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Abstract

With proton therapy, reduction in normal tissue doses is achievable with equal or better
target dose conformity due to the Bragg Peak effect. The main rationale for proton
therapy today is based on an assumption that this will translate into a more favorable
treatment outcome, specifically in terms of lower normal tissue complication rates.
However, proton therapy is accompanied with an inherent uncertainty in the actual
biological dose delivered. It is well recognized that the constant Relative Biological
Effectiveness (RBE) currently applied in clinical proton beams is a simplification of the
reality; rather than being a fixed factor, RBE varies depending on several physical,
biological and treatment related factors. A wide range of models derived from in-vitro
data have been proposed to describe the variable RBE based on the Linear Energy
Transfer (LET), dose and o/B. Clinically, the relationship between biological effect and
variable RBE is not well understood, however there are strong in-vitro evidence for an

increase in RBE as a function of LET.

During radiotherapy for head and neck cancer (HNC) at the skull base region, patients
may receive high radiation doses to parts of the brain and will therefore have a lifelong
risk of developing radiation-induced brain necrosis. Patients are most commonly
diagnosed on the basis of characteristic changes on Magnetic Resonance Images (MRI),
including contrast enhanced lesions on T1-weighted sequences or hyperintensities on
T2-weighted sequences. There are numerous publications addressing these radiation
associate image changes (RAIC) after intensity modulated radiotherapy (IMRT) for
HNC, however, there are limited number of studies in patients treated with proton

therapy.

Previous research in pediatric and adult patient cohorts treated for both intracranial and
extracranial skull base tumors suggest that RAIC occur more frequently after proton
therapy. It has been hypothesized that this may be explained by an increase in the LET
at the distal part of the proton beam.

The aim of this PhD work was to explore RAIC in patients treated with proton therapy
for HNC at the skull base region. The patient material included a wide range of HNCs



treated with intensity modulated proton therapy (IMPT) and/ or passive scattering proton

therapy (PSPT) at MD Anderson Cancer Center between 2010 and 2018.

In paper I, the incidence and patterns of RAIC were investigated, and practical brain
dose constraints (RBE = 1.1) associated with RAIC were derived. The incidence of
RAIC corresponded reasonably well with observed rates previously reported after
proton therapy. During a median latency time of 24 months, RAIC were found on
follow-up MRIs in 22 out of 127 patients (17%). The majority of the patients with RAIC
were treated for nasopharyngeal or sinonasal cancers (77%). Lesions were found in the
temporal lobes, frontal lobes and the cerebellum, typically outside or slightly
overlapping with the CTV. All lesions were asymptomatic. On the last available follow-
up MRI, 18% of the lesions were in progression, whereas 27% had resolved. RAIC was
significantly associated with dosimetric variables only. Brain Ve7 gy rBE) < 0.2cC Was
identified as the most important dose volume threshold in order to limit risk of

developing RAIC.

In paper 11, the aim was to investigate the influence of RBE variations on the assessment
of risk of developing temporal lobe necrosis. The patient material included 45 patients
treated with IMPT and who had a follow-up time of 24 months or longer. Image changes
diagnosed radiation necrosis was observed in sixteen temporal lobes. Monte Carlo
simulations were used to calculate RWDv.: based on two previously published RBE
models. The RWDva.: was significantly increased compared to RWDrix. We further
found indications that the risk of developing temporal lobe necrosis could be
underestimated when evaluating dose constraints according to RWDFix. Dose-volume
predictors with near-maximum doses were less influenced by RBE variations than the
maximum dose. The result from this study suggests that including RWDyvs,, as part of
IMPT treatment plan evaluation may provide valuable clinical information in terms of

temporal lobe protection.

In paper III we looked for correlations between regions of radiation necrosis, dose and
dose-averaged LET (LETq). Fifteen patients with RAIC who had been treated with

IMPT were included in the analysis. Accurate dose- and LETq distributions were



calculated using Monte Carlo simulations and extracted voxel-by-voxel from the
patients’ treatment plans using an in-house developed MATLAB-script. Mixed effect
logistic regression methodology were used for analysis. The analysis revealed
substantial interpatient variations, however an overall significant correlation between
increasing LETq and regions with RAIC. Our results suggested that the LETq4 effect
could be of clinical significance for some patients and that LET4 assessment in clinical

treatment plans should therefore be taken into consideration.

Overall, this work has provided increased knowledge on risk factors for development of
radiation effects in the brain after proton therapy. Incidence rates of RAIC in HNC at
the skull base are comparable to other proton series. Our findings suggest that variable
RBE related uncertainties and potential LETq effects are essential to consider in clinical
treatment plan evaluation. Although often considered implicitly in the mind of the
clinician for proton therapy, continued evidence such as the current work may lead to
changes in clinical practice, namely the implementation of computerized calculation and

planning tools based on specifically LETq data along with physical dose.
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Norsk sammendrag

Protonterapi gir reduksjon i normalvevsdoser sammenlignet med stralebehandling med
fotoner, og det er antatt at dette vil resultere i en lavere forekomst av straleinduserte
seinskader. For & kompensere for en ekt biologisk effektivitet av protoner benyttes en
konstant verdi for den relative biologiske effektiviteten (RBE) som er satt til 1.1. Det er
imidlertid kjent at RBE varierer blant annet med lineaer energioverforing (LET), dose
og stralesensitivitetsparameteren o/f. Et stort antall RBE-modeller basert pa disse
variablene har blitt utviklet for bedre & beskrive proton RBE. Klinisk er det manglende
kunnskap om effekten av en variabel proton RBE, men det er sterke in vitro-bevis for

en gkning i RBE som en funksjon av LET.

For kreft lokalisert i skallebasisregion kan strdlebehandling medfore at deler av hjernen
far heye strdledoser. Disse pasientene har derfor en livslang risiko for & utvikle
strdleindusert hjernenekrose. Denne diagnosen stilles som oftest pd grunnlag av MR-
radiologi, typisk ser en kontrastoppladede lesjoner pad T1-vektede sekvenser og okt
intensitet pa T2 sekvenser. I litteraturen er insidensen av disse bildeendringene (RAIC)
godt beskrevet etter intensitetsmodulert stralebehandling (IMRT) for HNC, men det er
begrenset antall studier pa pasienter behandlet med protonterapi. Nylig har det kommet
forskning som indikerer at RAIC forekommer hyppigere etter protonterapi. Det har blitt
stilt en hypotese om at dette er relatert til gkning i RBE pd grunn av forheyet LET i

distale delen av protonstralen.

Malet med dette doktorgradsarbeidet var derfor & utforske risikofaktorer for utvikling
av RAIC hos pasienter behandlet med protonterapi for hode-halskreft lokalisert i
skallebaseregionen. Pasientene i studien hadde blitt behandlet med intensitetsmodulert
protonterapi (IMPT) og/eller passiv teknikk (PSPT) ved MD Anderson Cancer Center
mellom 2010 og 2018. I forste artikkel ble insidens av RAIC undersegkt og dose grenser
for & redusere risiko ble identifisert. Insidens av RAIC var 17% noe som samsvarte godt
med det som har blitt funnet i andre studier etter protonterapi. Flertallet av disse ble
behandlet for nasopharynx eller sinonasal kreft (77%). Det ble funnet lesjoner i

temporallappene, frontallappen og i cerebellum, de fleste i kant eller sd vidt
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overlappende med CTV. Ingen av pasientene hadde symptomer assosiert med
hjernenekrose. Lesjoner var i progresjon hos 18% av pasientene. V7 GyrsE) < 0.2cc til
hjerne be identifisert som den viktigste dose-variabelen for & begrense risikoen for &

utvikle RAIC.

I artikkel II var malet 4 underseke hvordan RBE-variasjoner kan pévirke estimert risiko
for & utvikle straleindusert temporallappsnekrose. Monte Carlo-simuleringer ble brukt
til & beregne variabel RBE-vektede doser (RWDvar) ved hjelp av to publiserte RBE-
modeller. Vi fant at RWDva., var signifikant heyere enn doser kalkulert med RBE = 1.1
(RWDrix). Vi fant videre indikasjoner for at risikoen for & utvikle temporallappsnekrose
kan bli undervurdert hvis dosegrenser vurderes basert pA RWDrix. Maksimal dose til
temporallappen var svert influert av variabel RBE, noe som resulterte i1 store
usikkerheter og ekning i estimert risiko, mens de andre undersekte dosevariablene var
mindre péavirket av variabel RBE. Resultatet fra denne studien viser at & inkludere
RWDvar som en del av IMPT behandlingsplanevaluering kan gi verdifull klinisk

informasjon nar det gjelder beskyttelse av temporallappen.

I artikkel IIT s& vi etter korrelasjoner mellom omrader med stralingsnekrose, dose og
dose-gjennomsnittlig LET (LET4). Femten pasienter diagnostisert med RAIC som
hadde blitt behandlet med IMPT ble inkludert i analysen. Noyaktige dose- og LETq-
fordelinger ble beregnet ved hjelp av Monte Carlo-simuleringer og ekstrahert pa
voxelnivd fra pasientenes behandlingsplaner. En logistisk regresjonsmodell som
estimerer tilfeldige og faste effekter ble brukt i analysen. Analysen avdekket betydelige
interpasient variasjoner, men allikevel en signifikant korrelasjon mellom ekende LETq
og regioner med RAIC. Resultatene vare antydet at LET¢-effekten kan vaere av klinisk
betydning for noen pasienter, og at LET¢-vurdering i kliniske behandlingsplaner derfor

bor tas i betraktning.

Samlet sett har dette arbeidet gitt okt kunnskap om risiko for utvikling av straleeffekter
i hjernen etter protonterapi. Forekomsten av RAIC for hode-hals kreft i
skallebasisregionen er sammenlignbar med det en har sett i andre protonserier. Vare

funn tyder pa at variabel RBE-relaterte usikkerheter og potensielle LET¢-effekter kan
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veere avgjerende og ber inngd som del av klinisk behandlingsplanevaluering. Selv om
dette ofte wvurderes implisitt ved protonterapi, ber av beregnings- og
planleggingsverktoy basert pd spesifikke LET¢-data sammen med fysisk dose

implementeres i klinisk praksis.
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1. General introduction

With nearly 10 million people dying of cancer in 2020, it ranks as one of the leading
causes of premature death worldwide. Globally, approximately 19 million new cancer
cases were reported in 2020, a number which is expected to increase by 47% in 2040
(1). For close to 50% of all patients with cancer, radiotherapy is considered a key
modality for successful treatment, disease control and symptom palliation, either as a

stand-alone treatment or in combination with surgery and chemotherapy (2).

Already shortly after William Conrad Roentgen announced the discovery of x-rays in
1895 (3), they were used for the first time in a single-fraction treatment of a patient with
breast cancer (4). Since then, the field of radiotherapy has evolved tremendously through
several groundbreaking technological innovations, and a continuously growing insight
and understanding of biological response to ionizing irradiation. As radiation side
effects were observed both in patients and staff from the very beginning (5), it soon was
acknowledged that the accompanying healthy tissue irradiation limited utilization of the
full potential of radiotherapy. This motivated research efforts to better understand the
underlying mechanisms of the radiation action. In 1934, Coutard et al. reported long
term cure rates and toxicity outcomes, emphasizing the marginal boundary between
curation of cancer and the induction of harmful side effects and the importance of a
fractionated treatment approach to increase the so-called therapeutic window (6). The
introduction of three dimensional conformal radiotherapy (3DCRT), and not least the
implementation of intensity-modulated radiotherapy (IMRT), have been important
milestones when it comes to reducing normal tissue doses and increasing target volume
dose conformity. Still, the potentially harmful effects of radiation place restrictions on
the dose considered safe in terms of normal tissue complication probability (NTCP),

which in turn can affect the probability of cure.

