-625%) 242% (21.4-322%) 324% (30.8-36.6%)
- 12 Gyrgg 56.3% (50.8-68.4%) 282% (25.1-36.5%) 34.6% (32.9-38.7%)
- 15 Gyrse 63.8% (58.6-743%) 33.1% (29.6-41.6%) 37.1% (353 -41.1%)
- Standard CSI plan 90.4%  (79.8-95.8) 62.8% (47.2-76.3%) 51.2% (43.7-58.6%)
TE SD (0) SD M SD
Reduced risk of impairment compared to standard CSI plans
-5 GyrBE 48.2% 3.1 42.1% 7.7 21.1% 3.7
-7 GyrBE 43.7% 3.1 39.8% 7.6 19.7% 3.7
- 9 GyrBE 39.4% 3.1 37.5% 7.4 18.4% 3.6
- 12 Gyrgg 32.9% 2.9 33.8% 7.3 16.4% 3.6
- 15 Gyrse 25.4% 2.8 29.0% 7.1 13.9% 3.6

Abbreviations: TE = task efficiency, O = organization, M = memory, SD = standard deviation, CSI = cran-
iospinal irradiation
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4.3 STUDY III - Pediatric retrospective dosimetry

The spinal irradiation field width showed strong associations with both mean heart dose and mean lung dose.
The field width (Figure 4.6b) was, found to be a statistically significant dose predictor of both the heart and lung
dose, but not field length, likely as the heart and lungs were fully covered by the field in the superior-inferior
direction leaving changes at the ends insignificant. Age (Figure 4.6a) was also found to be a significant predictor
of mean heart and lung doses which supports the general assumption that age is a good surrogate for heart and

lung volume.
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Figure 4.6: Multivariable linear regression models for mean heart (red circles) and lung (blue triangles) doses
versus a) patient age at treatment and b) spinal field width with boxplots representing the mean heart and lung
dose distribution for all 21 included pediatric patients given as mean, 25 — 75" percentile and range covering
99.3% of the data points (there are no outliers). Please note that the range of the boxplots overlap.
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The models based on age and spinal field width showed excellent predictive performance (table 4.4) with almost
70% and 80% of the variance in mean heart and lung dose, respectively, explained by the model for Linac plans.

Table 4.4: The final multivariable linear regression models for mean heart and mean lung dose for both
Linacs and °Co plans. Model performance is given by R?> and RMSD for the leave-one-out (LOO) validation

(RMSD_o0).

Predictor variable Linac B 95% CI
Mean heart dose (R? = 0.70, RMSDy o0 = 6.7%)
Age (y) -1.37  (-1.95,-0.78)
Field width (cm) 5.68 (3.17, 8.18)

Constant 31.4

Mean lungs dose (R? =0.79, RMSD; oo = 5.2%)
Age (y) -1.05 (-1.51,-0.59)
Field width (cm) 6.69 4.73 , 8.64)
Constant -7.90
Predictor variable °°Co B 95% CI

Mean heart dose (R? = 0.58, RMSDy oo = 7.6%)
Age (y) -1.17  (-1.82,-0.51)
Field width (cm) 5.85 (2.54,9.17)
Constant 344

Mean lungs dose (R2 =0.78, RMSD; 00 = 4.9%)
Age (y) -0.88  (-1.31,-0.45)
Field width (cm) 7.64 (5.45,9.84)
Constant -6.37

Abbreviations: R? = The model’s coefficient of deter-
mination, RMSDy oo = The root-mean-square devia-
tion for the leave-one-out cross validation, 5 = Slope
for the explanatory variable (regression coefficient),
CI = Confidence interval, y = years

Further, the association between organ volume and mean heart and lung dose was investigated to demonstrate
if age indeed performs as a surrogate variable for this association. Heart volume suggests to well predict mean
heart dose (R? = 50.5% in univariable linear regression). Conversely, lung volume does not appear to function as
a particularly good univariable predictor for mean lung dose (R? = 5.6%) and it actually appears to be the com-
bination of age and spinal field width (R? = 78.9%) that provides a suitable surrogate measure for the proportion
of lungs receiving incident irradiation. This measure was arbitrarily defined as the proportion receiving >10%
of prescription dose for clarification, R? = 98.8%). The LOO analysis performed demonstrates that the final
models with age and spinal field width performs well and, when compared to the excluded patients, presents
accurate estimates of heart and lung doses.

Together with laudable efforts of managing large databases with long-term follow-up of large pediatric
cancer patient cohorts with data collected during several decades [162—168], these models will serve as effective
means of retrospectively estimating heart and lung doses in pediatric patients treated with spinal irradiation in
an era without 3D dose data from CT/TPS. Due to relatively large inter-patient variation in heart and lung dose,
other prospective studies validating these derived models are warranted.
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4.4 Unpublished data - LET and RBE

These preliminary findings are based on a small sample of only five patients, which is also the reason as to why
statistical tests have been omitted. The figure samples shown in this section are all taken from the same patient,
one included in all three studies (patient 12 in STUDY I, patient 8 in STUDY II and patient 1 in STUDY III)
presented in this thesis.

Figure 4.7: The dose averaged LET map (left) and RBE-weighted dose distribution (right) for a HS IMPT plan
when using a tissue specific parameter of 10 to the whole brain (elective target), including the hippocampus.
Diax = 112.8% of prescribed dose

The tissue specific parameters chosen in these examples were set to either 2 (healthy tissue) or 10 (tumor tissue).
The considerable difference between figure 4.7 and 4.8 illustrates how the choice of tissue specific parameter
impacts the resulting RBE-weighted dose distribution. RBE-weighted doses ranges from 90 — 140.3% of the
prescribed dose (based on the first five patients) and are always higher for lower tissue specific parameters in
accordance with measurements and other empirical models. The greatest increase in dose occurs in areas where
the beam stops (Figure 4.8) with a beam setup of 0°, 90° and 270° in a head-first-supine position . Even though
the LET tends to decrease as the number of fields increases this effect is negated with a smeared-out effect
generally increasing the areas of higher RBE-weighted dose. This is, however, very dependent on the tissue
specific parameters assigned. When assessing the effect of the dose averaged LET and RBE-weighted dose
for a standard CSI plan (no dose constraint to the hippocampus) there were only minor changes to the dose
distribution which should not be of any clinical concern. This suggest that the extra distal-edges of the beam
mid target would constitute the parameters that have the largest impact on the RBE-weighted dose.

Similar effects are observed for the boost plans and here, the effect of tissue specific parameters is even
more noticeable (Figure 4.9). There is a clear visible boundary between the tumor volume (/3 = 10) and the
brainstem (a/3 = 2).

When assigning the elective target (CTVjective) @ tissue specific parameter of 10 this means that the entire
brain is assumed to be the target, which is current standard of practice. If this assumption was valid, there
would not be any large deviations when LET is considered for standard CSI plans (Figure 4.10). There are only
small differences and reassuringly, a recent study found no increase in CNS injury and no correlation with RBE
from proton treatments compared to photon treatments [217]. Further verification studies of the models are
necessary and these results should be compared with clinical data, similar to the analysis conducted by Peeler
et al. [107]. They found a correlation between increased LET for pediatric ependymoma treatments and MRI
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Figure 4.8: The dose averaged LET map (left) and RBE-weighted dose distribution (right) for a HS IMPT plan
when using a tissue specific parameter of 10 to the whole brain (elective target), excluding the hippocampus
which were assigned a/3 = 2. Dy, = 135.6% of prescribed dose.

Figure 4.9: The dose averaged LET map (left) and RBE-weighted dose distribution (right) for a boost plan
when using a tissue specific parameter of 10 to the tumor bed (boost target). The brainstem was assigned a
tissue specific parameter of 2 (for late responding tissue). Dy = 140.3% of prescribed dose.

image changes post radiation indicating increased biological dose effectiveness. Such results may improve these
phenomenological models, since verified reactions such as normal tissue damage to the brain can provide further
insight regarding RBE knowledge.
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Figure 4.10: The dose averaged LET map (left) and RBE-weighted dose distribution (right) for the standard
CSI-plan when using a tissue specific parameter of 10 to the whole brain (elective target), including the hip-
pocampus. Dy« = 104.1% of prescribed dose.
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“Think it over, think it under”

— Winne the Pooh

Final remarks and outlook

This chapter provides an overview of the strengths and limitations of the studies in this thesis. It also gives a
brief commentary of how these results could affect future treatments and studies.

5.1 Strengths and limitations

StUuDY 1

The ideal patient image registration in STUDY I is based on two different registration tools with automatic
matching capabilities on bony anatomy with a manual tweak if needed. There are a vast number of algorithms
and registration tools available for image matching and there is no attestation that the ones used here are ideal
for craniospinal registration of CNS patients. Since the region of interest were set for each registration this could
also affect the ability of the registration tools. The fact that this was a multicenter study provides some important
generalizability to this study.

StUuDY II

In STUDY II, models for both TCP and NTCP estimations were applied and these models are of course subject
to limitations and uncertainties. The TCP model used is supported by new clinical data [191] although some
assumptions had to be made due to missing patterns of failure data when updating the model parameters. The
TCP model used is not stratified based on different molecular subgroups or patient’s performance status and
represents standard-risk MB. The largest limitation in the NTCP models used to estimate neurocognitive im-
pairment are the odds ratio estimates taken from Armstrong et al. [146]. Despite these limitations the results
presented in this study are put into a more clinical context since instead of only presenting doses to the tumor
and OARs, estimates of the risk of cognitive impairment are demonstrated together with estimates of the tumor
control probability.

StUDY III

When developing mathematical models to help facilitate retrospective studies (as in STUDY III) there will
generally be a difference between the models depending on where they were created. Meaning that the patient
data, from which the models are derived, can be substantially different depending on patient fixations and dose
planning strategies as well as the number of patients in the study. Therefore, validation of models like the ones
presented here are always warranted, preferably by prospective studies. Even though 24 pediatric CNS patients
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generally might be considered as an appropriate number of patients in this setting, it is still a very limited
number of patients. One of the key advantages is the comparison to both older types of calculation algorithms
and treatment units. Many of the patients in a large cohort followed for decades have very likely been treated
with machines not easily available today, thus rendering many models created on modern algorithms and linear
accelerators less accurate.

Unpublished data

There are several models for calculating the LET- and RBE-weighted doses, each resulting in different dose dis-
tributions [211]. This conclusion highlights uncertainties related to this field of study and gives rise to questions
regarding which one should be utilized and why. The model utilized for the unpublished data [106, 200-203] in
this thesis does in no way provides worst-case scenarios [211]. To be able to calculate the dose averaged LET,
the included fields in the plan must be without a range shifter. This can in many ways affect the plan quality
of the original plan, especially for shallow reaching targets. There are however large uncertainties due to tissue
specific parameters related to this. Other, limitations related to these uncertainties are additionally problematic
in this setting considering whether the hippocampus should be defined as part of the target or as an OAR. The use
of RBE-weighted dose distributions could, furthermore, be influenced by the indication that some CNS tumors
might have a higher tissue specific parameter than previously considered, e.g. different MB cell lines measured
in vitro having a/(3-values ranging from 14 — 82 Gy [218], which is far greater than the general assumption of
using a/B=10 for tumor tissue. Encouragingly, a recent study found no increase in CNS injury and no correla-
tion with RBE from proton treatment for MB compared to photon treatments [217]. However, Peeler et al. [107]
found a correlation between increased LET and post treatment MRI-verified soft tissue changes indicating that
there could be an increased biological dose effectiveness.

5.2 Improved quality of life for pediatric patients with CNS malignancies?

As many of the children surviving their CNS treatment suffer from late side effects [75, 76, 146—149] great steps
should be taken to improve sparing the OARs from incident radiation.

There are multiple studies that have reported a relationship between ionizing radiation dose to the brain and
cognitive impairment for pediatric patients [146, 172—175]. Undoubtedly, higher prescription doses, delivered
to OARs including the hippocampus, causes neurocognitive impairment [216, 219, 220] that can affect quality
of life [127, 221]. Since many of the pediatric patients are long-term survivors this indicates the importance of
these types of studies for improving quality of life [126].

It is important to keep in mind that the hippocampus is, apart from OAR, a target as it contains cerebrospinal
fluid and reduced dose might carry an increased risk of recurrences. Therefore, the primary priority of HS-CSI
is still tumor control and it might not be appropriate to spare the hippocampus for high-risk MB [222] or other
types of high-risk CNS diagnoses. Since a considerable amount of the brain volume is being irradiated to an
excess of 54 Gy/Gygrgg a recurrence would likely be fatal as there are limited salvage options after receiving full
dose CSI [223].