In the 125-year history of radiation therapy, most of the patients have been treated with
high energy photons, but the last decades there has been a growing belief that a gain in
the therapeutic ratio can be achieved when using proton therapy, also compared to state-

of-art IMRT. Proton beams traverse tissue with minimal dose deposition until the end
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of their range, where energy deposition peaks within a few millimeters. This is known
as the Bragg Peak (7). Dose deposition beyond the Bragg Peak falls off rapidly. Thus,
in contrast to photons, the exit dose from a proton beam will be almost zero.
Furthermore, the input dose is greatly reduced. Overall, the decrease in integral dose of
protons will be approximately 60% (8). This enables a reduction of delivered normal
tissue doses and a potential clinical benefit over photon radiotherapy in terms of a lower
risk of radiation induced side effects. First and foremost, it is widely assumed that this
will be of benefit for children, but also for adults with tumors in proximity to critical

organs at risk (OAR), such as brain tumors, and cancers at the skull-based region (9).

However, proton therapy is accompanied with an inherent uncertainty in the actual
biological dose delivered. It is well recognized that the constant Relative Biological
Effectiveness (RBE) currently applied in clinical proton beams is a simplification of the
reality; rather than being a fixed factor, the RBE varies depending on several physical,
biological and treatment related factors. The biologically effective dose distributions
calculated by the treatment planning system using a fixed RBE value of 1.1 may very
well differ significantly from what is actually delivered to the patients, which in turn to
could result in suboptimal treatments and unforeseen normal tissue complications.
Recent years, retrospective analysis of pediatric and adult patient cohorts have indicated
a clinical effect of variable RBE in normal tissue (10-15). Thus, the uncertainties
stemming from the variable RBE is of concern in clinical proton therapy, and there is a
great demand for more research and publications investigating the impact of variable

RBE on the probability of toxicity incident (16).
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1.1 Proton therapy physics and technology

The potential use of protons in cancer treatment was first outlined in a paper by Robert
R Wilson (17) where both the biological and physical foundation as well as technical
and fundamental aspects of beam delivery were described. Less than 10 years later the
first patient was treated at Lawrence Berkeley University (18). In the following decades
there was a slow increase in patients, as well as an expansion of the disease sites
considered for treatment with proton therapy (19). During the 1990s the first hospital-
based treatment facility started operating (20), and in 2001 commercial proton therapy
systems became available. From here on the number of facilities have rapidly increased,
and by the end of 2020 approximately 250 000 patients have been treated with proton
therapy worldwide (21).

1.1.1 Interaction mechanisms

The most prevalent proton interaction mechanisms are Stopping, Scattering and Nuclear
reactions, of which Stopping is the most important in terms of energy deposition in the
tissue. Stopping involves inelastic collisions between the incoming proton and an
electron, whereupon the electron is either excited or released from the atom (ionization).
In this process the proton loses energy while continuing on its original path (Figure
1.1a). The released electron may carry sufficient energy to cause further ionizations at
some distance from the proton’s trajectory (so-called delta rays). The proton energy loss
per unit path length is called Stopping Power and can be calculated using the Bethe
Bloch formula (22). When the incoming proton interacts with the electromagnetic field
of the nucleus (Scattering), it is deflected laterally from its initial trajectory (Figure
1.1b). More rarely, the proton directly interacts with the nucleus releasing secondary
particles which, like the delta rays, may have high energy and ionizing capacity (Figure

1.1c) (19).
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Recoil nucleus

p ",-ﬂ_\ pr

Figure 1.1: a) Stopping: lonization occur as a result of proton interaction with the
atomic electron. The proton loses a small amount of velocity (i.e kinetic energy), but
continues in a straight line. Secondary electrons (delta rays) are released carrying
energy away from the beam b) Coloumb scattering: proton is deflected from its original
trajectory through elastic interaction with the nuclei, ¢) Nuclear collisions: in-elastic
collition between the proton and the nuclei result in the release of high energetic
nuclear fragments. (Figure from Newhauser et al (19), reused with permission).

1.1.2 Depth dose distribution of protons

When high energy protons enter the patient, the dose are mostly deposited through a

very large number of ionization (and excitation) events where the proton successively

loses a small amount of energy and thus velocity. The probability of such an ionization

event, and the amount of energy lost in the process, is roughly inversely proportional to

the square of the incoming proton’s velocity. When the proton energy is high, the

ionization density is therefore relatively sparse and dose deposition low, however, as the

protons slow down, the probability of interactions with the electrons increases. Thus,

there is a prompt increase in ionization density just as the proton are about to stop; the

majority of dose is hence deposited within millimeters in the so-called Bragg Peak

(Figure 1.2). Behind this depth, the dose deposition is nearly negligible (23).
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Figure 1.2: Depth dose distribution of a mono energetic proton beam showing the
energy loss as protons traverses matter. The majority of energy deposition occurs in
the Bragg Peak when the proton energy is approaching zero. The depth of where this
occur is dependent on the initial proton kinetic energy (Figure: Courtesy of Helge Egil
Seime Pedersen).

1.1.3 The Linear Energy Transfer

The interaction mechanisms causing a particle to lose energy, occur randomly along its
track; the frequency and spatial distribution of these energy deposition events are
decisive for radiation quality and hence the biological effect. Radiation quality is
therefore commonly specified by the term Linear Energy Transfer (LET), which is a
measure used to quantify the energy deposition density of ionizing irradiation (24). It is
defined as the mean energy (dE) transferred to the tissue per unit travelled length (d/)
along the track of an ionizing particle. It has the unit keV/um and is expressed as

dE
LET = = (1.0)

The LET is lowest in the entrance region and reaches its maximum downstream of the

Bragg Peak.

Both the LET spectrum of protons and average values can be accurately calculated using

Monte Carlo codes (e.g Geant4, FLUKA and TOPAS) (25). When calculating the LET,
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one can apply an energy threshold (A), where the energy transported by delta rays
exceeding A are excluded from the calculations. Hence, the LET is termed restricted
and dE will only correspond to mean energy transferred locally, i.e energy deposited
through ionization and excitations in close vicinity of the proton track. When no energy
cutoff is applied and all delta rays are included in the calculation of the LET, the LET is
referred to as unrestricted and is equal to the proton’s linear electronic stopping power

(26).

As previously pointed out, individual protons interact randomly, consequently the
energy transfer per unit path length vary between the protons in a beam. Therefore, in
each point in a clinical proton beam there will be several protons of different LET values
(LET fluence spectrum). Reporting average values of LET rather than the LET spectrum
may be more applicable in clinical research. In principle, two different methods are
applied for LET averaging. The dose average LET (LETq) is the most commonly used
when studying clinical outcomes as it takes into account both the dose and the LET.
When calculating the LETq, dose deposited within each voxel j in position (x,y,z) is used

as a weighting factor. The LET is calculated by:

L @e(xy,z.Ej)SP?(EAE;

LETa(x,y,2) = 5 Gyt pspEias,

(1.1)

Here, ¢r(x,y,z,E)) is the proton energy spectrum with an energy of E;, whereas SP(E))
corresponds to the unrestricted stopping power of the protons with an energy of £; (25).
In the track average LET (LETy), the fluence spectrum of the LET is taken into account,
the LET: is therefore weighted according to the arithmetic mean of the LET fluence
spectrum distribution within a voxel j (25):

Y @E,Y,2,E)SP(E)AE;

LET(x,y,2) = Yjpe(x.y.ZE)AE;

(12)
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The LET and absorbed dose
The absorbed physical dose D is defined as the mean energy dF imparted by ionizing

radiation to matter of mass dm (26):

p= 4 (1.3)

dm

The unit for absorbed dose is Gy where 1 Gy corresponds to 1 Joule of energy absorbed
per kg matter (J/kg) (24). At a point of interest in tissue, the absorbed dose is determined
by the proton fluence (number of proton particles) and their capability to lose energy
(i.e LET). The absorbed dose delivered by protons with a given LET may be found by

calculating the proton fluence with the corresponding unrestricted LET (27).
D =ZLET (1.4)

Here @ corresponds to the proton fluence and p to the tissue density. Thus, the same
dose in a given point could be a result of fewer protons of high LET or more protons of

lower LET.

1.1.4 Proton treatment planning and delivery

Protons are accelerated in cyclotrons or synchrotrons before being transported to the
treatment room and delivered to the patients either using passive scattering proton
therapy (PSPT) or pencil beam scanning (PBS). As protons are emitted from the
accelerators as a narrow and nearly monoenergetic beam (so-called pencil beam), both
range modulation (i.e. energy modulation) and beam shaping are required in order to
achieve clinical applicable 3D-dose distributions. There are distinct technical
differences between PSPT and PBS in how dose distributions are generated and
delivered in order to cover the target volume laterally and in depth (beam spread out
laterally and longitudinally), as well as differences in the flexibility and possibility of
tailoring the dose distribution to the target volume during the treatment planning
process. In principle, range modulation is performed by superposition of several pristine

Bragg Peaks of varying energy and weights, resulting in a depth dose distribution with
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a high-dose region wide enough to cover the target volume (the so-called Spread Out
Bragg Peak) (Figure 1.3). The range modulation is achieved either by varying the beam

energy output from the accelerator or by using energy degraders in the beam (28) .

SOBP

Relative dose
L

L] L] L] I L]

Depth

Figure 1.3: lllustration of the generation of the Spread Out Bragg Peak
(SOBP). Multiple BPs of different energies and weights superimposed to
produce a flat high dose plateau wide enough to cover the target volume
(Figure: Courtesy of Nora May Engeseth).

Passive scattering proton therapy (PSPT)
In PSPT the high-dose plateau in the SOBP is flat and uniform. It is generated using a

rotating modulating wheel or a ridge filter with steps of varying thickness, each
corresponding to a pristine peak in the Spread Out Bragg Peak (SOBP). Additional range
shifters are normally applied in order to shift the SOBP to the desired depth in order to
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cover the target volume from the most distal to the most proximal part. A uniform lateral
spreading of the beam is obtain by introducing scattering foils into the beam path
providing lateral coverage of the target. Aperture blocks (collimators) and range
compensators are used for further lateral and distal shaping of the beam to the target
volume (29). This enables conforming of the dose lateral and distal to the target,
however no conforming of the dose proximal to the target volume is possible (Figure

1.4a).

a) Passive scattering
Scatterer l;llttlgf er?irll’t?: Collimator Compensator

b) Pencil beam scanning
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Range shifter Scanning magnets

1
1 1 -1 D
&

Figure 1.4: Principles of PSPT (a) where physical beam devices are used to shape the
beam to the target volume delivering a uniform dose distribution, and PBS where the
proton beam is steered by magnets placing pristine BP throughout the target volume
(b). (Figure: Courtesy of Jon Espen Dale)
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Pencil Beam Scanning (PBS)

In PBS, magnets are used to steer a number of range modulated pencil beams throughout
the target volume. The target volume is irradiated by iso-energy layers, whereupon each
energy layer is successively scanned in the x and y direction starting at the deepest layer
(i.e. the layer that requires the highest energy). The Bragg Peaks are delivered voxel
wise either in discrete spots (so-called spot scanning) in which the beam is turned off
between each voxel location, or continuously where delivered dose is determined by

either beam intensity or the beam time at each of the voxel locations (Figure 1.4b) (30).