Given that one of the most common causes of death among pediatric cancer survivors is cardiovascular dis-
ease [151] and that other potentially fatal, side effects include pulmonary fibrosis, acute pulmonary toxicity and
restrictive lung disease [158—160] the heart and lungs are important OARs that should, be avoided. Retrospective
studies of long-term follow-up data can improve the dose-response and tolerance knowledge of these organs.

5.3 Commentary

This thesis could impact clinical practice of the CSI treatments at Rigshospitalet in several ways. For example,
the PTV margins being utilized today could be compared and/or validated to the margins calculated in STUDY L.
In addition, aims 2 and 4 provided valuable insight into the benefits of hippocampal-sparing CSI and the effects
of the complexities around LET- and RBE-based dose calculation. The next step for establishing the benefits
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estimated in STUDY II would be a prospective clinical trial of HS CSI for pediatric CNS patients. However,
some of the findings reported in this thesis and other similar in silico studies should be verified first. We hope
that the results presented in this thesis are able to inspire and inform such a clinical trial.
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”Think, think, think”
— Winne the Pooh

Conclusion

The work conducted and results presented in this thesis show that there are further possibilities of minimizing
side effects to pediatric CNS patients treated with CSI.

Daily IGRT substantially reduces setup uncertainties for pediatric CSI patients and should be the preferred
choice of imaging protocol if possible, especially when all cardinal directions are available for corrections based
on the pre-treatment verification images (aim 1). There are situations were a daily IGRT does not guarantee sat-
isfactory alignment and thus should elicit a re-positioning of the patients to ensure accurate alignment throughout
the patients’ course of radiotherapy. For treatment centers that are unable to perform IGRT this thesis (STUDY
I) present results that could improve and facilitate margin and uncertainty calculations to improve the treatment
accuracy. The results could also be used to improve robust optimization perturbations at IMPT centers where
PTV margins are uncommon. With the help of margin calculation formulas, personalized margins could help
improve late adverse effects e.g. by using correct margins in the anteroposterior directions to minimize incident
radiation to the heart and lungs, particularly if doses linked to long-term follow up toxicity could be applied
(aim 3). The models developed in STUDY III could also facilitate linking organ dose to late toxicity which in
turn could aid in the clinical decision making and could help identify patients in need of closer post-treatment
surveillance for late adverse events.

With improved perturbations for IMPT robust optimization it is possible to e.g. estimate the clinical benefit
in neurocognitive impairment by sparing the hippocampus with added accuracy. According to STUDY 11, it is
possible to reduce the risk of cognitive impairment from roughly 90%, 60% and 50% to 50%, 40% and 20%
for task efficiency, organization and memory impairment, respectively (aim 2). This considerable reduction
in neurocognitive adverse effects is possible with only a minimal compromise of the target coverage while
maintaining, tumor control.

When calculating the RBE-weighted dose distribution for proton beams from dose averaged LET there is
an evident difference compared to the dose distribution calculated by the TPS, demonstrated by the unpublished
data (aim 4). However, additional studies investigating the role and values of tissue specific parameters and how
to define certain organs are warranted before these strategies would be clinically applicable.

Considering all evidence, it seems feasible to reduce side effects, e.g. by preserving hippocampus functions
based on accurate margins, for pediatric CNS patients treated with CSI with a maintained tumor control.
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“What’s wrong with knowing what you know now and not
knowing what you don’t know until later”

— Winnie the Pooh

Denouement and future perspectives

In this thesis we have focused on techniques and models that could potentially minimize side effects substan-
tially, particularly neurocognitive impairment. The treatment for medulloblastoma and other types of malignant
CNS tumors is rather aggressive, and the current multimodality treatment yields a 5-year progression free sur-
vival of 75-80% for standard-risk patients [224]. Most children therefore survive to adulthood [72] and side
effects should thus be minimized since longer survival is associated with long-term morbidity and mortality
[152, 170]. Proton therapy conveys the impression of being very suitable for pediatric CSI [30-32, 225], how-
ever, there are still some ambiguity regarding variable RBE modeling [226, 227] especially regarding clinical
implementation of radiobiological optimization for proton therapy treatment planning and the supporting clinical
data which need further investigation [228, 229]. Many of the RBE models could also be used for treatment plan
evaluation in their present form, however, this is very time consuming and they require compability improve-
ments to many of the existing TPSs for this to become a feasible alternative. Additionally, the hippocampus
needs detailed and comprehensive investigations in order to evaluate appropriate tissue specific parameters. Ver-
ification studies of the phenomenological models are warranted and the results from these studies should be
compared with clinical data similar to the analysis conducted by Peeler et al. [107]. Such results may improve
these phenomenological models, since MRI-verified reactions such as normal tissue damage to the brain can
provide further insight into the RBE knowledge.

The models demonstrated in this thesis [169] and used for retrospectively analyzing heart and lung doses
warrant validation before using them for linking organ doses to late toxicity for analyzing side effects with
documented long-term follow-up. Similar models could also be developed, but instead of using the standardized
method of mean doses, they would rely on voxel-based dose calculations which take into account the spatial
dose distribution and the impact of dose heterogeneities (see Related publications not included in this thesis).
The dose is very rarely uniform across any organ and therefore, it is likely difficult to develop acceptable models
of the response of an organ based solely on the mean dose.

There are studies that have shown the benefits and advantages of protons for pediatric CSI treatments [29,
32, 230] and the expected reduction in life years lost as a result [231] and it is therefore considered a promising
alternative for pediatric patients [232]. However, additional clinical evidence is needed as the current evidence
is scarce due to small cohorts and short follow-up [233]. Prediction models based on the risk of neurocognitive
impairment data from STUDY II at certain doses to the hippocampus could be developed to anticipate individual
risks, pretreatment, to facilitate treatment plan evaluation for pediatric patients considered for a HS treatment.
Furtheremore, refined versions of such models might be capable of treatment plan optimizations based on these
risks and future versions might also be able to employ RBE-weighted dose optimizations. Systems developed
for assessing plan robustness and dosimetric accuracy for HS IMPT could perform as a type of pretreatment
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quality assurance.

No clinical trials of hippocampal sparing in children with CNS tumors have been undertaken but part of the
aim of this thesis is to provide preliminary data to prepare for a possible clinical trial. The most compelling
evidences to date comes from the randomized phase III trial NRG Oncology CCO001 that showed significantly
lower risk of cognitive impairment for hippocampal-sparing whole-brain irradiation for adult patients [144]. The
hippocampus doses determined in this thesis require verification from dosimetric experiments. Subsequently, a
well-designed clinical trial of sparing the hippocampus in pediatric CSI patients may commence.
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“Sometimes the smallest things take up the most room in your
heart.”

— Winnie the Pooh

Appendix

This section provides additional and more detailed results from some of the studies included in the thesis.

A.1 Supplementary material
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Figure A.1: Mean hippocampus dose (Gyrpg) for all patients optimized with 1% / 1 mm. The blue bars indicate
a clinically acceptable plan and the red bars indicate a plan that has been deemed unacceptable according to
the parameters described in the chapter covering Methodological considerations for STUDY II. The black line
is the mean hippocampus dose (Gygrpg) for the standard CSI plans and corresponds to each of the patients.
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Figure A.2: Mean hippocampus dose (Gygrgg) for all patients optimized with 3.5% / 3 mm. The blue bars indi-
cate a clinically acceptable plan and the red bars indicate a plan that has been deemed unacceptable according
to the parameters described in the chapter covering Methodological considerations for STUDY II. The black
line is the mean hippocampus dose (Gygrpg) for the standard CSI plans and corresponds to each of the patients.
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Table A.2: Mean translational (superior-inferior (SI), anterior-posterior (AP) and medial-lateral (ML)) and
rotational positioning errors and uncertainties with corresponding range and standard deviations assuming
setup based on NAL for both 3 and 6 degrees of freedom (DoF) and all isocenters (Units: cm and °/degrees).

SI/Roll AP/ Yaw ML / Pitch
3DoF SE SU RU Range SE SU RU Range SE SU RU Range
Translational (cm)
- Head 0.04 0.19 027 -13-22 003 0.12 023 -1.1-1.1 0.02 0.11 0.18 -0.7-0.9
- Thoracic -0.02 0.17 027 -14-24 0.01 0.12 0.18 -0.7-09 0.05 0.11 0.19 -1.1-1.0
- Lumbal -0.04 027 038 -1.5-23 -001 0.18 038 -12-1.6 -0.02 0.13 038 -09-15
6DoF
Translational (cm)
- Head -0.03 019 025 -12-22 001 0.15 029 -1.1-1.1 0.04 0.13 025 -1.0-1.6
- Thoracic -0.02 0.17 027 -13-24 -0.04 0.19 022 -21-09 005 0.15 021 -1.1-14
- Lumbal 0.03 0.13 035 -1.1-23 -001 0.19 039 -11-14 -0.02 0.13 039 -1.1-14
Rotational (°)
- Head -022 038 0.78 -34-35 000 042 066 -3.1-3-8 -0.12 064 078 -57-3.0
- Thoracic -0.19 0.72 050 -3.6-20 -0.01 030 046 -40-3.1 0.13 046 051 -3.8-37
- Lumbal -028 059 171 -6.1-43 -004 056 079 -35-33 015 041 088 -33-40

Abbreviations: DoF = Degrees of freedom, SI = superior-inferior, AP = anteroposterior, ML = medial-lateral, NAL = Non-action
level, SE = Systematic error (defined as the mean of all mean errors), SU = Systematic uncertainty (defined as the standard
deviation of all mean errors), RU = Random uncertainty (defined as the root-mean-square deviation for all patients).
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Table A.4: Mean translational (superior-inferior (SI), anterior-posterior (AP) and medial-lateral (ML)) and
rotational positioning errors and uncertainties with corresponding range and standard deviations assuming
setup based on IGRT,,; for both 3 and 6 degrees of freedom (DoF) and all isocenters (Units: cm and °/degrees).

SI/Roll AP/ Yaw ML / Pitch
3DoF SE SU RU Range SE SU RU Range SE SU RU Range
Translational (cm)
- Head -0.01 023 021 -13-22 001 0.03 004 -0.1-0.1 0.01 0.03 0.05 -0.1-0.1
- Thoracic 0.01 021 022 -12-24 002 003 004 -01-01 001 0.03 005 -0.1-0.1
- Lumbal 0.04 026 031 -1.5-23 000 001 0.04 -01-01 000 0.02 004 -0.1-0.1
6DoF
Translational (cm)
- Head -0.01 023 020 -13-22 001 0.02 004 -0.1-01 0.01 0.02 005 -0.1-0.1
- Thoracic 0.01 021 021 -13-24 002 003 0.04 -01-01 001 0.03 005 -0.1-0.1
- Lumbal 0.03 025 031 -1.5-23 000 002 0.04 -01-01 000 0.02 004 -0.1-0.1
Rotational (°)
- Head 0.00 002 0.04 -05-01 0.05 048 0.60 -29-36 -0.01 0.07 006 -24-0.8
- Thoracic 0.00 0.02 0.03 -0.1-0.1 0.02 037 040 -3.1-3.1 001 0.05 006 -06-0.7
- Lumbal -0.02 0.06 0.11 -19-16 000 051 072 -31-33 003 006 0.11 -12-1.2

Abbreviations: DoF = Degrees of freedom, SI = superior-inferior, AP = anteroposterior, ML = medial-lateral, IGRT = Image-
guided radiotherapy, nj = Narrow field junction, SE = Systematic error (defined as the mean of all mean errors), SU = Systematic
uncertainty (defined as the standard deviation of all mean errors), RU = Random uncertainty (defined as the root-mean-square
deviation for all patients).
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Abstract
Background

Optimal alignment is of utmost importance when treating pediatric patients with craniospinal irradiation
(CsSl), especially with regards to field junctions and multiple isocenters and techniques applying high dose
gradients. Here, we investigated the setup errors and uncertainties for pediatric CSl using different setup
verification protocols.

Methods

A total of 38 pediatric patients treated with CSI were identified for whom treatment records and setup
images were available. The setup images were registered retrospectively to the reference image using an
automated tool and matching on bony anatomy, subsequently, the impact of different correction protocols
was simulated.