There are primarily two approaches to obtain a uniform dose coverage in PBS where
both of these optimization techniques allow an additional shaping of the beam, and
hence dose sparing, proximal to the target volume compared to PSPT. In single field
optimization (SFO), the spots are optimized so that each field covers the target with a
uniform dose. In Intensity Modulated Proton Therapy (IMPT), an inhomogeneous dose
distributions within each field are allowed and a homogeneous target dose coverage is

obtained through simultaneously optimizing all fields (multifield optimization) (31).
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1.2 Biological effect of irradiation

Ionizing irradiation set in motion a cascade of physical, chemical and biological
reactions in the tissue exposed. The phase of physical and chemical reactions are
finalized within seconds, whereas the biological phase span from seconds to years after
exposure (32). Curative intended radiotherapy is delivered to the patient with the aim of
killing cancer cells and heal the patient, while at the same time sparing surrounding
healthy tissue. If treatment is successful and patient is cured (or become a long-time
survivor), there is still a concern of potential late normal tissue complications induced
by radiotherapy. Both the killing of cancer cells and the induction of side effects are
initially caused by energy deposition events leaving the cellular atoms in ionized or
excited states. In principal these interaction events may harm all molecules in the cell.
However, the DNA is considered the critical radiobiological target as it controls all
cellular activity. Therefore, any damage to the DNA immediately activates a chain of
complex and correlated response pathways, which are decisive of the cell’s faith. Most
commonly a complete DNA repair is achieved, but if damage is irreparable, cell death

or (malignant) DNA transformations will occur (33)

The DNA is damaged either through direct ionizations of the DNA molecule or
indirectly by highly reactive radicals released as a result of radiation interacting with the
surrounding water (34). A variety of different types of base damages and strand breaks
of the DNA are induced by these interactions of which biological implications differs.
The pattern and the consequential severity of the DNA damages are largely driven by
the radiation track structure (i.e. energy deposition distribution). In low-LET irradiation,
base damages and single strand breaks (SSB) occur far more frequent than double strand
breaks (DSB), but have only minor biological impact as they are quickly repaired. In
contrast to SSB, which make use of the opposite DNA strand as template during repair,
DSB are more complex and therefore more difficult to repair. Furthermore, when the
energy deposition events along the proton track are concentrated in space, two or more
closely spaced DNA damages may occur. This is referred to as clustered damages (35).
The amount of clustering and the biological consequence of the DNA damages are

dependent on radiation quality; as LET increases, both the likelihood of clustered
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damages as well as the complexity of the DSB will increase (36). Furthermore, higher
ionization density is believed to increase the release of reactive oxygen species (ROS)

(37).

Following radiation exposure, most cells die when attempting cell division (mitotic
death), however in some cells, apoptotic death is dominant. It is believed that type of
cell deaths affect radiosensitivity and it is considered to be a correlation between
apoptosis and radiosensitivity. Cells in which death mechanisms are dominated by
apoptosis are in general radiosensitive, cells where apoptosis is absent, and are in general

radioresistent (34).

1.2.1 The linear quadratic model for modelling cell survival
The linear quadratic (LQ) model describes the radiobiological effects of cell killing and

sub lethal repair, and is widely used for quantifying and predicting radiation responses
both experimentally and clinically. It describes the relationship between cell survival

and radiation dose, and is expressed by
S = e~aDP-AD? (1.5)

where S is the probability of cell survival after being exposed to a radiation dose D, and
where the radiosensitivity of the cell is described by the two parameters o and . The
model has two components. It is considered that cell death caused by a single particle
track is describe by aD (Gy™') and thus reflects lethal DNA damage whereas the fD?
(Gy™) describe the amount of cell death induced by multiple radiation tracks, and thus
reflects sub lethal DNA damage (38). In a LQ curve for cell survival, the low dose region
are dominated by the linear a term of the equation, whereas the quadratic § term,
dominate the higher dose regions, i.e. in the shouldered part of the curve. The curvature
of the LQ curve is described by the a/f ratio (Gy), which corresponds to the dose where
the linear and quadratic component contribute to equal amount of cell kill (i.e. aD =

BD?) (Figure 1.5a) (39).
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Survival curves for cell lines with a low o/p ratio will have a pronounced curvature,
reflecting increased cell killings per unit dose at higher dose levels. They are considered
to have lower sensitivity to irradiation and display a strong fractionation effect, as sub-
lethal damages are repaired between fractions. For cell populations with high o/ ratio,
the curvature are much less pronounced with nearly constant cell killing across the dose

range (Figure 1.5b). Thus, for high o/p ratio dose fractionation effect is low (39).
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Figure 1.5: a) lllustration of the linear and quadratic term in the LQ model, which
represent cell kill induced by a single and multiple tracks, respectively. The a/B ratio
corresponds to the dose where the two components contribute equal to the amount of
cell kill b) Cell lines with high a/B exhibit an almost straight survival curve indicating
a roughly constant cell killing regardless of dose level, whereas cell survival curves for
low a/B are shouldered showing higher rates of cell killing with increasing dose.
(Figure from McMahon et al. (39) Reused with permission).

Early and late responding tissue

The o/ ratio describes cells and tissues sensitivity to radiation. As a general rule, high
/P ratios are associated with tissues characterized by high proliferative activity such as
most tumour tissues, skin epidermis, hematopoietic tissues, and the epithelium of the
gastrointestinal system. In these biological systems, radiation effects manifest early. In
contrast, tissues with slow turnover such as brain tissue respond late to irradiation and

are typically characterized by low o/ ratio (37).
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There is a distinct difference in pathogenies and clinical expression between early and
late responding tissue. The predominant response to radiation in turnover tissues is a
rapid reduction in the proliferative activity. Normal cell loss rate, however, persists, thus
hypoplasia and ultimately complete loss in functional cells occur. This is commonly
accompanied by vascular and inflammatory responses, which are either induced by the
radiation exposure itself, or secondary to the progressive cell depletion. The acute
effects are usually completely healed through proliferation of the surviving cells or by

migration of stem cells outside the exposed region (40).

Late effects may display in all organs and are latent for months to years before becoming
apparent. They are considered irreparable, and typically progresses over time. It is
recognized that any radiation treatment may carry a lifelong risk of late radiation effects
(41). It is a complex orchestrated response where inactivation of parenchymal cells
(slowly progression of parenchymal hypoplasia), radiation induced fibrosis formation
in the connective tissue compartment, and vascular tissue injuries such as loss in
capillaries and telangiectasia eventually lead to loss in organ function. It is further
believed that the immune system plays an important contributing role (42). As a general
rule, there is no interaction between acute and late effects. The exception is for so-called
consequential late effects (CLE). CLE is defined as late effects, of which the severity
are correlated with the grade or duration of prior acute reactions in the same organ or
tissue (43). Clinical studies have demonstrated this association primarily in organs
where the acute responding tissues function as a barrier against mechanical and chemical
stress; any damages resulting in break down in the protective function will therefore add
to the direct effect of irradiations, thus increasing the risk and severity of the late effect

(43).
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1.3 Predictive modelling of normal tissue effects

1.3.1 Normal tissue complication probability
Normal Tissue Complication Probability (NTCP) models estimate the probability of

radiation-induced complications based on planned dose distributions, some models may
also include variables related to patient (e.g. sex and age), disease (e.g. T-stage), and
treatment (e.g. chemotherapy) as well as baseline data (44). A variety of NTCP models
exist, and most commonly these predict binary outcomes, i.e. the absent or occurrence
of'a complication (45-51), NTCP models can be used, among other things, for biological
treatment plan optimization (52), for comparing the risk of complications between
photon and proton treatment plans in a model based patient selection approach (53-55),
or for identifying patients eligible for randomized trials that compare treatment effects

from photon- and proton therapy (56).

Validation is key aspect of predictive modelling (57). Internal model validation is
applied to avoid overfitting of the data by correcting the model for optimism, either
through bootstrapping or cross validation (58, 59). In external validation,
generalizability of the model is tested by applying the model in a new population and
evaluate whether a model adjustment is required to achieve appropriate performance
(60). Performance is typically assessed in terms of the ability of the model to
discriminate between events and non-events (discrimination), and by evaluate the

agreement between predicted probability and observed outcome (calibration) (59).
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1.3.2 The logistic regression model

Logistic regression is appropriate for modelling binary response and are commonly used
for NTCP modelling. In contrast to linear regression, which estimates absolute response
values, the logistic regression estimates the probability that an event will occur. The
relationship between the outcome, and one or more explanatory or predictor variables is

expressed by the logistic function:

1

- 1+exp~XP) (1.6)
In this function the P is the probability of an event. The Xf stands for Bo +Pix1 +...+Pixk
where the x’s are the model predictor(s) and the f’s the estimated coefficients,
respectively (61). The logistic function restrict the P to range between 0 and 1, whereas

as X has unlimited range as illustrated in Figure 1.6.
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Figure 1.6: The logistic regression curve for model with dose as the only predictor.

The odds is defined as the probability of an event of interest occurs (P) divided by the
probability that the event does not occur (/ — P). The logistic regression function can

be transformed into.

In (1%,) = X (1.7)
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The left side of the formula is the logarithm of the odds and is called the logit (or log-
odds). The relationship between the logit and Xp is assumed to be linear, therefore, for
a model with a single predictor x1, a one unit change in the x; will correspond to a S
change in the logit (62). The same is true for a multivariate model if there is no
interaction between x1 and any of the other predictors, and if all other model predictors
are held constant. The f is the intercept (constant) of the model. If all x’s in a model is

0, then the logit is equal to fo.

1.3.3 Mixed effect logistic regression

In logistic regression all observations in the data set are handled as if they were
independent and at the same hierarchical level. In this model, the estimated predictor
effects are fixed, meaning that they are constant across individuals. However, in many
scenarios data are nested by some characteristic such as for longitudinal data where
measurements are repeated on the same individual several times, or in case of clustered
multilevel data such as observations on patients within a department, departments within
a hospital and hospitals within a region. For these situations it is likely that observations
from the same cluster are correlated. Mixed effect logistic regression is an extension of
logistic regression which incorporates the clustering structure of the data and allows
estimating both the fixed and random effects in the data (63, 64) . In mixed effect model
with only a random intercept, the intercept (i.e. group mean) will vary between the
subjects, however the predictor slope will be similar for all subject. The random
intercept model is illustrated in Figure 1.7a). A model with both random intercepts and
slopes, are illustrated in Figure 1.7b). In addition to varying group means the effect of

the model predictor also varies between the subjects.
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a) Random intercept a) Random intercept and slope
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Figure 1.7: lllustration of a univariate mixed effect model for a) a model with a
random intercept, but a constant slope for dose, b) model with random intercept and
random slope.

1.3.4 Recursive partitioning analysis

The recursive partitioning algorithm works by performing binary splits of the variables
in the data set in order to create a decision tree for either regression or correct
classification of observations. It is a step-by-step analysis which divides the data into
sub-groups of similar observations. The so-called root node is the starting point of the
analysis and consist of the entire data set. The splitting variable is the variable most
associated with the response, and a splitting criterion determines the optimal cutoff point
of the variable. According to this decision, the data are divided into two so-called
daughter nodes, one of which consists of observations with variable values above the
cut-off point, and the other with variable values below and equal to the cut-off point.
The procedure is then repeated independently on each node until a stopping criteria is

met (Figure 1.8) (65).

The goal of each split is to create daughter nodes that are as pure (homogeneous) as
possible. Splitting are performed on all available variables, and by measuring the

resulting impurity (heterogeneity) of all possible splits, the split with the lowest impurity
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are selected. Impurity can be measured by The Gini Index, which calculates the

probability of misclassification of randomly selected variable and is defined as:
Gini index = 1 —Y; p? (1.8)

with p; being the probability of belonging to class i. A full-grown tree is likely to
overfitting the data. This can be avoided through pre-and post-pruning of the tree. Pre-
pruning involves setting various restrictions before running the analysis, such as
constraining the tree-depth or put a minimum number of observations in a node before
splitting is allowed. By post-pruning, nodes will be removed that do not increase

prediction accuracy through e.g. cross-validation.

Decision

Yes
No
Yes
No
No No

Figure 1.8: lllustration of a decision tree. The data is recursively partitioned in order to
create groups of similar observations. The first binary splitting is performed on the root
node, and observations are grouped according to this decision into daughter nodes.
The binary splitting is then performed separately on each daughter-node and repeated
until, ideally, the observations belong to the same class, or until a stopping criteria is
met.
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1.4 The relative biological effectiveness of protons

Currently, dose prescription and normal tissue dose constraints used in proton therapy
relies on extensive clinical experience from radiotherapy with photons. Compared to
photons, protons are considered to be slightly more effective in inducing biological
damage. Quantitatively, the difference in radiobiological efficiency is described by the
concept Relative Biological Effectiveness (RBE). For a given endpoint, and equal

biological effect measured under identical conditions, the RBE is defined as

RBE — Dreference (1.9)

Dproton

where Dreference and Dproton 1S absorbed dose from the reference irradiation, typically
photons (6 MV x-rays or %cobolt y-rays), and protons, respectively (66, 67). To
calculate RBE weighted doses (RWD) the physical dose is multiplied with the RBE.

The RBE of protons is a complex variable known to be influence by several physical,
biological and treatment related factors. However, despite decades of research, we still
fail to fully explain the mechanisms behind the proton RBE. Clinical data are almost
lacking, and there is a limited amount of in-vivo experimental data on proton RBE (68).
Most commonly clonogenic cell survival have been studied for different in-vitro cell
lines with emphasis on assessing potential variations/dependencies in the proton RBE

with LET, dose and o/p (69-71).

1.4.1 Proton RBE variability as a function of LET, dose and a/f3

As previously described in chapter, energy deposition become denser with decreasing
proton energy, leading to clustered and more complex DNA damages, in particular at
the end of the proton range. In-vitro experiments show a consistent trend, where the
increasing LET translates into an increase in RBE as illustrated in Figure 1.9. In a
comprehensive review of previous publications, available experimental data were
summarized and analyzed (70). For example, for 2 Gy dose, an averaged RBE of 1.15
was found for LET values ranging from 1 keV/pm to 3 keV/um. For LET values ranging
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from 6 keV/um to 9 keV/um, the average RBE was 1.35 which increased to 1.72 for
even higher LET (9-12 keV/um). The increase in RBE as a function of LET could extend
biological range with up to 0.4 cm (72).

Proton RBE for 10% cell survival
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Figure 1.9: Linear fit of proton RBE as a function of LET for 10 % cell survival for V79
hamster cell lines. The plot is created based on data published in S@rensen et al. (73)

The RBE dependency on dose is less evidenced. There is a limited number of
experiments assessing the RBE-dose relationship at clinical relevant dose levels, and
existing experimental data have few data points below 2 Gy (74). In general, data
suggest an increase in RBE with decreasing dose, an effect which seems to be more
prominent at high LET. Furthermore, the increase in RBE with decreasing dose is
expected to be more rapid for low o/ (i.e. late responding tissues) compared to high o/p

(i.e. early responding tissues) (70).

Theoretically, an increase of RBE is expected with decreasing o/f (72), and early
experimental data found a significant increase of RBE for a/B, but only for a/p values
below 5 Gy (75). In a later analysis of available published in-vitro cell survival data,

the exact relationship between RBE and a/p could not be demonstrated (70). There were
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however indications for a slight increase in RBE with decreasing o/} for clinical relevant

LET values (< 15 keV/pum).

To summarize, it is generally assumed that the proton RBE will increase with increasing
LET as well as with decreasing dose and o/p. Translated in to a clinical setting one
would expect the highest RBE to occur in late responding tissue (e.g. low o/p) located
in regions with high LET (e.g. at the end of the proton range) and for lower dose (e.g.

outside the target volume).

1.4.2 Modelling proton RBE

The development of models for accurate prediction of the proton RBE has been an area
under active investigation/research for many years. Several variable RBE models have
been developed and these can roughly be categorized into two groups. Mechanistic
models estimate cellular damage (DSB) and to some extent also DNA repair, and relate
these to cell survival (74). Phenomenological RBE models are fitted using in- and
output data from experiments on clonogenic cell survival for various cell lines (76).
Most commonly they are mathematically expressed within the LQ formula using the
physical proton dose (Dp) and the radiosensitivity parameters of the reference irradiation

(0x and Bx), and the proton irradiation (a and ), respectively (69):

X X

RBE (D,,, a,B, (%)x) =5 J ) “ 44D, (%)x L 4apzte— (%) 2.0)

The RBE reaches its maximum (RBEmax) and minimum (RBEmi) for doses towards zero

and infinity, respectively (77) and is expressed as:

RBE 4 = ai 2.1)

RBE,, = = (2.2)
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Rewriting the equation 2.0 as a function of RBEmax and RBEmin gives

RBE (Dp, (%)x , RBEyqs, RBEmin)
=1 & ? Gx 2 2 ax
~ 2p, (E) +4D (E) RBEyqxDp + 4Dy RBE® iy, — B, 2.3)

Equation 2.1 applies to all LQ based phenomenological models, however the models
differ in their definitions of the RBEmin and RBEmax (69, 76). RBEmax is assumed to be
dependent on LET by most of the models. This is also the case for RBEmix, in some

models, whereas others assume no LET dependency for RBEmin.

1.4.3 The RBE in clinical proton therapy

Current clinical practice disregard the above mentioned uncertainties in the RBE and
apply a constant RBE value of 1.1 (RBEFix) (23). Thus, for both tumor and normal
tissues the delivered proton dose is equivalent to a 10% higher photon dose. The use of
a RBEFix is based on experiments conducted in the early era of proton therapy (1960s-
1970s) (23). The value is primarily chosen to ensure tumor control when applying proton
therapy based on experience from photon therapy. It is an average of several RBE values
for multiple in vivo endpoints, measured at the center of the SOBP at 2 Gy(RBE)
fraction doses using Co-60 as reference irradiation (71). The use of a constant RBE of
1.1 is undoubtedly a simplification of reality, thus in line with an increasing knowledge
base, it has regularly been questioned whether this holds in a clinical setting. The
validity of using RBEFix in clinical practice has therefore been evaluated and discussed
on several occasions by the proton therapy community. Both a change in the current
value of 1.1, continued us of constant value that are different for OARs and tumors, as
well as implementation of RBE models have been considered without finding sufficient
evidence that could support a revise of current practice (70, 71, 74, 78). This is based,

among other things, on major uncertainties in the experimental data material as well as



39

the lack of in-vivo data and limited amount of clinical outcome data confirming the

effect of variable RBE.

Despite the current use of an RBE of 1.1, the variability of RBE is widely acknowledge
and taken into considerations in clinical routine. In a recent published survey amongst
25 European proton therapy facilities, all centers had introduced precautionary measures
to counteract uncertainties from variable RBE. Most commonly the so-called LET effect
were considered, and beam arrangements were selected to avoid or reduce number of

beams stopping in front or inside critical structures (16).
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1.5 Proton therapy for head and neck at the skull base
region.

Cancers at the skull base region are in close proximity to numerous critical and dose
limiting organs at risk (OAR). For curative intent, doses from 66-74 Gy are prescribed
in the definitive setting, and from 50-66 Gy in the post-operative setting (79), thus poses
challenges in the trade-off between delivering adequate tumor dose and the risk of
developing late complications. Considering the favorable dose distribution that can be
achieved with proton therapy (Figure 1.10), it is therefore believed that a large
proportion of these patients will benefit from proton therapy in terms of a reduction in
normal tissue toxicity (80). However, this belief lacks supporting evidence from
randomized controlled clinical trials; existing data on the potential benefit of proton
therapy stems mostly from dosimetric comparisons (80-84), and retrospective or
prospective outcome studies from single institutions reporting promising disease

control, and moderate rates and severity of acute and late toxicity (82, 85-89).

Recently, Lee et al. (90) published a systematic review of proton therapy for
nasopharyngeal cancers. After reviewing available literature, nine studies met the
inclusion criteria of which eight were NPC only and one consisted of both NPC and
sinonasal cancers. All studies were retrospective and four of them included comparisons
with IMRT. Overall, disease outcomes were comparable to IMRT. Both acute and late
effects seemed to be improved with proton therapy, however were only statistically

significant for grade 2 mucositis and feeding tube rates.

Previously a systematic review and meta-analysis (41 publications) by Patel et al.
compared particle therapy (mainly proton and carbon ions) to IMRT for sinonasal
cancers. The authors reported overall improved disease outcome after particle therapy,
and in a subgroup analysis comparing proton therapy to IMRT, an increased 5 year
overall survival, and better locoregional tumor control (91). The toxicity outcomes were
similar between particle therapy and IMRT with the exception of significantly higher
neurological toxic effects after particle therapy. However, the authors highlighted a
potential reporting bias, as a significantly higher proportion of the particle therapy
studies included reports on toxicity compared to the IMRT studies.



41

Thus, the superiority of proton therapy over photon therapy for HNC at the skull is
weakly evidenced. Currently, HNC and skull base tumors are treated at 88% and 92%
of the European proton therapy centers (n = 19), respectively (92).

Figure 1.10: Visualization of dose distributions for state-of-art photon (a) and proton
(b) therapy in a patient with nasopharyngeal cancer. Target dose conformity are
approximately similar, however with better sparing of normal tissue for the proton
treatment plan (courtesy of Camilla Grindeland Boer).

1.5.1 The risk of radiation induced brain necrosis

Brain necrosis is one of several potential late effects that is paid attention to during
treatment planning of HNC at the skull base region. The first report of radiation induced
brain necrosis dates back to the 1930s where the complication was thoroughly describe
in a paper by Fischer and Holfelder (93). Although numerous case reports (94),
experiments and pathological examinations have since contributed to a better
understanding of the mechanisms behind radiation necrosis, the pathogenesis is still not

fully explained (95). There is, however, a general understanding that it develops as a
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result of radiation damages to the glial cells and the vascular endothelial cells. These
damages trigger a series of multiple chemical and biochemical reactions, which
ultimately result in a disruption of the blood-brain-barrier (BBB). Consequently,
cerebral edema and micro bleeds, ischemia and small vessel occlusion may occur.
Important contributing mechanisms include the up-regulation of vascular endothelial
growth factor (VEGF) and angiogenesis, the demyelination of nerve fibers and
inflammation induced by the release of reactive oxygen species (ROS) (94, 96). It is
believed that these processes interact and lead to an increased overall effect (97). The
histopathological findings include tissue necrosis and telangiectasia, microvascular

dilatation, thickening and hyalinization of the vessel walls (98, 99).

Diagnosis

The diagnostic gold standard for radiation necrosis is based on pathological examination
of the resected lesion. As being an invasive procedure this entails obvious drawbacks,
non-invasive radiological procedures are therefore a commonly used alternative.
Contrast enhancement and ring enhancing lesions on T1-weighted (T 1) sequences and
edema visualized on T2-weighted (T2v) sequences are specific structural changes which
can be observed on Magnetic Resonance Imaging (1.11) (95). These image features are
however similar to tumor recurrence and supporting functional imaging like diffusion
and perfusion imaging, MR spectroscopy and PET/SPECT are recommended guide in
distinguishing between the two (100).
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Figure 1.11: Manifestations of radiation necrosis on post contrast T1 weighted MRI
sequences on the top row and T2 weighted sequences on the bottom row: a) bilateral
contrast enhanced solid nodules, b) contrast enhanced nodule with central necrotic
region, c) cyst with low signal intensity including slight rim enhancement, d) small white
matter lesion, e) medium sized white matter lesion and f) white matter lesions (white
arrows) and cysts (black arrows). Images from Wang et al. (101) (reused with
permission).