Results

For an action-level (AL)-protocol and a non-action level (NAL)-protocol, the translational residual setup
error can be as large as 24 mm for an individual patient during a single fraction, and the rotational error as
large as 6.1°. With daily IGRT, the maximum setup errors were reduced to 1 mm translational and 5.4°
rotational versus 1 mm translational and 2.4° rotational for 3- and 6- degrees of freedom (DoF) couch shifts,
respectively. With a daily 6-DoF IGRT protocol for a wide field junction irradiation technique, the residual
positioning uncertainty was below 1 mm and 1° for translational and rotational directions, respectively. The
largest rotational uncertainty was found for the patients’ roll even though this was the least common type
of rotational error, while the largest translational uncertainty was found in the patients’ anterior-posterior-
axis.

Conclusions

These results allow for informed margin calculation and robust optimization of treatments. Daily IGRT is the
superior choice for setup of pediatric patients treated with CSI, although centers that do not have this
option could use the results presented here to improve their margins and uncertainty estimates for a more
accurate treatment alignment.
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Background

Second only to leukemia, primary tumors in the central nervous system (CNS) are the most common
malignancies in children [1]. The treatment usually consists of surgery, chemotherapy and irradiation,
depending on age and tumor-related risk factors. When treating pediatric patients with CNS tumors it is of
utmost importance that the patients are optimally aligned since this anatomical region contains many
organs-at-risk (OARs) and since the developing brain is particularly vulnerable to the long-term toxicities of
radiotherapy. Recently, studies investigating hippocampal-sparing cranial irradiation including craniospinal
irradiation (CSI) for patients with medulloblastoma have emerged in order to minimize the common,
treatment related, neurocognitive side effects [2,3]. When trying to avoid an important OAR such as the
hippocampus, the importance of accurate alighment become even more apparent.

Setup corrections have typically been based on off-line setup images obtained from skin-mark based
positioning protocols including different action level (AL)-protocols and non-action level (NAL)-protocols
during the initial fractions of the treatment schedule [4,5]. Recently, setup correction decisions have
changed from being based on AL/NAL-protocols to daily pre-treatment image-guided radiotherapy (IGRT)
[6].

Setup uncertainties have been extensively studied in photon radiotherapy for various treatment sites [7-
20]. Lately, proton radiotherapy has emerged as a prominent alternative to photon therapy for pediatric CSI
and today, both treatment modalities are relevant when studying residual errors and uncertainties. For
example, as setup errors will result in different dose distributions for photon treatments, they may cause
even worse distortions of the dose distributions for proton therapy, due to the misalignment of the beams
and the sensitivity to varying tissue densities [21,22].

In this multicenter study we investigated the setup errors for pediatric patients undergoing CSI by following
image-guided correction protocols and explored how AL/NAL-protocols and daily IGRT impact the
positioning uncertainty. These positioning uncertainty data may be used to estimate an uncertainty budget
available for planning target volumes (PTV) and OAR margins as well as estimating criteria for robust
optimization[23], which are essential components for the safe implementation of CSI for pediatric patients.

Methods

All patients <20 years at the time of treatment who received CSI (Childhood centers, oncology and
radiotherapy departments from both Denmark and Sweden) between 2005 and 2018 were reviewed in
accordance with approval from The Danish Patient Safety Authority and The Danish Data Protection
Agency. A total of 38 eligible patients were identified, for whom treatment records and setup images (a
minimum of the first four consecutive fractions were required for inclusion, up to all 20 fractions) were
available, and included in the analysis (Table 1 provides the patients’ characteristics).
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Table 1: Characteristics of the 38 pediatric and adolescent patients included in the study. The number of fractions was 13 or 20 depending on tumor-
related risk factors and are prescribed 1.8 Gy / fraction to either 23.4 Gy or 36 Gy to the craniospinal volume.

Median Range

Age (y) 8 4-19
Sex n %
Male 25 65.8
Female 13 34.2
Position
Supine 35 92.1
Prone 3 7.9
Treatment fractions
13 30 78.9
20 8 21.1
Anesthesia
Yes 25 65.8
No 13 34.2
Isocenters
1 20 52.6
2 6 15.8
3 12 31.6
Treatment unit
Linac 18 47.4
3D-CRT 15 83.3
kv 13 86.7
MV 2 13.3
IMRT 3 16.7
kv 3 100
Tomo 20 52.6
Disease
Medulloblastoma 21 55.3
Ependymoma 3 7.9
Germinoma 2 5.3
Astrocytoma gr. 2 2 53
Other 9 23.6
Unknown 1 2.6
Mean SD
Field length (cm) 65.2 10.7
BMI (Z-score) 0.07 2.0

Abbreviations: BMI = Body mass index, Tomo = Tomotherapy, Linac = Linear accelerator

The pediatric patients were setup according to the clinical procedure using image verification, in which only
the three-dimensional couch corrections (“3- degrees of freedom, DoF”) were used for positioning these
patients during treatment, ignoring the rotational deviations. The most common patient immobilization
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was a full body vacuum bag with a head mask together with a mouthpiece. Over the years, the
immobilization was slightly adjusted since the patients were treated over the course of 13 years. The
patients were aligned to wall mounted lasers followed by x-ray images taken at each isocenter and a shift
was applied using a mean correction based on the images. New images were taken before the treatment at
each isocenter. For the tomotherapy unit, a single full body scan was used for positioning of the patients.

For the current study, the setup images used for positioning were reanalyzed in order to estimate the set-
up uncertainty of the patients, according to previously published methods; van Herk [24] and Kutcher et al.
[7]. The positioning deviations quantified using the image data may be small and a correction may have
been deemed unnecessary to perform clinically. We reexamined all the setup images and they were
retrospectively registered to the reference image(s) using an automatic matching procedure based on bony
anatomy. The match box volume of interest was set to cover the cranium, and the first two cervical
vertebrae, ignoring as much as possible of the chin for the cranial isocenter while for the thoracic and
lumbar isocenters, the spine was covered, omitting the top and bottom vertebrae. For the tomotherapy
unit, the volume of interest was focused around the isocenter (thoracic region), however still trying to
match the entire craniospinal volume. The different image modalities used were mega-voltage computed
tomography (MVCT) for Tomotherapy and either kilo-voltage (kV) cone-beam computed tomography
(CBCT) or planar kV/MV images using the on-board imaging device or electronic portal imaging device,
respectively, for linear accelerators (Offline Review — multi-modality image review, ARIA™ Oncology
Information System v. 13.7, Varian medical systems, Palo Alto, CA, USA and CTrue™, Accuray Inc., Madison,
WI, USA). A 3- and 6-DoF match was performed, respectively, using both translational (superior-inferior (Sl),
anterior-posterior (AP) and medial-lateral (ML)) and rotational (yaw = rotation around the AP axis, pitch =
rotation around the ML axis and roll = rotation around the Sl axis) information. Using the image registration
procedure, we calculated the mean correction, residual error and standard deviation (SD) for each patient.
The mean correction is defined as the correction used in AL -protocols while the residual error is the mean
discrepancy between the clinically applied and ideal registrations (found through retrospective matching)
for all fractions for a single patient. Similar to van Herk [24] and Kutcher et al. [7], we used the data
available to derive the systematic error (SE), systematic uncertainty (SU) and random uncertainty (RU) for
all patients. The SE was calculated by taking the average mean residual error for all patients over their
entire treatment and should thus be close to zero unless there is a systematic deviation affecting the
procedure (e.g. misaligned lasers or similar). The SU and RU were calculated through the SD of the mean
errors for all patients and the root mean square of the SD for all patients, again over the entire treatment,
respectively.

Patient characteristics analyzed included the total length of the treatment field, body mass index (BMI,
calculated at the start of treatment), age at treatment, sex, patient positioning (prone or supine), number
of isocenters (these are associated with treatment modality, Tomotherapy patients had one isocenter while
patients treated on linear accelerators had multiple isocenters) and whether the patient was treated under
general anesthesia or not (Table 1). The majority of the younger aged (<10y) children were treated with a
single isocenter. Since BMI of children and adolescents varies considerably with sex and age, the BMI was
expressed as Z-scores [25], calculated according to previously published methods [26,27].

Using the positioning uncertainty data, we simulated four image guidance correction protocols; (1) an AL
(based on the first three fractions with online corrections, followed by an isocenter shift according to the
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average deviation), (2) a NAL (based on the first three fractions without online corrections, followed by an
isocenter shift according to the average deviation), (3) daily IGRT protocol for narrow field junctions (nj)
and (4) daily IGRT for wide field junctions (wj). Each protocol was simulated for image guidance with a 3-
DoF and 6-DoF couch. We refer to “nj” as a treatment protocol with narrow field junctions and sharp dose
gradients, i.e. where the field positions cannot be altered in the cranio-caudal direction without the risk of
introducing considerable hot- or cold-spots in the dose distribution. For this protocol, no change in
longitudinal position was allowed between isocenters. The “wj” protocol refers to the situation where wide
field junctions and flat dose gradients are optimized to be overlapping, thus, dosimetric consequences of
uncertainties in the cranio-caudal directions will be very small. For example, a narrow field junction can
have a sharp dose gradient corresponding to 5% of the prescribed dose / mm deviation in the Sl direction
which corresponds to 1.8 Gy for a prescribed dose of 36 Gy with only a single millimeter misalignment. The
flat dose gradient emanating from the wide field junction may have the equivalent of around 0.6% / mm
deviation. The wide field junctions and flat dose gradients are usually obtainable using more modern
techniques such as volumetric modulated arc therapy (VMAT) and intensity modulated proton therapy
(IMPT), while the narrow junctions and sharp dose gradients are the result of three-dimensional conformal
radiotherapy. Consequently, all available degrees of freedom were applied for this protocol. All simulations
were performed based on the protocols previously described where all relevant shifts and corrections were
applied to the images before the residual errors were assessed and the uncertainties were subsequently
calculated.

Statistical analysis

The normality and linearity assumptions for the association between patient characteristics and residual
errors were tested with Shapiro-Wilk tests and visual inspection of histograms and scatter plots. Data for
positioning uncertainties for the different image-guided protocols were evaluated against pre-treatment
image setup data and univariate linear regression models were fitted for the various positioning
uncertainties and residual errors using all covariates. Bivariate associations between all patient
characteristics (age, sex, position, anesthesia, number of isocenters, field length and BMI) and the
positioning uncertainties and residual errors where quantified with Spearman’s rank correlation
coefficients or Wilcoxon’s rank-sum tests for continuous and categorical variables, respectively.

Since the variance of each isocenter for all cardinal directions is assumed to be the same (based on a two-
sample F-test that did not reject the null hypothesis that the samples comes from normal distributions and
the same variance (p = 0.054 — 0.799)), this data is pooled to increase the statistical power of the
comparison.

Results
Residual setup errors

The residual errors should only include rotational deviation since translational errors were corrected at
treatment. However, rotational errors can affect the translational deviation as well. The SE was found to be
well below 0.1 mm in all cardinal directions, for both 3-DoF and 6-DoF for the pooled data.
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Translational positioning deviations greater than 1 cm occurred in 6% of all fractions and 33% of the
patients had at least one such correction while rotational deviations greater than 1° occurred in 34% of all
fractions and 80% of the patients had at least one such correction. The majority of the residual setup errors
were found for the lumbar isocenter. Every patient in this study had at least one deviation larger than the
PTV margin (SI=10mm, AP=12mm, ML=18mm) used for these patients and constituted therefore a
geometric miss for all patients treated, not using a daily IGRT-protocol.

With an AL/NAL-protocol, the translational residual setup error was found to be as high as 2.4 cm for an
individual patient during a single fraction, and the rotational error as high as 6.1°. If using daily IGRT the
maximum setup error was reduced to 0.1 cm translational and 5.4° rotational and 0.1 cm translational and
2.4° rotational setup error for 3- and 6-DoF couch shifts, respectively (using maximum allowed pitch and
roll correction of 3°).

There were no statistically significant correlations between the residual setup errors with gender and setup
(prone/supine) position. We found moderate to strong positive correlations for total field length (r=0.5 p =
0.04) and (r = 0.6 p <0.001) for residual setup error and standard deviation, respectively, i.e. a longer total
field length correlated with a larger residual setup error and standard deviation. For Linac-based multiple
isocenter treatments, this presents an issue for standardizing margins where corrections in the Sl direction
cannot be applied after the first isocenter(s) position has been treated. The IGRT (nj) protocol eliminated
correlations in all directions except Sl while the IGRT (wj) protocol eliminated all significant correlations and
relationships. Fewer isocenters were correlated with a lower mean residual setup error.