Clinical symptoms and treatment

Clinically, radiation associated brain necrosis show a highly variable course of which
the severity is believed to be mostly dependent on radiation dose and volume of brain
irradiated. Some patients present with asymptomatic lesions solely expressed as
radiological features on post-treatment surveillance images, whereas progressive
necrotic lesions with pronounced symptoms on intracranial pressure, cognitive decline
and focal deficits, represent one of the most severe radiation induced injury. Both the
size and location of the necrotic region are decisive of the symptomatology (99). Brain
necrosis are preferably graded using a standardized scoring system like the Common
Criteria for Adverse Events (CTCAE) developed by the National Cancer Institute (102)
(Table 1.1).



44

Table 1.1: Clinical grading of cerebral necrosis according to the Common Criteria for
Adverse Events (CTCAE v4.03).

Grade
Grade 1 Grade 2 Grade 3 Grade 4 5
Asymptomatic; Moderate Severe Life-threatening Death
clinical or symptoms; symptoms; consequences;
diagnostic corticosteroids  medical urgent
observations only; indicated intervention intervention
intervention not indicated indicated
indicated

For small asymptomatic lesions, a wait and see strategy supported by more frequent
imaging surveillance is recommended (103). Conventional treatment interventions for
symptomatic and/or progressive lesions include treatment with corticosteroids,
anticoagulants, hyperbaric oxygen and resection/surgery. Novel treatments include
Bevacizumab, free radical scavengers, gangliosides and nerve growth factor of which

Bevacizumab is considered to have the best supported evidence (104).

Dosimetric risk factors and recommended dose constraints

The main risk factor for the development for radiation necrosis are radiation dose,
irradiated volume and fraction size (105). The majority of published dose constraints
emphasizes the importance of focal high doses, although some authors also have pointed
out a potential volume effect. Estimated dose constraints (i.e. Dx indices) are typically
< 2cc, whereas volume thresholds (Vx indices) range from Vaogy to V7ogy. The exact
dose response relationship is however unclear; for the same dosimetric indices the
suggested thresholds for toxicity may vary by up to several Gy’s or cc’s (106-119). The
international radiotherapy community has reached a consensus based on review of
existing literature, and provided recommendations and guidelines on dose constraints
for the brain (105, 120, 121). The Quantitative Analysis of Normal Tissue Effects in the
Clinic (QUANTEC) (122-124) updated in 2010 the guidelines on normal tissue dose-
and volume thresholds for toxicity initially published in 1991 by the Emami et al (125).
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Radiation dose constraints for the brain (and substructures of the brain) in neuro
oncology was published by The European Particle Network (EPTN) in 2018 (120).
Most recently, the International Guideline on Dose Prioritization and Acceptance
Criteria in Radiation Therapy Planning was published for Nasopharyngeal Carcinoma

(121). The recommendations are listed in Table 1.2.

Table 1.2: International consensus guidelines for dose criteria to the brain and
temporal lobes to minimize risk of developing radiation necrosis.

Reference Dose constraints

Quantitative Analysis of Normal Tissue Effects <
in the Clinic (QUANTEC)* Dha < 72.0 Gy
The European Particle Therapy Network

<
consensus (EPTN)* Veoo <3.0 cc

. o N Vie50<0.03 cc
International Guideline on Dose Prioritization 650

and Acceptance Criteria in Radiation Therapy

anning 1or INasopharyngea arcinoma V7o < 0.03 co***

* Brain, ** Temporal lobe, *** T3-T4 tumors

Clarification of concepts

In the literature there is no consistency in the definition of brain necrosis and the term
is used for a spectrum of outcome measures. The most conservative definition accept
only biopsy-proven necrosis, more often necrosis are defined as symptomatic image
changes, in other cases the definition is solely based on characteristic MRI features and

may include both symptomatic and asymptomatic image changes.

When reporting incidence rates the latter is the most common. Most commonly reported
incidence rates of brain necrosis are radiographically diagnosed, and often include both

symptomatic and asymptomatic lesions. The labels used to describe the effect are used
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interchangeably and include image change, necrosis, contrast enhanced lesions, injury,
reactions, toxicity and damage. In this PhD work we have used the terms image change,
more specifically radiation associated image change (RAIC) and temporal lobe image

change (TLIC), in addition to necrosis.
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2. Aims of the project

The overall goal of this thesis was to explore radiation induced brain necrosis in patients
treated with proton therapy for cancers in the upper head and neck and skull base region.
This comprised of identification of proton specific prognostic factors and dose
constraints, predictive modelling and analysis in terms of RBE wvariations, and
investigating spatial dose- and LET correlations with MRI changes associated with brain

necrosis. The specific aims were:
Paper I:

e Characterize the incidence and patterns of RAIC after PT for skull base HNCs
o Identify candidate clinical and dose—volume parameters associated with RAIC

e Propose practical dose constraints to minimize the risk of RAIC

Paper 11

e To investigate the effect of RBE variations on NTCP estimates of temporal lobe
necrosis in skull base HNC previously treated with IMPT

e To evaluate and compare the applicability of previously proposed dose
constraints for limiting risk of temporal lobed necrosis according to fixed and

variable RBE weighted doses.

Paper 111

e To explore dose and LET correlations with RAIC in patients treated with IMPT
for HNC and skull base cancer.
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3. Material and Methods

3.1 Patient material
The patients in the present PhD project were participants in two Institutional Review

Board-approved and ongoing prospective observational studies at the University of
Texas MD Anderson Cancer Center, Houston, Texas, USA; “Data collection to assess
acute and late normal tissue sequel in proton therapy for adults” and “Prospective Data
Collection of Patients Treated With Proton Therapy for Head and Neck Malignancies”.
These studies aim to evaluate outcomes and treatment related side effects after proton
therapy, to investigate correlation of normal tissue response to proton dose distribution
and to derive and refine dose-response relationships for normal tissue toxicity after
proton therapy. A variety of diagnosis and disease sites are included in these studies,
therefore, to form a database of eligible patients for the current PhD project, the patient

had to meet the following criteria to be included:

e Patients with HNC and anatomic disease location at the base of skull
e A maximum dose (Dmax) to the brain (i.e. point dose) of at least 40 Gy(RBE1.1)
e One or more post-treatment MRIs acquired = 6 months after completion of proton therapy

Patients with prior radiotherapy to the skull base region and/or photon based treatment
as part of therapy were excluded. A semi-automatic approach where used to identify
eligible patients. Three hundred and seven patients were selected after the initial review
of the study database based on anatomic disease site. For these patients, the radiology
reports from the Radiology Information System (RIS) where filtered for “MRI” and
further screened using the key words/terms “necrosis”, “radionecrosis”, “brain necrosis”
and “nodule”. From the treatment planning system, the patients’ brain dose distributions
were manually reviewed by the candidate to exclude those patients not meeting the brain
dose criteria, whereas the medical records (Epic Systems Corporation, Verona, WI)
were used to identify and exclude patients with prior radiotherapy and to look for reports
on clinical symptoms on radiation necrosis. After this procedure, a total of 127 patients

were identified. The disease sites included mainly nasopharyngeal cancers, cancers in

the paranasal sinuses and sinonasal cancers, periorbital cancers, parotid cancers and skin
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cancers, but also some skull base tumors including chordoma and chondrosarcoma

(Figure 3.1).

Disease site

EBase Of Skull

W Inferior turbinate

M nasopharynx

@ raraganglioma

OParotid

W Periorbital

[JSchwannoma - vagus nerve
M sinonasal

Eskin

W Unknown primary

Figure 3.1: Disease sites for 127 patients.

Twenty two of these patients were diagnosed with radiation associated brain necrosis in
the MR reports, however for all 127 patients the MRIs and reports where reviewed for
RAIC a second time by the candidate in order to identify potential patients with RAIC
not captured by the automatic query procedure. The MRIs with reports diagnosing
radiation necrosis where finally reviewed by two board- certified radiation oncologist in

order to confirm the diagnosis (GBG and SJF).

Figure 3.2 gives and overview of the patient inclusion process and the study cohort in
each of the individual studies. In paper I, the study cohort consisted of all 127 patients.
The study cohort in paper II consisted of 45 of patients treated with IMPT. These were
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patients with available variable RBE weighted doses from Monte Carlo simulations and

at least 24 months of follow-up time. Paper III consisted of 15 patients with verified

RAIC after treatment with IMPT. Sixteen patients where initially diagnosed with RAIC

after treatment with IMPT, however, technical issues hindered extraction of the Monte

Carlo doses at voxel level for one patient whom was excluded from the analysis.

Anatomic disease location
at the base of skull
(n=307)

Excluded (n=180)

¢ NoMRI= 6 months (n=78)

¢ Prior treatment with photons (n = 66)
s  Brain Dypa- < 40 Gy(RBE) (n = 36)

Included in PhD project
database

Paper I (n=127)
All patients

« 85IMPT
* I5PSPT
* 27 PSPTIMPT

Paper II (n = 45)

+ Patients treated with
IMPT alone

e Available RBE
weighted doses

® At least 24 months
follow-up time

Paper III (n = 15)

Patients treated with
IMPT who had RAIC.
One patient excluded due
to missing MC data

Figure 3.2: Overview over the patient material included in the project data base and
the study cohort in each individual study.
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3.1.1 Loss to follow-up

In the current project follow-up time was defined as time from the last day of proton
therapy to last available follow-up MRI, regardless of any medical consultations the
patients might have had after this date. The follow-up MRIs took place regularly at every
3 to 4 months the first and second year, every 6 months until 5 years, and annually
thereafter. For the patients diagnosed with RAIC, a median of 6 (min-max: 1-18) follow-
up MRIs were available. For the total cohort (n=127) a median of 5 (min-max: 1-18)
follow-up MRIs were available. Ten of the patients had died of which two were
diagnosed with RAIC. For eight of the patients still alive, it was more than 24 months
since the last MRI, four of these had been followed with imaging for 24 months or
longer. For 18 of the patients still alive it was 12 months since the last MRI, this was

also the case for six of the patients with RAIC.

3.2 The fast dose calculator

For study II and III a recalculation of the patients’ treatment plans was required in order
to obtain the LET distributions, Monte Carlo dose distributions (RBE = 1.1) and variable
RBE weighted dose distributions. The Digital Imaging and Communications in
Medicine (DICOM) files including the treatment planning CT, the treatment plans, the
structure sets and the treatment planning dose distribution were exported by the
candidate from the treatment planning system and imported in to an in-house developed
Monte Carlo system, the fast dose calculator (FDC) (126-129). The FDC uses a database
of pre-computed proton trajectories discretized in < 1 mm in water in order to calculate
the dose distribution in other materials by scaling methods. The FDC algorithm
calculates the dose and unrestricted dose averaged LET (LETq) based on the patient’s
treatment plan and the assigned planning CT. The LETq includes primary and
secondary protons and is computed using a step-by-step approach previously
described by Cortes-Giraldo and Carabe (method 3) (130), and where LETq is calculated
from pre-generated tables of stopping power obtained from GEANT4 (131).
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3.2.1 RBE models

In paper II, two phenomenological models were used predict RBE and estimate variable

RBE weighted doses (RWDyar), both taking LETq4, dose and a/f as input parameters.

The RBE model from McNamara et al. (RBEmen) (132) is based on the experimental
data for numerous cell lines extracted from 76 studies and previously summarized and
reviewed in Paganetti et al (70). The data set consisted of 285 data points with a range
of LET values < 20 keV/um and o/p < 30 Gy. The RBE model from Wedenberg et al
(RBEwed) (133) are based on experimental data from 10 different cell lines. The data set
consisted of 24 data points with LET values ranging from 6 to 30 keV/um and with o/p
ranging from 2.7-69.5 Gy. The equation 2.1 were used to predict the RBE using a
previously published o/f value for brain necrosis of 2.0 Gy (134). The model

assumptions and parameter values are displayed in Table 3.1.

Table 3.1: Assumptions for RBEmin and RBEnax including corresponding parameter
estimates from the original publications on the RBE models from Wedenberg et al.
(RBEweq) and McNamara et al.(RBEwcn).

Model assumptions Parameter values
Modell RBEI’TIEH RBEm'm PD Pl P2 P3
LET,
RBEicn Po"’lhm p2 +p3+/(a/B)LET; 0.99064 0.35605 1.1012 -0.0039
X
LET,

RBEwes PoTP1 (—“/B)x 1.0 1.0 0.434
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3.3 Data analysis and statistical methods

The statistical analysis were performed in the software R (R Foundation for Statistical
computing, version 3.6 and 4.01) (135) and in IBM SPSS statistics for Windows,
Version 24 and 26 (IBM Corp., Armonk, NY, USA).

In all papers, data were summarized using descriptive statistics. Measures of central
tendency were presented using mean and median values, whereas measures of
variability were reported as standard deviations (SD), interquartile ranges (IQR) and
minimum to maximum values (range). Boxplots were used for graphical presentation of

descriptive statistics.

Non-parametric test for group comparison included Mann-Whitney-U test for
continuous variables and Chi-Square Test/Fishers Exact test for categorical variables

(paper I and II).

For comparisons between three related groups, Friedman's Two-way Analysis of
Variance by Ranks were applied including pairwise comparisons using Wilcoxon

signed-rank test and Bonferroni corrections to adjust the p-values (paper II).

In all statistical tests p < 0.05 were considered statistical significant.
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3.3.1 Paper |
The study cohort consisted of 127 patients. The Kaplan-Meier method were applied to

estimate RAIC-free survival (136). Commonly, a proportion of asymptomatic RAIC
will resolve spontaneously. In order to estimate the probability of RAIC over time, when
also accounting for transient events of RAIC, multistate analyses was applied (137). For
the current analysis the event of interest was RAIC, and data were censored if patients
were alive and RAIC free at last available follow-up MRI. Univariate and multivariate
Cox Proportional Hazards regression analysis were used to investigate the effect of

candidate variables on RAIC.

Recursive Partitioning Analysis (RPA) (chapter 1.3.4) was used to identify volume-dose
(Vp) indices predictive of RAIC (65). The Gini index was used as splitting criteria, and
with number of observations in the terminal node constrained to 10% of the dataset and

a maximum depth of the tree set to 1.

3.3.2 Paperll

Paper II investigated the influence of RBE variations on estimated risk of developing
temporal lobe necrosis. The study cohort consisted of 45 patients. After excluding the
contralateral lobes from patients with unilateral treatments, 75 temporal lobes were
included in the analysis. The endpoint was temporal lobed image changes (TLIC)

defined as necrosis, which was present in 16 out of 75 temporal lobes.

The fixed (RWDrix) and variable RBE weighted (RWDyvar) temporal lobe doses were
calculated using RBE = 1.1 (RBEFix), RBEmcn and RBEweq, and the difference in several
dose indices between RWDrix and RWDvar were compared (Table 3.2). For the dose
volume indices the predicted RBE was estimated by dividing the RWDvar with RWDFix.
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Table 3.2: Investigated dose indices, Dvoume (cc) iS the dose delivered to x volume of
the temporal lobes, Vpose (cyrae) IS the volume of temporal lobes receiving x dose.

DVolume (cc) VDose (Gy[RBE))
Dmax V4O
Dio Vs
D2o Vso
Dso Vss
D4o Vo
Ds.o Vs
Dmean V70

In clinical treatment plan evaluation, dose constraints and objectives are applied in order
to limit risk of developing temporal lobe necrosis. Suggested dose constraints from the
literature (Table 3.3) were evaluated according to RWDFix and RWDyv,, by calculating
the proportion of TLIC in temporal lobes meeting the different dose constraints. These
were considered as low-risk temporal lobes of which the proportion of TLIC should not

exceed 5%.

Furthermore, in order to investigate the influence of variable RBE on the estimated
probability of temporal lobe necrosis, univariate logistic regression NTCP models were
fitted using selected dosimetric predictor variables from Table 3.3. The reference NTCP
models were fitted based on RWDFrix, whereupon the NTCP were calculated using both
RWDrix and RWDvar. The calculated difference in NTCP (ANTCP) between RWDFix

and RWDv.r was compared.
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Table 3.3:Dose constrains for temporal lobe necrosis

Dose constraints Reference

Quantitative Analysis of Normal Tissue Effects in the Clinic

Dmax < 72.0 Gy*
(105)
Do.sce < 65.05 Gy Wen et al. (115)
Di.0cc<62.4 Gy Kong et al. (109)
D2.0cc < 60.3 Gy Feng et al. (106)
V00 <3.0 cc* The European Particle Therapy Network consensus (120)

Ves0<0.03 cc International Guideline on Dose Prioritization and Acceptance

v 0.03 cct* Criteria in Radiation Therapy Planning for Nasopharyngeal
70.0 = 0.03 cc
Carcinoma (121)

3.3.3 Paperlll

The specific aim of paper 111 was to investigate voxel-wise dose- and LETq correlations
with RAIC after IMPT. The patient material consisted of 15 patients with RAIC. Monte
Carlo simulations were performed using the Fast Dose Calculator (FDC). The DICOM
files with the treatment plan, as well as the Monte Carlo calculated dose-and LETq
distributions were imported into an in-house developed MATLAB script. The script
allows assigning binary values to user defined structures (i.e. 0 of 1), and for extraction
of dose- and LETq at voxel level. The result were exported as CSV files where each

row represented one single voxel.

The contrast enhanced lesions observed on the first follow-up MRI where used as
endpoint, therefore voxels within and at the border of the contoured lesions were
considered as an event and assign the value 1. Voxels outside the lesions were
considered non-events and assign the value 0. Since data were nested, univariate and

multivariate mixed effect logistic regression were used to investigate associations
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between LETq4, dose and RAIC. The independent variables (dose and LETq4) were
normalized (center and scaled) before analysis. During modelling a few assumptions
were made. We expected that the difference in number of voxels (both inside and outside
RAIC) between the patients would affect the baseline levels and hence the average
effects. We further assumed that both the effect of dose and LETq varied between the
patients. The random effects were therefore estimated for both the intercept, dose and
the LETq4, assuming uncorrelated random effects. After multivariate modelling with
LETq and dose as predictors, we included an interaction term and repeated the analysis.
The reason for this was that we hypothesized that the dose required to induce image

change would be reduced if LETq increased.

Internal model validation including estimating of 95% confidence intervals were
performed using cluster bootstrapping with resampling of patients, rather than
resampling of individual observations. Modelling were performed on two different data
set, where voxels with physical doses below 15 Gy and 40 Gy were excluded,

respectively.

3.4 Ethics

All patients had received information and signed written informed consent for data
collection and analysis before enrollment in two Institutional Review Board approved
prospective studies at MD Anderson Cancer Center, Houston, Texas, USA,
Clinicaltrials.gov identifier: NCT 00991094 and Clinicaltrials.gov identifier: NCT
01627093, respectively.

The specific PhD project was approved by The National Committee for Medical and
Health Research Ethics in Norway (2020/105).
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4. Summary of results

4.1 Paper |

In paper I (138) we reported the incidence and patterns of RAIC in patients treated with
proton therapy for HNC at the skull base region. We further identified dosimetric factors
associated with RAIC. The median follow-up time was 29 months (6-97). Twenty-two
(17.3%) out of 127 patients developed RAIC in median 24 months (9-37) after
completion of PT. The Kaplan Meier estimates of the RAIC-free survival were 86%.

72% and 70% at two, three and five years, respectively.

The majority of RAIC developed in patients with nasopharyngeal or sinonasal cancers
(77.3%), in patients treated for T4 tumors or unresectable disease (68.2%) or in patients
with intracranial disease extent (63.6%) (Table 4.1). The lesions were found in the
temporal lobes (14), frontal lobe (6) and cerebellum (2) (Figure 4.1), and were located
inside the CTV in two cases, outside in seven cases and overlapping with the CTV in 13

cases.

All lesions were asymptomatic, however, three patients received treatment due to
progression of the lesions on follow-up MRIs. Therefore, the RAIC were graded as
Grade 1 brain necrosis in 19 of the patients and Grade 3 in three of the patients,
respectively. In the last available MRIs, we found that the lesions had resolved in six
patients, therefore the estimated probability of RAIC at two, three and five years where
14.3%, 25.4% and 23.1%!, respectively.

In the univariate Cox Regression analysis only dosimetric variables were significantly
associated with the development of RAIC (Table 4.2). In order to limit risk, we

suggested that Vs7gyrsE) to the brain should be restricted to 0.2cc.

! This was reported as 8.7%, 14.3% and 12.7% in paper I. The error occurred during analysis, when the censored

observations were wrongly coded.
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Table 4.1: Patient characteristics for the entire cohort and by RAIC group.

All patients (n = 127) No RAIC (n = 105) RAIC (n =22)

Characteristic

n % n % n % ]
Sex 0.98
Male 67 52.8 57 54.3 10 45.5
Female 60 47.2 48 45.7 12 54.3
Age 0.69
Median (Q1-Q3) 51 (39-64) 50 (37-63) 54 (41-61)
Anatomic Site 0.16
Base of Skull, NOS 7 6.3 6 5.7 1 4.5
Nasopharynx 35 26.8 27 25.7 8 36.4
Sinonasal 29 22.8 20 19.0 9 40.9
Parotid 14 11 14 133 - -
Orbital 23 18.1 21 20.0 2 9.1
Skin 10 7.9 9 8.6 1 4.5
Other 9 7.1 8 7.6 1 4.5
T-category 0.77
T1-T2 28 22 24 229 4 18.2
T3-T4 53 41.7 41 39 12 54.5
Recurrent 29 22.8 25 23.8 4 18.2
Tx 5 39 5 48 - -
No stage 12 9.4 10 9.5 2 9.1
Surgery 0.23
No 49 38.6 38 36.2 11 50
Yes 78 61.4 67 63.8 11 50
::Tlilrﬁ::hnerapy 0.76
No 106 835 86 81.9 20 90.9
Yes 21 16.5 19 18.1 2 9.1
Concurrent
chemotherapy 0.04
No 54 42.5 49 46.7 5 22.7
Yes 73 57.5 56 53.3 17 77.3
PT technique 0.72
IMPT 85 69.9 69 65.7 16 727
PSPT 15 11.8 12 11.4 3 13.6
IMPT/PSPT 27 213 24 229 3 13.6
Prescribed dose
Median (Q1-Q3) 64.0 (60.1-69.7) 64.0 (60.1-68.3) 69.3 (63.1-70.0) 0.04
Brain Dmax < 60 Gy(RBE) 0.01
No 95 74.8 74 70.5 21 96.9
Yes 32 25.2 31 29.5 1 31
Brain Dmax > 70 Gy(RBE) <0.01
No 89 70.1 81 77.1 8 36.4
Yes 38 29.9 24 229 14 63.6

Q1: 25 percentile, Q3: 75 percentile. Base of Skull: Adenoid cystic carcinoma, adenocarcinoma, neuro-endocrine
carcinoma, chondrosarcoma, ameloblastoma, osteosarcoma. Other: vagus nerve schwannoma, paraganglioma,

melanoma inferior turbinate, unknown primary site. IMPT: Intensity Modulated Proton Therapy, PSPT: Passive Scattering

Proton Therapy
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Figure 4.1: Proportion of RAIC in different brain regions according to disease site.
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Table 4.2: Results from the uni-and multivariate cox regression analysis.