Setup uncertainties

When correcting the shifts according to any of the imaging protocols, large inter-fractional deviations
occurred especially for rotational deviations (the uncertainties presented in table 2 and figures 1 and 2
illustrates the tendencies, with a larger uncertainty for larger deviations). The uncertainties for the pooled
isocenters and all cardinal directions for all imaging protocols are presented in table 2 and figures 1 and 2.
The largest rotational uncertainty was found for the patients’ roll, even though this was the least common
type of rotational error, while the largest translational uncertainty was found in the patients’ AP-axis.
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Table 2: Systematic uncertainty (SU), as calculated by the mean, and random uncertainty (RU), as calculated by the root mean square deviation, for
all imaging protocols, both 3- and 6- degrees of freedom (DoF) and all isocenters pooled (Units: cm and °/degrees). Bold numbers indicate
statistically significant difference compared to skin-mark based setup.

Sl AP ML

3DoF SU RU SU RU SU RU

Translational
-IGRT (nj) 0.18 0.26 0.03 0.05 0.03 0.05
-IGRT (wj) 0.02 0.05 0.03 0.05 0.03 0.05

- Skin 0.20 0.27 0.18 0.27 0.12 0.23
- AL 0.20 0.26 0.13 0.22 0.07 0.20
- NAL 0.18 0.32 0.09 0.28 0.07 0.24

SI/Roll AP/Yaw ML/Pitch
6DoF

SU RU SU RU SU RU

Translational
-IGRT (nj) 0.15 0.26 0.02 0.05 0.02 0.05
-IGRT (wj) 0.02 0.05 0.02 0.05 0.02 0.05

- Skin 0.20 0.26 0.19 0.31 0.14 0.27

- AL 0.15 0.26 0.14 0.26 0.09 0.24

- NAL 0.13 031 0.11 032 0.09 0.29
Rotational

-IGRT (nj) 0.02 0.12 022 066 0.04 0.14
-IGRT (wj) 0.02 0.12 0.02 0.05 0.04 0.14

- Skin 0.39 091 0.27 067 042 0.86
-AL 0.37 0.87 0.25 0.66 0.39 0.79
- NAL 031 110 0.22 0.74 0.38 0.88

Abbreviations: DoF = Degrees of freedom, S| = Superior-inferior, AP = Anteroposterior, ML = Medial-lateral, SU = Systematic uncertainty, RU =
Random uncertainty, IGRT = Image-guided radiotherapy, nj = Narrow field junction, wj = Wide field junction, AL = Action level, NAL = Non-action
level

There were no statistically significant correlations between uncertainties with gender and setup position.
We found that a higher BMI correlated with a larger SU in the Sl direction (r = 0.35 - 0.46, p = 0.008 — 0.04)
but not in the other cardinal directions. The number of isocenters, age and anesthesia showed weak to
moderate correlations (r =-0.63 — 0.45, p = 0.008 — 0.02). Younger children are usually treated under
general anesthesia and we found that being under general anesthesia could reduce the setup uncertainties
in the Sl direction since there were smaller deviations for these patients (r =-0.39 —-0.19, p = 0.02 — 0.46).

If a daily 6-DoF IGRT (wj) protocol was used, the residual systematic positioning uncertainty was 0.2 — 0.3
mm and 0.02 — 0.04° for translational and rotational directions, respectively. The residual random
positioning uncertainty was 0.5 mm and 0.05 — 0.14° for translational and rotational directions,
respectively. This is significantly smaller than for the corresponding 1.2 — 2.0 mm and 0.3 —0.4° (p = 0.03,
based on mean values) systematic uncertainties and 2.3 — 3.1 mm and 0.7 — 0.9° (p = 0.03) random
uncertainties, when using only the skin-marks for setup. Both AL- and NAL-protocols with 6-DoF had lower
uncertainties compared to only using skin-marks, but the results were not statistically significant (p = 0.06,
p = 0.41, respectively) with similar results for 3-DoF.
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Since the data stem from patients treated over the course of 13 years, both immobilization and imaging
strategies have changed throughout. A vacuum bag with a mask and/or a mouthpiece was the most
common immobilization type and the immobilization changes were conjecturally inconsiderable. However,
the setup images revealed that patients treated in the earlier years were more accurately positioned to the
skin-marks compared to the patients treated later in the cohort. No other time-trends were observed.

Rotational uncertainties are generally more considerable than translational (Table 2 and figure 1 —4), and
the effect of rotational uncertainty peaks farthest away from the isocenter and rapidly decreases closer to
it. Typically, the largest uncertainties were found to be in the Sl direction or around the Sl direction (roll).
The single largest deviation was found to be 9.6° for the roll rotation around the Sl-axis for a NAL-protocol.

Documents for machine quality assurance for the last 5 years were assessed and all radiation isocenter vs
imaging isocenter agreements were within 1 mm.

81

o
-
=)
)
[

7




o
-
=
)
[

5}

a) Mean residual setup error for skin-marks and each cardinal direction
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Figure 1: Mean setup error(mm) presented with blue notched boxplots for a) skin-marks, b) AL-protocol and c) NAL-protocol and all six cardinal
directions examined. The boxplots show the median (central red line), 25" and 75 percentile (blue notched box) and the whiskers (black dashed
lines) which extend to the most extreme data points that are considered non-outliers. The individually plotted red plus signs indicate the outliers.

Please note that the plots are showing two different dimensions (cm and °).

o o ©
[ N

S o
N

-0.6

Mean residual setup error (cm/°)
o
0o (@]

o o o
[ N

© o
N

-0.6

Mean residual setup error (cm/°)
o

o
©

Figure 2: Mean setup error(mm) presented with blue notched boxplots for a) IGRT (nj)-protocol and b) IGRT (wj)-protocol and all six cardinal
directions examined. The boxplots show the median (central red line), 25" and 75 percentile (blue notched box) and the whiskers (black dashed
lines) which extend to the most extreme data points that are considered non-outliers. The individually plotted red plus signs indicate the outliers.
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a) Standard deviation for skin-marks and each cardinal direction
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Figure 3: Standard deviation (mm) presented with blue notched boxplots for a) skin-marks, b) AL-protocol and c) NAL-protocol and all six cardinal
directions examined. The boxplots show the median (central red line), 25" and 75 percentile (blue notched box) and the whiskers (black dashed
lines) which extend to the most extreme data points that are considered non-outliers. The individually plotted red plus signs indicate the outliers.
Please note that the plots are showing two different dimensions (cm and °).
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Figure 4: Standard deviation (mm) presented with blue notched boxplots for a) IGRT (nj)-protocol and b) IGRT (wj)-protocol and all six cardinal
directions examined. The boxplots show the median (central red line), 25" and 75t percentile (blue notched box) and the whiskers (black dashed
lines) which extend to the most extreme data points that are considered non-outliers. The individually plotted red plus signs indicate the outliers.
Please note that the plots are showing two different dimensions (cm and °).
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Discussion

In this study we mainly provide the uncertainties that stem from setup images as there are a wide variety of
treatment and imaging units, many with different inherent uncertainties. With these results we hope that
clinics providing pediatric CSI will have a possibility to personalize the treatment margins regardless of
imaging protocol or number of isocenters in use. Important to note when calculating margins for CSI
treatments is that different margin strategies in respect to inter-fractional effects of the organ or structure
the margin is based on, e.g. spinal column length, need to be considered. These results could also act as a
reference to older methods or when comparing setup verification technique. To the authors’ knowledge,
this is the first analysis dealing with positioning uncertainties based solely on pediatric CSI treatments.

According to our results, the random uncertainty increases by using a NAL-protocol to correct for the couch
shifts. This could, however, be because the correction merely shifts the scatter of the corrected points
(where each point is a patient’s fraction) whilst still using the two starting points (that were not corrected
for in a NAL-protocol) when calculating the RU. If the starting points were removed from the calculation,
there was a minimal increase in RU by using a NAL-protocol for some directions and isocenters (both
pooled and un-pooled data), it was, however, not statistically significant. There is also a small general
decrease in RU when removing the starting points which could be an indication that some of the most
extreme correction values tend to occur in the first couple of fractions.

It is important to keep in mind that there are two different types of uncertainties with different sources.
The random component of the uncertainties is inter-fractional and stem from positioning on external
markers on either the patient’s skin or mask or due to internal motion relative to the external markers. The
systematic component stems from events such as changes in patient anatomy over the course of treatment
or mechanical mismatches between CT simulation and the treatment machine. There can still be quite large
errors even if using a daily IGRT-protocol since there is a 3° physical restraint (maximum allowed couch
movement in clinical treatment mode) on the couch. Shifts larger than this should trigger a re-positioning
of the patient but since we do not have access to the specific circumstances for each treatment fraction, we
were restricted to analyzing only the setup images in this study.

Previous studies have developed widely used algorithms for calculating margins [28,29] and there are
multiple alternatives, reported by van Herk [24]. With these algorithms standardized or personalized
margins can be calculated. We also wanted to supply information for both narrow- and wide field junctions
irradiation techniques, since some centers that use conformal techniques do not allow for imaging-based
corrections in the Sl direction, and simply apply the planned Sl isocenter shift, after treating the first
isocenter due to narrow field junctions and steep dose gradients. Most IMPT centers have that option since
the wide junctions and more flat dose gradients often result in a smaller dose difference compared to
incorrect heterogeneity correction arising from positional errors [21,23]. This might also explain some of
the effects seen in the Sl direction. It is important to note that there could be variations in the relative
distance between isocenters (Linac patients with multiple isocenters) which can lead to large differences
between the expected and actual dose distribution if an IGRT protocol is used to correct the shift in all
directions without considerations to the junction. One would also expect that the yaw would contribute
largely to the uncertainties in the Sl direction, but this is not supported by our results. Hadley et al. [30]
studied the effect of a wide single gradient dose junction using intensity modulated radiotherapy for spinal
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fields which is similar to the technique utilized by many proton centers. They found that this improved
uncertainties for spinal fields compared to narrow multiple junction shifts. The patients with longer field
lengths appear to be the most relevant for a closer examination of the margins (mainly for the lumbar
isocenter) or alternatively, a more comprehensive imaging protocol can be applied for these patients, such
as daily IGRT. Based on our results, IGRT generally, and IGRT (wj) specifically is the superior choice for these
patients. Centers that do not have this option should investigate their margins according to these
uncertainties, especially for longer field lengths and higher number of isocenters.

Like previous studies [31,32], we found that applying any type of imaging protocol reduces the
uncertainties and residual setup errors compared to only using skin-marks for patient alignment. This
difference was smaller for patients treated in the earlier years. Both imaging protocols and immobilizations
have changed over the years, which affects this trend. In the era of daily image guidance, the difference
might also originate from less time being spent on patient alignment when a verification image is pending.

When investigating the isocenters individually, the positioning errors and uncertainties found in this study
are comparable to previously published research for other sites [8,13-15]. Al-Wassia et al. [33] studied the
effect of a 3-DoF couch correction, and found uncertainties that were substantially lower than ours for the
single isocenter treatment. Their maximum mean deviation, in any direction, was found to be 6 mm while
ours was 24 mm. Our results were, however, comparable to other similar studies investigating errors,
uncertainties and margins for craniospinal treatments [34-36]. Stoiber et al. [34] found a maximum
deviation of 18 mm and 10 °, again compared to our 24 mm and 9.6 °. Gupta et al. [35] found a maximum
deviation of 20 mm. Interestingly, Thondykandy et al. [36] found the SU to be larger than the RU for CSI
while our results show the opposite. The SE was investigated as an additional control to check that there
were no systematic setup errors occurring in our imaging that potentially could bias the results, and indeed
we found a SE close to zero.