Univariate analysis

Multivariate analysis

HR (95% Cl) p HR (95% Cl) p

Age 1.02 (0.99-1.04) >0.1

Anatomical site* 2.52 (0.99-6.45) 0.054 1.23 (0.41-4.05) >0.1
T3-T4** 1.83 (0.79-4.25) >0.1 0.44(0.12-1.66) >0.1
Surgery 0.56 (0.24-1.30) >0.1 2.46 (0.41-4.05) >0.1
Induction chemotherapy 0.67 (0.20-2.28) >0.1

Concurrent chemotherapy 2.22(0.82-6.03) >0.1 1.99 (0.42-9.33) >0.1
PT technique*** 1.06 (0.41-2.72) >0.1

Prescribed dose 1.11(1.01-1.23) 0.035 1.03 (0.88-1.20) >0.1
Drmax 1.15 (1.07-1.24) <0.01 1.06 (0.92-1.21) >0.1
Dlcc 1.11 (1.05-1.18) <0.01

D2cc 1.10 (1.04-1.16) <0.01

D3cc 1.08 (1.03-1.13) <0.01

D4cc 1.07 (1.02-1.12) <0.01

D5¢c 1.07 (1.02-1.12) <0.01

Vao Gy(ree) 1.01 (0.998-1.02) 0.061 0.99 (0.98-1.01) >0.1
V50 Gy(ReE) 1.01 (0.996-1.03) 0.080

V0 Gy(ReE) 1.01 (0.985-1.04) >0.1

V70 6y(rBE) 1.18 (1.03-1.34) <0.01 1.06 (0.87-1.29) >0.1
V7 6y(ree) 2 0.2 CC 7.72 (2.84-21.0) <0.01 7.41 (1.48-38.76) 0.02

* Nasopharyngeal carcinoma/sinonasal vs other, **T3/T4 vs other. *** IMPT vs other, HR: Hazard Ratio
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4.2 Paper

In paper II (139) we studied the impact of variable RBE on temporal lobe dose
distributions. We further investigated how uncertainty associated with variable RBE can
affect the assessment of risk of developing temporal lobe necrosis (i.e. temporal lobe
image change). The variable RBE weighted doses (RWDvar) were significantly higher
(p < 0.05) than doses calculated using RBE = 1.1 (RWDEkix), thus the RBE in general
exceeded 1.1 for the temporal lobes. Overall, the estimated RBE ranged from 1.20 to
1.25 depending on dose indices, but with lower RBE in temporal lobes with image
changes (TLIC) compared to those without TLIC (Table 4.3) (The RBE values were not

included in the publication).

Violation of the different dose constraints occurred in 21% to 43% of the temporal lobes
for RWDFkix, and in 33% to 66% for RWDv.: (numbers not included in the publication).
In low-risk temporal lobes, defined as temporal lobes meeting the individual dose
constraints, observed proportion of image changes ranged 4.0% and 13.1% for RWDFix
and between 1.3% and 5.3% for RWDvar. For Vesgyrpg) < 0.03cc the proportion was less
than 5% for both RWDFix and RWDv.: (Figure 4.2).

All NTCP models had good predictive performance (Table 4.4). Variable RBE resulted
in an increase in estimated NTCP of temporal lobe necrosis that varied greatly in
magnitude depending on dosimetric predictor used in the model. The median ANTCP
was less than 10% for all models, with the exception of the model with Dmax as predictor,
where the median ANTCP was approximately 20%. Largest interpatient variations in

ANTCP was seen with Dmax and Vescy®rsg) as model predictors (Figure 4.4).
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Table 4.3: The median (range) estimated RBE values for relevant dose indices
displayed according to temporal lobes with (TLIC) and without image changes (no
TLIC), respectively. RBEuc.n and RBEwed refers to the RBE models from McNamara et
al and Wedenberg et al which were used to calculate the RWD.,... For each of the dose

indices, the RBE is estimated by RWD.,a/RWDFi.

no TLIC

TLIC

RBEwmeN

RBEwed

RBEMN

RBEwed
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Figure 4.2: Observed rates of image change in so-called low risk temporal lobes
defined as temporal lobes meeting the dose constraints.
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Table 4.4: Odds ratio (OR) and performance statistics for the NTCP models

Estimates Performance

Predictor OR (95% CI) pvalue AUC Intercept Slope R? Brier
Doscc 1.14 (0.06-1.23) <0.01 0.838  0.039 0.997 035 0.14
DwMax 1.19(1.07-1.33) <0.01 0.833  0.042 0994 035 0.14
Di.oce 1.12 (1.05-1.20) <0.01 0.829  0.040 1.000 0.34 0.14
D2.0ce 1.10 (1.05-1.16) <0.01 0.826  0.040 1.003 033 0.14
V60GyrRBE 1.27 (1.03-1.59) <0.05  0.813 0.001 0983 0.11 0.16
V6sGyrBE 1.52 (1.08-2.15) <0.05 0.785 0.223 1.118 0.13 0.16
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Comparison of risk estimates for fixed and variable RBE weighted doses
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Figure 4.3: Estimated probability of temporal lobed necrosis using RWDkix and
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4.3 Paper lll

In paper 111 (140) we explored the spatial dose- and LET4 correlations with the RAIC in
15 patients treated with intensity modulated proton therapy using a mixed model

methodology. An example of dose and LET distribution is displayed in Figure 4.5.

The median (range) LETmean and Dimean in the lesions were 3.6 keV/um (2.8-5.6 keV/um)
and 63.5 Gy(RBE) (42.2-69.0 Gy[RBE]), respectively. The highest LETq in the RAIC

lesions and brain tissue were 8.0 keV/um and 10.7 keV/um, respectively.

Significant correlation between LET4 and RAIC were found for all models. The model
which included both dose and LETq as predictors had the best model performance with
and AUROC of 0.95 (95% CI: 0.92-0.97). When voxel dose exceeded 60 Gy, the
increase in probability of RAIC was rapid, also for low LETq values (i.e. LETq = 1
keV/um).

Patient heterogeneity was considerable, with substantial difference in the effect of both
dose and LETq between patients and where the effect of LET4 was negative for three

patients (Figure 4.6).
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5. Discussion

5.1 Methodological considerations

Retrospective studies are amongst other appropriate for studying rare diseases or
outcomes, and for events that develop over a long time period. Findings from
retrospective studies can be hypothesis generating and further form the basis for clinical
trials. Retrospective studies are however limited since data were not collected for the
specific research aim in question. Bias, such as selection bias or measurement bias,

affect both the internal and the external validity of the results (141).

5.1.1 Paper

Patient selection

The patient cohort consisted mainly of various HNCs, however also some other cancers
at the skull base considered relevant for the endpoint of interest in this work where
included. The anatomical tumor location and hence the delivered radiation dose to the
brain varies widely for HNC. In the study we aimed at including patients at risk of
developing brain necrosis and ensure the detection of all events in a very heterogeneous
group of patients. As brain dose is the main risk factor for developing brain necrosis we
excluded patients with brain Dmax less than 40 Gy(RBE). Based on a review of published
data, we considered it reasonable to assume that patients with a Dmax to the brain less
than 40 Gy(RBE) were at no risk of developing radiation-induced brain necrosis.
Although we consider it unlikely, there is a risk that relevant patients have been excluded
by this dose criteria. However, if the dose threshold is unreasonably low, non-risk

patients have been included with subsequent overestimation of the incidence.

Follow-up time

Follow-up time was calculated as time from end of radiotherapy until last available MRI.
We included patients with follow-up times from 6 months or older. The median follow-
up time was 29 months (range: 6-29) and the median time to first MRI with observed
RAIC was 24 months (9-37). Radiation necrosis is known to develop from a few months

to several years after treatment (142), it is therefore likely that we included patients who
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had not yet developed RAIC or radiation necrosis, which introduces a bias in the
estimated incidence rates. From the literature, the inclusion of patients in similar studies
in general follow the same approach with including patients starting from six months
post-treatment. Median follow-up time in the current project are comparable to other

proton cohorts, however shorter than photon cohorts.

Loss to follow-up

A hundred and five of the patients have not been diagnosed with radiation necrosis in
the MRI reports. For 18 of the patients still alive and not diagnosed with RAIC (i.e.
18%), it was 12 months or longer since the last MRI, while it was 24 months or longer
since the last MRI for 8 of the patients (8%). This is a limitation since RAIC and
radiation necrosis could have developed in these patients after the last available MRI.

Loss to follow-up may have resulted in underestimation of the probability of RAIC.

Death as a competing risk to RAIC

A competing risk is an event that either prevent the outcome of interest to occur, or
modify the probability of it happening (143). Ten of the patients in the current cohort
had died, of which eight were RAIC free. However, as RAIC develop months to several
years after treatment, the death of a patient may have hindered the development of
RAIC. Thus, disregarding death as a competing risk in the survival analysis lead to a

slightly overestimation of the probability of RAIC.

MRI and diagnosis of radiation necrosis

Patients diagnosed with radiation necrosis were identified through a screening of the
MRI reports, as described in chapter 3.1. Since this was a retrospective analysis, no
information about the criteria for the initial diagnosis besides what was described in the
MRI reports were available. However, a retrospective review of the contrast enhanced
T1 weighted and the T2 sequences of the MRIs were performed and where the imaged
changes were evaluated according to published recommendations for radiographically

diagnosis of cerebral necrosis (chapter 1.5.1).
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Limitations of decision trees

One of the aims in paper I was to suggest practical brain dose constraints for proton
therapy, and RPA was used to identify a DVH cut-point. One of the main limitation of
a single decision tree is its sensitivity to small changes in the training data, which can
result in both the selection of a different splitting variable as well as the identification
of the optimal variable cut-point. The first split in RPA is decisive for the subsequent
splitting of the observations; a different distribution of the variable values and
observations in the data set can therefore generate a completely different decision tree.
Furthermore, information is lost when the continuous variables are dichotomized. The

predictive power of single decision trees is highly variable (65).

5.1.2 Paper ll

Patient selection
A subgroup of the patients in Paper I treated with IMPT was selected for this study.

IMPT is state-of art proton therapy technique for patients with complex target volumes
with adjacent critical structure, such as the patients in our material. We further excluded
patients with less than 24 months of follow-up time, in order to limit bias due to

inclusion of patients not yet having developed RAIC.

Selection of RBE modeller

The use of only two RBE models is a weakness of our study; including multiple RBE
models would provide a broader and more complete description of the potential dose
variation caused by variable RBE. However, the RBE models used in the study were
chosen because these were already included in the FDC, and it was out of the scope of

this thesis to implement more models.
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5.1.3 Paper lll

Patient selection

As in paper II we only included patients treated with IMPT for this analysis. Initially it
was sixteen IMPT patients with RAIC in the patients material, however due to technical
difficulties during the Monte Carlo simulations and extraction of the dose- and LETq4

distributions, one patient were excluded from the analysis.