Conclusions

Our results show that daily IGRT substantially reduces setup uncertainties for pediatric CSI patients.
Following a daily IGRT-protocol does, however, not guarantee satisfactory alignment when only a 3-DoF
couch shift is applied. There are still quite large residual errors, some of which are the result of using
multiple isocenters and narrow field junctions even if a 6-DoF couch shift would be applied. In conclusion,
daily IGRT is the superior choice for setup of pediatric craniospinal patients, however, for centers that do
not have this option, these results could be used to improve their margins and uncertainties for a more
accurate treatment or used as a reference when comparing setup verification techniques.
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Abbreviations

Csl
IGRT
AL
NAL
DoF
CNS
OARs
PTV
MVCT
kv
CBCT
Sl

AP
ML
SD

SE

Su
RU
BMI
nj

Wj
VMAT

IMPT

Craniospinal irradiation
Image-guided radiotherapy
Action-level

Non-action level

Degrees of freedom

Central nervous system
Organs-at-risk

Planning target volume
Mega-voltage computed tomography
Kilo-voltage

Cone-beam computed tomography
Superior-inferior
Anterior-posterior

Medial-lateral

Standard deviation

Systematic error

Systematic uncertainty

Random uncertainty

Body mass index

Narrow field junctions

Wide field junctions

Volumetric modulated arc therapy

Intensity modulated proton therapy
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Highlights

e Hippocampal sparing (HS) IMPT for medulloblastoma patients can be constructed using realistic
positioning uncertainty estimates and robust treatment planning methods

e We provide estimates of potential benefit of clinically realistic and robust HS IMPT regarding
neurocognitive impairment as compared to standard radiotherapy

e In this simulation study, HS IMPT considerably reduced predicted neurocognitive adverse effects
with marginal effect to target coverage and estimated tumor control probability

Abstract
Background and purpose:

Hippocampus is a central component for neurocognitive function and memory. We investigated the
predicted risk of neurocognitive impairment from the cranial part, including boost, of craniospinal
irradiation (CSI) and the deliverability and effects of hippocampal sparing. Specifically, we leveraged the
estimated benefit of reduced neurocognitive impairment with the risk of reduced tumor control.

Material and methods:

A total of 504 hippocampal sparing intensity modulated proton therapy (HS-IMPT) plans were generated
for 24 pediatric patients whom had previously received CSI. Plans were evaluated with respect to target
coverage and homogeneity index to target volumes, maximum and mean dose to OARs. Paired t-tests were
used to compare hippocampal mean doses and normal tissue complication probability estimates.

Results:

The median mean dose to the hippocampus could be reduced from 31.3 Gygge to 7.3 Gyree (p<0.001),
though 20% of these plans were not considered clinically acceptable. Reducing the median mean
hippocampus dose to 10.6 Gygee Was possible with all plans passing clinical acceptance criterion. By sparing
the hippocampus to the lowest dose level, the risk estimation of neurocognitive impairment could be
reduced from 89.6%, 62.1% and 51.1% to 41.0% (p<0.001), 20.1% (p<0.001) and 29.9% (p<0.001) for task
efficiency, organization and memory, respectively. Estimated tumor control probability was not adversely
affected by HS-IMPT, ranging from 78.5-80.5% for all plans.

Conclusions:

We present estimates of potential clinical benefit in terms of neurocognitive impairment and demonstrate
the possibility of considerably reducing neurocognitive adverse effects, minimally compromising target
coverage locally using HS-IMPT.
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Introduction

Primary central nervous system (CNS) tumors are the second most common type of cancer in children [1].
The most frequent malignant CNS tumor in children is medulloblastoma. In children above 3-5 years of age,
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most medulloblastomas are treated with a combination of surgery, chemotherapy and craniospinal
irradiation (CSI). The treatment depends on age and tumor-related risk factors, such as residual tumor
volume, M-stage, histology, molecular subgroups including various genetic mutations[2]. Although
treatment has become more stratified over the last decade, it has remained rather consistent. Most long-
term survivors of malignant pediatric CNS tumors treated with CSI have significant neurocognitive late
effects, and patients irradiated at a younger age tend to have worse outcomes [3,4]. Recently, in order to
reduce the common, treatment related, neurocognitive side effects, several studies have investigated
hippocampal-sparing (HS) irradiation modalities [5-10].

Long term childhood cancer survivors constitute a rapidly growing group of young adults [11]. Since the
frequency and severity of late side effects generally increase with time, they are especially debilitating for
pediatric cancer survivors as they mature into adulthood [12-14]. Certain parts of the brain (e.g. the
hippocampus) are more sensitive to radiation [8,15,16] and neurogenesis occurs within the dentate gyrus
of the hippocampus [17]. Radiation further damages hippocampal stem cell differentiation [18] and it is
associated with reduced memory preservation. Consequently, avoiding high-dose irradiation of the
hippocampus should be a priority [7,19].

No clinical trials of hippocampal sparing in children with CNS tumors have yet been published. The most
compelling evidence to date comes from the randomized phase Il trial NRG Oncology CC001 that showed
significantly lower risk of cognitive failure in adults with brain metastases in the arm receiving
hippocampal-sparing whole-brain irradiation [20].

We previously studied the feasibility of reducing the dose to the hippocampi and found IMPT to be
remarkably promising [5]. However, the study was based on generic proton data and without consideration
to clinically accepted proton therapy protocol for planning and delivery.

In the current work we studied the risk of neurocognitive impairment from the cranial part (whole-brain
and boost) of intensity-modulated proton therapy (IMPT) craniospinal treatment. Specifically, we
investigated the possibility of lowering the hippocampal dose significantly without compromising dose to
the whole-brain target, regarding clinically acceptable objectives. The deliverability of the HS IMPT plans
was evaluated based on different plan uncertainty and robustness criteria.

Materials and Methods
Patients and delineation

We identified 24 eligible patients treated at our institution between 2005 and 2015. The patients in this
study had all undergone photon CSl treatment. All patients were re-planned and a total of 504 HS IMPT
plans were generated for the 24 patients (table 1), with 432 plans evaluating different levels of HS and
robustness for the elective whole-brain treatment and 72 plans evaluating the dose contribution from the
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boost treatment. The elective target volume was defined as the whole-brain (clinical target volume, CTV)
denoted as CTVeiective, disregarding the spinal part of the target in this study. The hippocampi and the
postoperative resection volume, including residual tumor if any, (denoted GTV) were contoured on MRI co-
registered with CT images (figure 1) by an experienced senior radiologist. The boost target volume
(denoted CTVuoost) Was defined as the GTV plus a 5 mm margin. Two patients treated in earlier years had no
GTV contoured; their boost volumes consisted of the entire posterior fossa.

Table 1: Characteristics of the 24 pediatric patients included in the study.

n %
Sex
Male 12 50
Female 12 50
Median Range
Age () 9 4-18
Distance* (cm)
CTV - Hippocampus 14 1.0-43
Target and OAR volumes (cm?3)
CTVelective 1427.2 1137.7-1770.7
CTVboost 44.7 11.5-228.3
Hippocampus 3.4 0.8 —10.6

* Defined as the distance between the center of the hippocampus to the closest point of CTVpoost

Treatment planning

The total prescribed dose (PD) was 54 Gygge in 1.8 Gyrse per fraction, 23.4 Gygee from the elective whole-
brain plan and 30.6 Gygge from the boost plan. All plans were normalized so the mean target volume dose
was 100% of the PD dose and robustly optimized using 1%/1mm, 2%/2mm and 3.5%/3mm uncertainty
criteria in all directions. The treatment plans were generated using the Eclipse™ treatment planning system
(TPS) v.13.7 (Varian medical systems, Palo Alto, CA, USA). Three incident fields (90°, 180° and 270° with the
patient’s positioned head first supine) with field specific targets, with no range shifter used and multi-field
optimization. For each plan, the target, normal tissue and organs-at-risk (OARs, with the exception of the
hippocampus for the different dose levels) objectives were kept constant to minimize planner bias.
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The hippocampal dose objectives were defined in relation to five different levels of avoidance; 5, 7, 9
(figure 1), 12 and 15 Gygse with the intent of studying how the target coverage and plan quality was
affected by the different levels of hippocampal sparing. Treatment plans with no priority or dose restriction
to the hippocampus (denoted standard CSI plan), were generated for comparison.

Analysis and evaluation metrics

Treatment plans were exported to the Computational Environment for Radiotherapy Research (CERR) [21]
and subsequently analyzed in MATLAB release 2019a (The MathWorks Inc., Natick, MA, USA). The plans
were evaluated with respect to target coverage, homogeneity index (HI), maximum dose to target and
mean and maximum doses to the OARs.

The target coverage was evaluated by calculating the percentage of the target volume receiving 295%
(Ves%) and <107% (V107%) of the PD. The HI was calculated according to a definition proposed by Spruijt et al.
[22]. The dose to 0.03cm? of the target volume and brainstem was used to represent clinically relevant
maximum dose received by these structures.

The plans were deemed clinically acceptable if the following conditions were met: Vosy, 295% of PD, Do.o3cc
<110% of PD, Do.o3cc £107% of the PD to the brainstem, dose to the chiasm <50 Gygrge and a HI for CTVelective
of 295 where 100 constitutes a completely homogenous dose to the region of interest.

220 D

Figure 1: Absorbed dose in color-wash 95 — 107% for a) transversal, b) sagittal and c) frontal view and absorbed dose
in color-wash 2 — 107% for d) transversal. A transversal slice of the e) CT image and f) T1-weighted MRI. All images
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show the contoured hippocampus (yellow contour). The hippocampal dose constraint was set to 9 Gyrse for the elective
target.

The association between hippocampal dose and patient characteristics such as GTV size, hippocampal size
and the distance between CTVuoost and the hippocampus (defined as the center of the hippocampus to the
closest point of CTVyoost) Was evaluated using scatter plots and regression models.

Tumor control probability (TCP) and neurocognitive impairment normal tissue complication probability
(NTCP) was estimated using previously published models [5,23,24]. The TCP dose-response model has been
evaluated against recently published data [25] to test their applicability and updated for use in this study.

Statistical analysis

The Shapiro-Wilk test and visual histogram inspection were used to assess normality and equal variance.
Paired t-tests were used to compare hippocampal mean doses and NTCP estimates, where p <0.05 was
considered statistically significant. Stepwise comparison between each of the hippocampal dose objectives
was performed; Standard CSI plan vs. 15 Gygae VS. 12 Gygree VS. 9 Gyree VS. 7 Gyrae VS. 5 Gyree, respectively.

Results

It was possible to reduce the dose to the hippocampus considerably without compromising whole-brain
target coverage. However, the lowest dose constraint to the hippocampus was related to a higher risk of
one or multiple target objectives failing clinically acceptable criteria (figure 2). The different robust
optimization parameters used resulted in similar plan quality with some minor differences (Supplementary
figures s1A, B and C). The 2%/2mm criteria resulted in the fewest failed plans, whereas 3.5%/3mm and
1%/1mm both resulted in a higher number of failed plans.
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Figure 2: Mean hippocampus dose (Gyrse) for all patients optimized with 2%/2mm where blue bars indicate a clinically
acceptable plan and red bars a plan deemed unacceptable regarding target coverage (Vsss 295% of PD), homogeneity
(295), maximum target dose (Do.oscc <110% of PD) and doses to the OARs (Do.oscc <107% of the PD to the brainstem,
dose to the chiasm <50 Gyrse). The black line corresponds to each of the patients showing mean hippocampus dose
(Gyrse) for the plans optimized without any priority or dose restriction (standard CSI plan).

The median mean dose (range) to the hippocampus from whole-brain and boost plans was 7.1 Gygse (5.0 to
11.7 Gygee, p<0.001), 9.0 Gyree (6.8 to 13.7 Gyrae, p<0.001), 10.4 Gyree (8.4 to 15.4 Gygee, p<0.001), 13.0
Gyree (11.0 to 17.8 Gygee, p<0.001), 15.9 Gyree (13.9 to 20.5 Gyree, p<0.001) and 31.4 Gyrse (23.3 t0 39.5
Gyree, p<0.001) for 5, 7,9, 12, 15 Gygee and standard CSI plans, respectively (figure 2).

There was a clear correlation between hippocampus dose and distance between the hippocampus and
CTVuoost (figure 3a). Trends were seen for the correlation between GTV and hippocampal size with mean
hippocampal dose (figure 3b and 3c). The strongest correlation was seen for standard CSI plans where HS
was not applied. The hippocampus dose was reduced with approximately 4.7 Gygge and 1.3 Gygse per cm
distance between the hippocampi and CTVpeost for standard CSI plan and 9 Gygee for HS plans, respectively.
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Figure 3: Hippocampus dose (Gyrse) visualized in contrast to a) the distance between the center of hippocampus and
closest point of CTVelective, b) GTV size and c) hippocampus size including values for all patients and corresponding
regression lines. Only the standard CSI plan and plans with 9 Gyrse constraint are featured for visual purposes. Full

image is availa

ble in Supplementary figure s2.

The TCP remained relatively consistent with an estimated 78.5-80.5% event free survival (EFS) for all
evaluated plans and patients. The NTCP was calculated for cognitive impairment (table 2) which was
divided into three major domains; Task efficiency (figure 4a), Organization (figure 4b) and Memory (figure

4c).
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Table 2: Normal tissue complication probability calculations; median mean estimated risk of impairment and average
mean reduced estimated risk of impairment for task efficiency, organization and memory, with corresponding 95%
confidence intervals or standard deviations. All parameters presented here are statistically significant compared to
their closest higher neighboring value (p<0.001).

STUDY 11

Task efficiency (Range) Organization (Range) Memory (Range)
Risk of impairment

- 5 Gyree 40.6% (35.3-52.9%) 19.8% (17.3-26.2%) 29.8%  (28.2-33.5%)
- 7 Gyree 45.5% (39.6 —58.0%) 22.3% (19.3-29.3%) 31.3%  (29.5-35.1%)
- 9 Gyree 49.2% (43.9-62.5%) 24.2% (21.4-32.2%) 32.4%  (30.8-36.6%)
- 12 Gyree 56.3% (50.8 — 68.4%) 28.2% (25.1-36.5%) 34.6%  (32.9-38.7%)
- 15 Gyree 63.8% (58.6 —74.3%) 33.1% (29.6-41.6%) 37.1%  (35.3-41.1%)
- Standard CSI plan 90.4% (79.8 —95.8) 62.8% (47.2-76.3%) 51.2%  (43.7-58.6%)

Task efficiency SD Organization SD Memory SD

Reduced risk of impairment

- 5 Gyree 48.2% 3.1 42.1% 7.7 21.1% 3.7
- 7 Gyree 43.7% 3.1 39.8% 7.6 19.7% 3.7
- 9 Gyree 39.4% 3.1 37.5% 7.4 18.4% 3.6
- 12 Gyree 32.9% 29 33.8% 7.3 16.4% 3.6
- 15 Gyree 25.4% 2.8 29.0% 7.1 13.9% 3.6

Abbreviations: RBE = Radiobiological effect, CSI = Craniospinal irradiation, SD = Standard deviation.
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Discussion

This study shows that it is possible to reduce the dose to the hippocampus considerably with minimal
impact on whole-brain target coverage with IMPT, in particular when inspecting dose-volume histograms.
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Even with acceptable target coverage, there might, however, be hot- and cold-spots throughout that would
affect clinical acceptability, which is why this was explicitly evaluated. The high HI can be explained by the
fact that the hippocampus only constitutes roughly 1% of the total irradiated volume. Gondi et al. [26]
found that the HS volume with added planning-risk expansion accounted for about 2.1% of the whole-brain
in adults. The lowest HS dose constraints tested in this study (5 Gygrse) might be difficult to achieve for some
patients, especially depending on tumor location and GTV size. This is in agreement with results from a
previous study [6] where plans were not based on a clinical protocol for treatment planning as well as on
robust plan optimization. For the 9 Gygse HS constraint, all plans were deemed clinically acceptable,
demonstrating the possibility to lower the mean dose to the hippocampus by 20 Gyrse and still achieve
acceptable plans.

Since tumor control remains the primary goal of HS-CSI, it might be inappropriate to spare the
hippocampus for patients with high-risk medulloblastoma (MB), as their risk of recurrence may be higher
[27]. Recently, it was also shown that lowering the dose to the entire craniospinal volume to 18 Gy for
patients with standard-risk MB resulted in lower EFS and is currently not recommended [25]. Lately,
laudable efforts have been made towards HS and the comprehensive phase IIl NRG Oncology CC001 trial
demonstrated that for adults with CNS metastases, it is possible to significantly spare short-term cognitive
function without deterioration of either progression-free survival and overall survival in a randomized
setting [20].

Most modern radiotherapy techniques are able to spare the hippocampus to some extent [5,8-10,26]
although the data suggests that IMPT would be the preferred alternative [5,10], especially for novel proton
radiotherapy techniques [28]. In this study, we show that it is possible to considerably spare the
hippocampus using IMPT. Doses to the hippocampus found in this study are comparable to previously
published research [5,6,10]. Blomstrand et al. [5] determined that it was possible to spare the hippocampus
to approximately 10 Gygge using IMPT without compromising the Vosy CTVelective COVErage. An important
addition from this study is the use of robust optimization instead of using approaches mainly used for
photon treatments, ensuring that IMPT plans will be deliverable.

We estimated the clinical benefit in terms of the reduced risk of neurocognitive impairment using
published dose-response models. The data presented here suggests the possibility of reducing the risk from
roughly 90%, 60% and 50% to 40%, 20% and 30% for task efficiency, organization and memory impairment,
respectively. These dose-response models are of course subject to considerable uncertainty but a lower
dose to the hippocampus clearly estimates a reduced risk of neurocognitive impairment. The available TCP
model is not stratified based on different molecular subgroups or patient’s performance status and is based
on data from standard-risk MB patients. The current multimodality treatment results in a 5-year EFS of 75-
80% for standard-risk patients [29] which compares well to our TCP estimates of a 5-year EFS of 78.5-
80.5%. As the hippocampus constitutes only a small volume of the whole-brain, a very limited drop in
estimated TCP was found for our HS treatment plans.
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According to our risk estimates, there is a statistically significant reduction in the risk of cognitive
impairment for all dose levels where the hippocampus was avoided. Gondi et al. [30] determined that there
was a dosimetric threshold at 7.3 Gy to 40% of the bilateral hippocampi volume for a significant cognitive
benefit in adults with brain metastases. Goda et al. [31] found that a hippocampal mean dose of less than
30 Gy did not affect intelligence quotient in children, adolescents and young adults. Although not fully
comparable to our results, these studies further support treatment strategies avoiding irradiation of the
hippocampi.

When sparing a critical OAR such as the hippocampus, it is crucial that the delineation is correct, which is
not always trivial [32]. Another challenge is the central location and somewhat odd shape of the
hippocampus where the use of IMPT might be of particular advantage. It is, however, important to consider
the complexities of linear energy transfer of protons and the relative biological effect along the proton
beam, where physical dose may no longer be the best indicator of biologic effect [33,34]. Encouragingly, a
recent study found no increase in CNS injury from proton treatment for MB, and no correlation with RBE
compared to photon treatments [35].

In conclusion, we demonstrate the potential clinical benefit of reduced neurocognitive impairment based
on robustly optimized HS IMPT plans, without compromising target coverage and thereby estimated tumor
control. Our results suggest that any dose reduction to the hippocampus could have valuable impact in
terms of cognitive function for pediatric patients treated with CSI.
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Background and purpose: The purpose of this study was to investigate whether treatment information
from medical records can be used to estimate radiation doses to heart and lungs retrospectively in pedi-
atric patients receiving spinal irradiation with conventional posterior fields.
Material and methods: An algorithm for retrospective dosimetry in children treated with spinal irradiation
was developed in a cohort of 21 pediatric patients with available CT-scans and treatment plans. We
developed a multivariable linear regression model with explanatory variables identifiable in case note
review for retrospective estimation of minimum, maximum, mean and V;gx-Vgox doses to the heart
and lungs. Doses were estimated for both linear accelerator (Linac) and %°Co radiation therapy modalities.
Results: Age and spinal field width were identified as statistically significant predictors of heart and lung
doses in multivariable analyses (p < 0.01 in all models). Models showed excellent predictive performance
with R? = 0.70 for mean heart dose and 0.79 for mean lung dose, for Linac plans. In leave-one-out cross-
validation analysis the average difference between predicted and actual mean heart dose was 6.7% and
7.6% of the prescription dose for Linac and ®°Co plans, respectively, and 5.2% and 4.9% for mean lung dose.
Due to the small sample size and large inter-patient variation in heart and lung dose, prospective studies
validating these findings are highly warranted.
Conclusions: The models presented here provide retrospective estimates of heart and lung doses for his-
torical cohorts of pediatric patients, thus facilitating studies of long-term adverse effects of radiation.
© 2018 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 128 (2018) 209-213
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Pediatric cancer survivors comprise a rapidly growing group of
young adults [1]. However, a longer survival is associated with
long-term morbidity and mortality [2]. The most common cause
of death among pediatric cancer survivors is cardiovascular disease
[3]. Congestive heart failure in the form of coronary artery disease
is also a serious late effect due to mediastinal radiation [4], other
late effects, that also might cause death are pulmonary fibrosis,
acute pulmonary toxicity and restrictive lung disease [5-7].

Recent technological advances in radiation therapy optimiza-
tion and delivery, often provide several competing treatment
options and the resulting dose distributions throughout the
patient’s body can vary considerably [8]. These in turn may yield
substantially different risks of late complications such as severely
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3993/3994, Rigshospitalet, Belgdamsvej 9, DK-2100 Copenhagen, Denmark.
E-mail address: daniel.gasic@regionh.dk (D. Gasic).
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debilitating cardiac and pulmonary toxicity. Considerable clinical
research efforts have aimed at developing empirical models for
clinical decision support in pediatric patients [9], as well as young
adults with Hodgkin lymphoma [10] and breast cancer patients
[11-13], relating the dose and dose distribution delivered to an
organ-at-risk (OAR) to the risk of long-term toxicity. This is a chal-
lenging research field in both pediatric and adult patient popula-
tions, and due to the considerable differences between children
and adults, it is not straightforward to translate results from an
adult population directly to pediatric cohorts. However, important
long-term outcome data emerging from large cohort studies of
childhood cancer survivors has the potential to greatly improve
our ability to predict the risk of late toxicity in patients treated
today [14-17]. Furthermore, a comprehensive systematic review
of available dose-volume data related to toxicity after pediatric
radiation therapy is currently undertaken by the Pediatric Normal
Tissue Effects in the Clinic (PENTEC) collaboration [18].
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Because of the long latent period of many late effects, for some
endpoints 10-20 years or more, many dose-response modeling
studies of late-effects analyze outcome data from cohorts treated
decades ago. This poses the further challenge of reconstructing
the dose distribution for cases treated in an era without 3D com-
puted tomography (CT) based planning and detailed dosimetry,
and with radiation modalities that are less commonly used now.
In some clinical indications at least a crude relationship exists
between organ doses and patient characteristics that are available
from case note review. If unadjusted for, these associations may
confound the results of retrospective analyses if organ doses are
solely based on the prescribed dose. For example, it is possible that
the dose delivered to the heart and lungs of a pediatric patient cor-
relates with patient age due to the relative change in body compo-
sition and organ size as the child grows. This may cause a bias in a
retrospective analysis as an observed correlation between age at
exposure and risk of toxicity could be wrongfully attributed to
age, when in fact the heart or lung dose is driving the association.
This issue and the need for accurate retrospective dosimetry have
been well recognized in the adult setting for example in Hodgkin
lymphoma [19-23].

In this study we test whether age, as well as several other char-
acteristics that can be retrieved from treatment records, can be
used to estimate doses to the heart and lungs in a group of pedi-
atric patients treated with spinal irradiation. Furthermore, we
investigate if different radiation beam qualities (i.e. ®°Cobalt
(59Co) machines vs. linear accelerators (Linacs)) would yield a sys-
tematic difference in organ dose that may further confound retro-
spective studies.

Materials and methods

Data collection

All patients, <20 years of age at the time of treatment and who
received spinal irradiation between 2005 and 2012 at our institu-
tion were retrospectively reviewed. We identified a cohort of 21
eligible patients that were included in the analysis (see Table 1
for patient characteristics), all treated for medulloblastoma with
Linac-based cranio-spinal radiation therapy using a 6 MV beam.
Treatment plan information and CT scans were available for all
patients in the treatment planning system (TPS, Eclipse™ v. 13.7
(Varian Medical Systems, Palo Alto, CA, USA). The heart and lungs
were segmented (ARIA® contouring suite v. 13.6, Varian Medical
Systems, Palo Alto, CA, USA) on the treatment planning CT scans.
The heart was manually segmented and the lungs were automati-
cally segmented with manual adjustment when needed.

Treatment plans were exported to CERR [24] and subsequently
analyzed in MATLAB release 2014b (The MathWorks, Inc., Natick,
MA, USA) and the minimum, maximum, mean and V;gy—Vgoyx doses

Table 1
Characteristics of the 21 pediatric patients included in the study.
Median Range
Age (y) 9 2-20
n %
Sex
Male 11 52
Female 10 48
Position
Supine 15 71
Prone 6 29
Mean SD
Field length (cm) 31.1 3.7
Field width (cm) 6.2 1.2

to the heart and lungs were extracted from the spinal irradiation
plan for each patient. Further patient characteristics that were
extracted were the length and width of the spinal field (at the
patient’s skin level from the incident beam direction), age at expo-
sure, sex, and patient positioning (prone or supine).

Comparison to %°Co

To test the possible difference in minimum, maximum, mean
and Vjgy-Vgoy heart and lung doses from ®°Co and 6 MV Linac
beams, we implemented a %°Co machine in our TPS with beam data
from a Siemens Gammatron-3. ®°Co treatment plans required the
dose to be calculated using a pencil beam algorithm (i.e. a type A
algorithm, PBC version 10.0.28), while the Linac plans were calcu-
lated using a Monte Carlo-like algorithm (i.e. a type C algorithm,
Acuros XB®, version 13.7). The field set-up was identical in the
Linac and the %°Co plans. All Linac and ®°Co plans were normalized
to a reference point at the dorsal edge of the Th8-Th11 (depending
on patient size) vertebral body receiving 90% of the prescribed
dose. To assess the effect of differences between the Acuros XB®
algorithm and PBC algorithm used for ®°Co calculations, all Linac
plans were also calculated with the PBC algorithm.

Statistical analysis

The Shapiro-Wilk tests and visual histogram inspection were
used to test for a normal distribution of a variable. Bivariate asso-
ciations between all patient characteristics (age, sex, position, field
length and width) and heart or lung doses were quantified by Pear-
son’s or Spearman’s rank correlation coefficients for continuous
variables and t-tests or Wilcoxon’s rank-sum tests for categorical
variables, depending on the assessment of normality and linearity.
Similarly, differences between heart and lung doses between Linac
and %°Co plans were assessed using paired t-tests or Wilcoxon’s
sign-rank tests depending on the normality test.

Multivariable linear regression models were fitted for the vari-
ous heart and lung dose metrics using all covariates with p < 0.2
from the tests of bivariate association as candidate predictor
variables. Stepwise elimination was performed manually using a
p<0.05 cutoff for inclusion in the final models. The resulting
multivariable linear regression models provide the following
relationship for dose estimation:

Dist = X181 +XoBy + - + XuBy + k )

where Dgg, is the estimated dose metric, x; is the value of the i:th
predictor, f; the corresponding regression coefficient and k a con-
stant. Despite the large number of statistical tests performed, cor-
rection for multiple comparisons was not applied since it is
expected that highly correlated dose metrics would depend on
the same predictor variables, so it is unlikely that spurious associ-
ations would be found for a certain dose metric and not the others.
However, a leave-one-out (LOO) cross-validation was performed to
assess the predictive performance of the final models. This was
done by fitting the regression coefficients of the final models to
subsets of the data, subsequently leaving out each of the 21
patients. The heart and lung dose metrics for each excluded patient
were then estimated using the models and compared to that
patient’s dose data from the TPS. The root-mean-square deviation
(RMSD) of this difference was then calculated as an average esti-
mate of how well the predicted doses compared to the actual val-
ues in the LOO setting. To determine if the Linac-based models
would be able to estimate doses from °Co and vice versa, the pre-
dicted doses from one radiation modality were compared to the
TPS doses from the other.
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Results

Age and the size of the spinal irradiation field (length and
width) showed strong association with mean heart and lung doses
(Table 2), with similar trends for the other analyzed dose metrics
(see supplementary material). The association with age supports
the general assumption that age is a good surrogate for heart and
lung volume, which is confirmed in our data where age showed a
strong correlation with both heart volume (Spearman’s rs=0.85
with 95% CI: 0.64-0.95, p < 0.001) and lung volume r¢ = 0.79 with
95% CI: 0.51-0.94, p < 0.001).

In multivariable analysis only age and spinal field width were
found to be significant predictors of heart and lung dose as shown
in Table 3 for mean doses (p <0.01) and Supplementary material
(Tables S1 and S2) for other dose metrics. Since the length of the
heart and lungs in the superior-inferior direction was fully encom-
passed by the spinal fields for all patients we found that field
length was not a significant predictor of heart and lung doses.
The models based on age and spinal field width showed excellent
predictive performance with 69.7% of the variance in mean heart
dose, and 78.9% of the mean lung dose, explained by the model
for the Linac plans. Patient position, sex and field length were
not significant predictors of heart and lung dose in multivariable
analysis.

Fig. 1 shows the association between age and mean heart and
lung dose for the Linac plans and Fig. 2 shows the corresponding
association for spinal field width, along with box-and-whiskers
plots of the population mean heart and lung doses. We further
explored the association between organ volume and mean heart
and lung dose to demonstrate whether age indeed acts as a surro-
gate marker for this association. In fact, heart volume seems to be a
good predictor for mean heart dose (R? = 50.5% in univariable lin-
ear regression), as compared to R? = 31.5% using age as the only
predictor variable. Conversely, lung volume does not appear to
be a particularly good univariable predictor for mean lung dose
(R? = 5.6%) and rather it appears that the combination of age and
spinal field width (R? = 78.9%) provides a surrogate measure for
the proportion of the lungs receiving incident irradiation (arbitrar-
ily defined as the proportion receiving > 10% of prescription dose,
R? =98.8%).

The leave-one-out analysis shows that the models based on age
and spinal field width provide fairly accurate estimates of the heart
and lung doses when compared with the actual dose for the
excluded patients. The average relative accuracy (given by the
RMSD, oo) of the estimates of the mean heart dose was 6.7% and
7.6% of the prescribed dose for Linac and ®°Co plans respectively.
The respective RMSD; oo for the mean lung dose was 5.2% and
4.9%. Table 4 shows the relative accuracy for Linac and °Co models
for the heart and lung dose metrics through calculating the RMSD.

Table 2

Table 3
Final multivariable regression models for mean heart and lung dose for Linac and ®°Co
plans, respectively. Model performance is given by R? and RMSDgo.

Predictor variable Linac Regression 95% CI p-Value
coefficient ()

Mean heart dose (R? = 0.70, RMSD, 00 = 6.7%)

Age (y) -1.37 (-1.95, —0.78) <0.001

Field width (cm) 5.68 (3.17, 8.18) <0.001

Constant 314

Mean lungs dose (R? = 0.79, RMSD 00 = 5.2%)

Age (y) -1.05 (-1.51, —0.59) <0.001

Field width (cm) 6.69 (4.73, 8.64) <0.001

Constant —7.90

Predictor variable ®°Co Regression 95% CI p-Value
coefficient (B)

Mean heart dose (R? = 0.58, RMSD, 00 = 7.6%)

Age (y) -1.17 (-1.82, —0.51) 0.001

Field width (cm) 5.85 (2.54,9.17) 0.002

Constant 344

Mean lungs dose (R? = 0.78, RMSD o0 = 4.9%)

Age (y) —-0.88 (-1.31, —0.45) <0.001

Field width (cm) 7.64 (5.45,9.84) <0.001

Constant -6.37

Abbreviations: RMSD) oo = The root-mean-square deviation for the leave-one-out
cross validation.
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Fig. 1. Mean heart dose (circles) and, mean lung dose (triangles) vs. patient’s age
with the multivariable linear regression models. The boxplots represent the
distribution of mean heart and lung doses among the 21 patients given as mean,
25th-75th percentile and range. Please note that the range of the boxplots overlap.

Results of the analysis of bivariate associations between mean heart and lung dose and the various patient characteristics for Linac and 5°Co plans. As sex and position are

categorical variables, correlation coefficients can’t be given.

Variable Mean heart dose Mean lungs dose
Corr. Coef. p-Value Corr. Coef. p-Value

Age —0.56 (1) 0.008 —0.43 (1) 0.05
Sex 0.13 0.17
Position 0.11 0.36
Field length 0.38 (rs) 0.09 047 (rs) 0.03
Field width 0.55 (rp) 0.01 0.72 (rp) <0.001
Age —0.50 (1) 0.02 —0.36 () 0.11
Sex 0.10 0.14
Position 0.11 0.43
Field length 0.34 (rs) 0.13 0.47 (rs) 0.03
Field width 0.49 (rp) 0.02 0.75 (rp) <0.001

Abbreviations: r, = Pearson’s product-moment correlation coefficients; rs = Spearman’s rank correlation coefficients.
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width with the multivariable linear regression models. The boxplots represent the
distribution of mean heart and lung doses among the 21 patients given as mean,
25th-75th percentile and range. Please note that the range of the boxplots overlap.

Table 4

The RMSD, oo comparisons show the performance of using Linac derived models to
estimate Linac doses and %°Co derived models to estimate 5°Co doses for all dose
metrics. The ®°Coy,ac comparisons show the performance of using the Linac dose
models to estimate %°Co doses, and vice versa.

Variable RMSD,00 (%) RMSD (%)
Linac 59Co 50COLinac Linacsoco

Mean heart dose 6.7 7.6 7.5 7.3
Min. heart dose 13 4.0 4.0 24
Max. heart dose 6.2 10.5 9.7 7.6
V0% heart dose 83 8.3 12.8 133
V,0z heart dose 8.7 8.9 11.2 11.8
V3ox heart dose 9.1 9.4 9.9 10.3
V0% heart dose 9.2 10.0 9.7 9.8
Vsox heart dose 9.5 12.1 121 111
Veox heart dose 109 135 17.6 16.7
V0% heart dose 11.6 11.2 16.1 16.7
Vgox heart dose 8.3 7.0 8.0 9.1
Mean lungs dose 52 4.9 5.8 5.2
Min. lungs dose 0.3 0.4 0.7 0.7
Max. lungs dose 7.6 12.6 11.6 8.5
V0% lungs dose 7.0 6.5 9.8 8.6
Vyoy lungs dose 6.6 6.4 9.6 8.5
V30 lungs dose 6.3 6.4 8.2 71
V0% lungs dose 6.6 7.7 7.3 6.3
Vsoy lungs dose 6.1 6.5 7.2 6.2
Veoy lungs dose 6.1 6.6 7.8 71
V0% lungs dose 6.3 5.6 7.5 7.6
Vsoy lungs dose 5.5 4.1 6.3 6.8

Abbreviations: RMSD =The root-mean-square deviation for the final model;
RMSD, oo = The root-mean-square deviation for the leave-one-out cross validation.

Furthermore, Table 4 shows that using the Linac-based models to
estimate ®°Co doses and vice versa provides less accurate estimates
compared to the LOO analysis within the same modality, suggest-
ing that separate dose estimation models are needed for patients
treated with Linac and ®°Co irradiation. To ensure that this was
not simply attributable to the use of different calculation algo-
rithms, we compared the results when using the PBC algorithm
to calculate Linac doses and concluded that this had minimal effect
on the various dose metrics (see Supplementary Figure S1).

Pediatric retrospective dosimetry

Discussion

The models including age and spinal field width derived in this
study provide an effective means of retrospectively estimating
heart and lung doses in pediatric patients treated with spinal irra-
diation, when 3D dose data from a TPS are not available. Based on
Figs. 1 and 2 it is clear that there is considerable variation in the
heart and lung doses between patients and estimating organ doses
based on prescription dose alone could lead to biased results.

There are various databases with long-term follow-up of large
cohorts of pediatric cancer patients treated up to several decades
ago [14-17]. Along with these laudable efforts of collecting data
on long-term toxicity, we believe that the models derived in this
study can considerably aid the process of linking doses to the heart
and lungs with the documented long-term effects. Furthermore, it
should be possible to expand this analysis to encompass other OAR
in a similar manner and to further refine OAR dose estimation for
example by following the suggestions in the AAPM TG-158 report
on out of field dosimetry [25]. Similarly, due to the relatively large
inter-patient variation in heart and lung dose, prospective studies
validating these results are warranted.

Accurate models linking organ dose to late toxicity can aid in
the clinical decision making when competing radiation techniques
are considered and could help identify patients in need of closer
post-treatment surveillance for late adverse events.

Previous studies of adult malignancies have investigated the pos-
sibility of applying individual retrospective estimates based on a
type of standard phantom or standard patient [12,20-22]. One such
example is retrospectively estimating cardiac doses from breast can-
cer radiation therapy based on a standardized female patient [12].
Other studies used virtual simulation and CT scans to reconstruct
treatment fields [19,23]. There have also been studies that instead
chose to utilize dose measured to a water phantom, along with
tumor location details from clinical records, to estimate the doses
at the site of secondary tumor development [21]. Hybrid computa-
tional phantoms created from CT scans have been shown to be fea-
sible for retrospective heart dosimetry following breast irradiation
|26]. By also adding the use of Monte Carlo based dose calculations
to pediatric hybrid phantoms, organ doses could be reconstructed
to add further accuracy in future secondary cancer risk studies [27].

Given the relatively homogenous setup of spinal irradiation
between different patients, the simple models based on age and
field width developed here may be sufficient to explain most of
the dosimetric variation, and this information can be extracted
from previous treatment records. Although the leave-one-out anal-
ysis provides an internal validation of the models’ accuracy, poten-
tial institutional variation in treatment setup and prescription
depth was not considered. Since all data came from a single insti-
tution the generalizability to patient cohorts and treatment tech-
niques employed in other institutions may be limited. It should
also be mentioned that these models are derived from a relatively
small patient sample and are only applicable to treatments with
conventional posterior spinal fields.

In conclusion, this study provides a simple recipe for retrospec-
tively estimating heart and lung doses from pediatric spinal irradi-
ation, giving researchers a useful tool to aid them in analyzing
heart and lung dose effect relationships in retrospective studies
of late effects in long-term pediatric cancer survivors.
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B.5 StTUDY III - SUPPLEMENTARY MATERIAL

Supplementary material — Dose calculation algorithm comparisons
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Figure S1: The dose difference between TPS values for different dose calculation algorithms. Results are presented as % of prescribed dose for minimum, maximum and mean
dose, and % volume receiving a given dose for Vo5 — Vsos. The Boxplots represent the distribution of all heart and lung dose metrics among the 21 patients given as mean, 25"

— 75" percentile and range.
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Supplementary material — All models for Linac doses

Table S1: Final multivariable regression models for all heart and lung doses for Linac plans. Model

performance is given by R> and RMSD 0.

Predictor variable Regression coefficient (B) 95% ClI p-value
Mean heart dose (R” = 0.70, RMSD, 00 = 6.7%)

Age (y) -1.37 (-1.95,-0.78) <0.001
Field width (cm) 5.68 (3.17, 8.18) <0.001
Constant 31.4

Min. heart dose (R2 =0.55, RMSD oo = 1.3%)

Age (y) -0.14 (-0.26,-0.03) 0.01
Field width (cm) 0.93 (0.45, 1.41) <0.001
Constant 0.12

Max. heart dose (R” = 0.10, RMSD, 00 = 6.2%)

Age (y) -0.19 (-0.71,0.34) 0.47
Field width (cm) 1.40 (-0.83,3.62) 0.20
Constant 84.3

Vi heart (R” = 0.68, RMSD o0 = 8.3%)

Age (y) -0.07 (-0.10,-0.03) <0.001
Field width (cm) 0.30 (0.17,0.43) <0.001
Constant 2.15

V05 heart (R* = 0.66, RMSD o0 = 8.7%)

Age (y) -0.07 (-0.10, -0.04) <0.001
Field width (cm) 0.30 (0.16, 0.44) <0.001
Constant 1.98

V305 heart (R? = 0.65, RMSD o0 = 9.1%)

Age (y) -0.07 (-0.10,-0.03) <0.001
Field width (cm) 0.31 (1.16, 0.45) <0.001
Constant 1.87

V.o heart (R” = 0.64, RMSD o0 = 9.2%)

Age (y) -0.07 (-0.10,-0.03) <0.001
Field width (cm) 0.31 (1.16, 0.46) <0.001
Constant 1.75

Vsoy, heart (R? = 0.66, RMSD o0 = 9.5%)

Age (y) -0.07 (-0.11,-0.04) <0.001
Field width (cm) 0.35 (0.19, 0.50) <0.001
Constant 1.50

Vo, heart (R? = 0.74, RMSD,o0 = 10.9%)
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StUuDY II1

Age (y) -0.11 (-0.15, -0.07) <0.001
Field width (cm) 0.41 (0.24, 0.59) <0.001
Constant 1.17

V7gy heart (R® = 0.65, RMSD, o0 = 11.6%)

Age (y) -0.10 (-0.14, -0.06) <0.001
Field width (cm) 0.32 (0.13, 0.50) 0.002
Constant 0.66

Vgoy, heart (R? = 0.36, RMSD o0 = 8.3%)

Age (y) -0.04 (-0.07,-0.01) 0.01
Field width (cm) 0.12 (-0.01, 0.25) 0.07
Constant 0.21

Predictor variable Regression coefficient (B) 95% CI p-value
Mean lung dose (R* = 0.79, RMSD, 00 = 5.2%)

Age (y) -1.05 (-1.51, -0.59) <0.001
Field width (cm) 6.69 (4.73, 8.64) <0.001
Constant -7.9

Min. lung dose (R® = 0.79, RMSD, o0 = 0.3%)

Age (y) -0.07 (-0.10, -0.05) <0.001
Field width (cm) 0.37 (0.25, 0.49) <0.001
Constant 0.22

Max. lung dose (R* = 0.06, RMSD, oo = 7.6%)

Age (y) 0.06 (-0.60, 0.72) 0.84
Field width (cm) 1.29 (-1.51, 4.10) 0.35
Constant 96.5

Vi0% lungs (R? = 0.82, RMSD o0 = 7.0%)

Age (y) -0.07 (-0.09, -0.04) <0.001
Field width (cm) 0.42 (0.30, 0.53) <0.001
Constant -0.38

V0% lungs (R? = 0.80, RMSD,o0 = 6.6%)

Age (y) -0.06 (-0.09, -0.04) <0.001
Field width (cm) 0.36 (0.25, 0.46) <0.001
Constant -0.42

V305 lungs (R = 0.79, RMSD, o0 = 6.3%)

Age (y) -0.06 (-0.08, -0.04) <0.001
Field width (cm) 0.34 (0.24, 0.44) <0.001
Constant -0.42

Vaoy lungs (R” = 0.79, RMSD o0 = 6.6%)

Age (y) -0.06 (-0.08, -0.03) <0.001
Field width (cm) 0.32 (0.23,0.42) <0.001
Constant -0.50
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Vsoy lungs (R> = 0.78, RMSD, o0 = 6.1%)

Age (y) -0.05 (-0.08,-0.03) <0.001

Field width (cm) 0.31 (0.22,0.41) <0.001

Constant -0.53 —
Veoy lungs (R* = 0.76, RMSD o0 = 6.1%) =
Age (y) -0.05 (-0.07,-0.03) <0.001 o
Field width (cm) 0.30 (0.20, 0.40) <0.001 g
Constant -0.56 i
V505 lungs (R> = 0.68, RMSD, o0 = 6.3%) =
Age (y) -0.04 (-0.06,-0.02) 0.002

Field width (cm) 0.27 (0.16,0.37) <0.001

Constant -0.58

Vgoy lungs (R* = 0.65, RMSD, o0 = 5.5%)

Age (y) -0.03 (-0.05, -0.009) 0.007

Field width (cm) 0.22 (0.13,0.31) <0.001

Constant -0.59

Abbreviations: RMSD oo = The root-mean-square deviation for the leave-one-out cross validation
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Supplementary material (Table S2) — All models for *°Co doses

Table S2: Final multivariable regression models for heart and lung doses for ®°Co plans. Model

performance is given by R> and RMSD 0.

Predictor variable Regression coefficient (B) 95% ClI p-value
Mean heart dose (R> = 0.58, RMSD, o0 = 7.6%)

Age (y) -1.17 (-1.82,-0.51) 0.001
Field width (cm) 5.85 (2.54,9.17) 0.002
Constant 34.4

Min. heart dose (R? = 0.27, RMSD, 0 = 4.0%)

Age (y) -0.18 (-0.53,0.17) 0.29
Field width (cm) 2.05 (0.29,3.82) 0.03
Constant -2.50

Max. heart dose (R” = 0.05, RMSD, o0 = 10.5%)

Age (y) -0.04 (-0.87,0.78) 0.91
Field width (cm) -1.87 (-6.05,2.32) 0.36
Constant 101.6

Vigy heart (R? = 0.57, RMSD o0 = 8.3%)

Age (y) -0.05 (-0.08, -0.02) 0.002
Field width (cm) 0.26 (0.11, 0.41) 0.002
Constant 2.96

V,05 heart (R% = 0.61, RMSD o0 = 8.9%)

Age (y) -0.06 (-0.09, -0.03) 0.001
Field width (cm) 0.32 (0.15, 0.48) <0.001
Constant 2.48

Vgo% heart (RZ = 060, RMSDLOO = 94%)

Age (y) -0.06 (-0.10, -0.03) 0.001
Field width (cm) 0.34 (0.17,0.52) <0.001
Constant 2.16

V.05, heart (R” = 0.60, RMSD o0 = 10.0%)

Age (y) -0.07 (-0.11, -0.03) 0.001
Field width (cm) 0.37 (0.18,0.57) <0.001
Constant 1.85

Vsoy, heart (R> = 0.61, RMSD o0 = 12.1%)

Age (y) -0.08 (-0.13, -0.04) <0.001
Field width (cm) 0.45 (0.22,0.68) <0.001
Constant 1.36

124



Veoy heart (R* = 0.61, RMSD, o = 13.5%)

Age (y) -0.10 (-0.15, -0.05) <0.001

Field width (cm) 0.47 (0.21,0.73) 0.001

Constant 0.79 :
V505 heart (R” = 0.48, RMSDyo0 = 11.2%) e
Age (y) -0.06 (-0.10, -0.02) 0.005 E
Field width (cm) 0.30 (0.09,0.51) 0.008 5
Constant 0.31 5
Vgo% heart (RZ = 0.17, RMSDLOO = 70%)

Age (y) -0.02 (-0.04, 0.006) 0.13

Field width (cm) 0.08 (0.05,0.21) 0.20

Constant 0.19 (-0.46, 0.84) 0.55

Predictor variable Regression coefficient (B) 95% ClI p-value

Mean lung dose (R* = 0.78, RMSD, o0 = 4.9%)

Age (y) -0.88 (-1.31, -0.45) <0.001

Field width (cm) 7.64 (5.45, 9.84) <0.001

Constant -6.37

Min. lung dose (R® = 0.37, RMSD, o0 = 0.36%)

Age (y) -0.02 (-0.05, 0.01) 0.20

Field width (cm) 0.25 (0.08,0.41) 0.006

Constant 0.17

Max. lung dose (R2 =0.02, RMSD, o0 = 12.6%)

Age (y) 0.30 (-0.77,1.37) 0.56

Field width (cm) 0.32 (-5.11, 5.75) 0.90

Constant 102.9

V105 lungs (R* = 0.84, RMSD, o0 = 6.5%)

Age (y) -0.07 (-0.10, -0.05) <0.001

Field width (cm) 0.49 (0.36,0.62) <0.001

Constant 0.04

Vzo% lUngS (RZ = 082, RMSDLQO = 64%)

Age (y) -0.07 (-0.09, -0.04) <0.001

Field width (cm) 0.46 (0.33, 0.58) <0.001

Constant -0.21

V30 lungs (R = 0.80, RMSD, o0 = 6.4%)

Age (y) -0.06 (-0.08, -0.03) <0.001

Field width (cm) 0.43 (0.31, 0.55) <0.001

Constant -0.37

Vaoy lungs (R” = 0.77, RMSD o0 = 7.7%)



StUuDY II1

Age (y) -0.05 (-0.08 ,-0.03) <0.001
Field width (cm) 0.40 (0.28,0.52) <0.001
Constant -0.48

Vso, lungs (R® = 0.73, RMSD, o0 = 6.5%)

Age (y) -0.04 (-0.07,-0.02) 0.001
Field width (cm) 0.37 (0.25, 0.50) <0.001
Constant -0.55

Veoy, lungs (R® = 0.65, RMSD o0 = 6.6%)

Age (y) -0.04 (-0.06, -0.01) 0.009
Field width (cm) 0.33 (0.20, 0.46) <0.001
Constant -0.61

V505 lungs (R® = 0.63, RMSD o0 = 5.6%)

Age (y) -0.03 (-0.04, -0.001) 0.04
Field width (cm) 0.27 (0.17,0.38) <0.001
Constant -0.64

Vo lungs (R? = 0.63, RMSD o0 = 4.1%)

Age (y) -0.01 (-0.03, 0.003) 0.10
Field width (cm) 0.21 (0.13,0.29) <0.001
Constant -0.56

Abbreviations: RMSD oo = The root-mean-square deviation for the leave-one-out cross validation
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