Selection of lesions for analysis

The majority of the contrast enhanced lesions in our material underwent an initial
progressive phase, before stabilization or regression, and in some cases complete
recovery, an evolutionary pattern which is typical for RAIC (101). We considered the
first available MRI with observed contrast enhanced lesions to best correspond to the
region where the damage first occurred, thus dose and LETq distributions in these lesions

were used for analysis.
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5.2 Discussion of main findings

5.2.1 The insidence of RAIC

Recent years there has been a growing concern that increased RBE may result in a higher
incidence of radiation induced brain necrosis and RAIC after proton therapy than one
should expect. In paper I, RAIC in the brain were observed in 22 (17%) out of 127
patients of which 11% of the patients had temporal lobe lesions. The incidence of RAIC
plateaued after approximately three years; the actuarial RAIC-free survival were 86%.

72% and 70% at two, three and five years, respectively.

The ability to compare the incidence of RAIC in the brain for extracranial tumors is
complex owing to differences in patient populations, endpoint definitions, treatment
modalities and follow-up times. Proton cohorts are in general heterogeneous and consist
of various types of cancers sited at the skull base region. Kitpanit et al (108) published
the results from 234 patients treated with either proton therapy alone (86.3%) or proton
boost after IMRT (13.7%). The cohort included patients with a wide range of head and
neck malignancies. The primary endpoint in the study was radiographically diagnosed
temporal lobe necrosis, however the authors also reported observed non-temporal lobe
lesions. During a median follow-up time of 23 months, 17 out of 234 patients (7.3%)
developed RAIC either in the temporal lobes (n=13) or in the frontal lobes (n=4), of
which ~ 40% presented with symptomatic lesions. The estimated two years RAIC free
survival (brain) was 93% as compared to 86% in our cohort. This discrepancy in
incidence, can possibly be explained by differences in the composition of the patient
cohorts. Specifically, a fewer proportion of major salivary gland tumors were included
in our cohort (11% vs 33%), with no observed toxicity in this disease site in neither
theirs nor our study. Secondly, unlike Kitpanit et al, we applied a brain dose threshold
which excluded patients with a brain Dmax < 40 Gy(RBE) from the study. Thus, it is
likely that their cohort included more patients not at risk of developing radiation
necrosis. Unfortunately, dose statistics were given only for the temporal lobes, which
complicates direct comparison of dose variables. Furthermore, during analysis the
authors included the four cases of frontal lobe necrosis in the non-necrotic group, while

these were included in the RAIC group in our study.
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In the study from Niazy et al (144), the endpoint was symptomatic RAIC, corresponding
to CTCAE > G2 brain necrosis. The patient cohort (n = 179) was a mixture of patients
treated with PSPT for extracranial (skull base and HNC tumors) and intracranial tumors.
The authors found a significant difference in observed rates of brain necrosis between
the intracranial (8%) and the extracranial group (31%). The estimated two and five year
incidence of RAIC in the extracranial group were 25% and 42%, respectively. This
seems a high rate compared to ours, however the extracranial patient cohort in Niazy et
al. can be considered as high risk patients, all with tumor extension into the paranasal
sinuses/clivus and with a maximum dose to the brain or dura of at least 59.4 Gy.
Noteworthy, 97% of the patients with RAIC in our material had a Dmax to the brain of at
least 60 Gy(RBE), and 64% had intracranial tumor extension.

In a recent publication from Schrader et al., temporal lobe image changes were found in
21% of the patients (n = 277) treated with PBS for tumors at the skull base and head and
neck region (145). It is worth noting that the patients in their study had a longer follow-
up time (median 51 months) and a generally higher prescribed dose (median 74 Gy
[RBE]) than the patients in our cohort. Longer follow-up time and higher prescribed
dose was also suggested by the authors as a possible explanations for the higher

incidence than most of the studies it seemed reasonable to compare to.

Zhang et al. (118) recently published the result from a study where the primary aim was
to determine a proton specific RBE for contrast enhancement in the temporal lobes. It is
nevertheless worth mentioning in this context, because it reports long-term outcomes of
temporal lobe image change for well-matched groups of patients with nasopharyngeal
cancer treated with either PSPT or IMRT. The proton cohort consisted of 60 patients
whereas the IMRT group included 506 patients. Median follow-up time was > 5 years
in both groups. They reported that RAIC developed in 10% of the patients in the proton
cohort and in 4% of the patients treated with IMRT. In our material, considering the
nasopharynx patients (n= 34) only, the corresponding incidence of temporal lobe image
change was 24%. One distinction which may be of relevance is that our patients were

treated with IMPT, whereas their patients received PSPT.
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Compared to proton therapy for extracranial tumor sites at the skull base, IMRT cohorts
are in general more homogeneous. Numerous studies have addressed temporal lobe
necrosis after IMRT for nasopharyngeal cancer reporting crude rates ranging between
4.6% and 12.9% (106, 107, 109, 110, 112-116, 119, 146, 147). The largest report from
Wen et al. reported outcome of temporal lobe injuries (TLI) in 8194 patients who
received IMRT based radiotherapy for nasopharyngeal cancer between 2009 and 2015
(115). As in the current study, patients were diagnosed based on follow-up MRIs which
were taken every 3 months the first three years and then every 6 months thereafter.
During a median follow-up time of 66.8 months, 989 patients (12.1%) developed TLI,
thus slightly lower than reported in ours and most proton series, and comparable the

incidence rates in the abovementioned publication for Zhang et al (118).

An interesting aspect when reviewing the literature, is that in almost all publications,
temporal lobe necrosis is the endpoint of interest, which is important considering the
potential cognitive decline severe radiation necrosis in the temporal lobes may induce
(148). However, in our material we found that more than 30% of the lesions were located
in other parts of the brain. The majority of these non-temporal lesion were located in the
frontal lobe in patients treated for sinonasal cancer. In fact, for this patient group, more
image changes were found in the frontal lobe then in the temporal lobes. Frontal lobe
damages may result in personality and behavioral changes, and could also affect
communication skills and muscle strength, all symptoms that can have a severe impact

on the patient’s quality of life.

Thus, to summarize, published rates of RAIC after proton therapy for various cancers at
the skull base region range between 7% and 31% (88, 108, 111, 118, 144, 145, 149-
151), and between 2% and 13% after IMRT for nasopharyngeal cancers (106, 107, 109,
110, 112-116, 119, 146, 147). The results in paper I are therefore within the range of the

observations from the proton series, however higher than observed after IMRT.

Often reported incidences of RAIC in HNC and skull base tumors include both
symptomatic and asymptomatic lesions, and number of patients with symptoms are not

always specified. However, when these are reported, the proportions of symptomatic
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lesions are typically around 30-40% (108, 111, 145, 150, 151). In our cohort (paper 1),
none of the patients had yet presented with any clinical symptoms associated with
radiation necrosis. Three patients, however, received treatment due to observed
progression of the lesions on follow-up MRIs, which might have prevented a possible
development of clinical symptoms in the future. Secondly, the favorable result could
most likely be explained by small lesion volumes and small regions with edema in our
material. Moreover, for six of the patients with RAIC it were more than 12 months since
the last follow-up MRI. Thus, for these patients we have no information regarding

possible progression of the lesions with potential development of symptoms.

5.2.2 Dose-response relationship and the impact of variable RBE

For treatment plan evaluation, clinicians are amongst other guided by inspecting the
DVHs, often in terms of evaluating dosimetric cut-off values assumed to be predictive
of brain necrosis. As previously mentioned, most of these dose constraints are derived
from photon data, but a few publications have identified dose volume thresholds (RBE
= 1.1) associated with brain necrosis from proton data. A 15% probability of temporal
lobe necrosis at three years post-treatment was estimated for Veocyrae) exceeding 5.5¢cc
or Vicyrse) exceeding 1.7cc (111). In another publication, the authors found that
temporal lobe necrosis increased from 1.6% to 23.1% when Vsogyrpe) exceeded 11cc,
and from 0.6% to 14% when Dacc exceeded 62 Gy(RBE) (108). In comparison, we
proposed to apply Verayrse) < 0.2cc to the brain (paper I), and although this is slightly
stricter than the above mentioned suggestions, it is in line with the recommendation of

limiting the volume of brain receiving high doses (105, 120, 121, 152).

As mentioned in chapter 1.5.1, a large variety of dose and volume thresholds have been
suggested of which the cut-off point associated with toxicity may vary by several Gy
and cc for the same variables. Although international consensus have been reach and
provide recommendations on brain and temporal lobe dose constraints (105, 120, 121),
the exact relationship between dose and the development of RAIC and brain necrosis is

still unclear. For proton therapy, the variable RBE adds an additional uncertainty to this
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question. As addressed in paper II, variable RBE resulted in significantly higher
temporal lobe doses compared to RBE1.1, and RBE values that in general exceeded 1.1
for several temporal lobe dose indices. Similar trends have been shown by several others
who have simulated the effect of variable RBE for various disease sites, and for different
clinical scenarios (76, 153-168). Yepes et al. (162) recalculated 400 treatment plans
belonging to 4 different patient groups treated with IMPT, and found that the variable
RBE models consistently predicted higher RBE than 1.1 for most OARs. Garbacz et al
(166) recalculated 95 treatment plans from patients with brain and skull base tumors
previously treated with IMPT. They found that variable RBE resulted in enlarged high
dose volumes in the brain and an averaged biological range extensions of > 0.4 cm.
Studies comparing PSPT versus IMPT (155) or IMPT versus IMRT (157, 161) found
that favorable doses to the OAR using RBE.; were diminished when applying variable
RBE.

As in our analysis (paper II), most studies on variable RBE have applied
phenomenological models derived from data on clonogenic cell survival. Typically
these describe an RBE dependency on LETy, fraction dose and the radiosensitivity
parameters o and B (69). In our data, there were only small differences in the estimated
RBE weighted doses to the temporal lobes between the RWDwmen and RWDweq. Others
have shown substantial differences in estimated RBE and variable RBE weighted doses
between RBE models, with greatest variations for simultaneously low (a/B)x and high
LETq4 (76, 158). Despite that the RBE models show large differences in estimated
absolute values, they still are consistent in showing a clear trend of increased doses in
OARs especially when these are located distally in the proton beam. However, since
these models predict RBE for cell survival it is unknown if any of the models would
give reliable predictions of the clinical RBE, specifically for normal tissue toxicity
endpoints. Currently, proton RBE derived from clinical data are almost lacking.
However, recently an RBE of 1.18 for temporal lobe contrast enhancements (i.e. for
D1.o%) were determined based on DVH analysis of treatment plans from patients treated
with proton therapy and IMRT for NPC (118). In comparison, the overall predicted RBE

for the high-dose indices in our material ranged from 1.20-1.22 for Do scc-D2.0cc, whereas
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the predicted RBE for the temporal lobes with RAIC ranged from 1.16-1.17,

respectively.

In recent years, the use of NTCP models in clinical practice has gained increased
acceptance. The first clinical experience with model-based patient selection to proton
therapy has recently been published (53), and currently the model based approach is
used for identifying patients for inclusion in a clinical trial, randomizing patients
between photon and proton therapy for head and neck cancer (56). Given the difference
in proton and photon dose distributions to OARs, dose-toxicity relationship may also be
different. Therefore, NTCP models for proton therapy must either be validated photon
models, or developed based on proton data (57). The univariate NTCP models in paper
I1, which all showed good discriminative ability (AUC from 0.79 to 0.84), were fitted
using several different dose variables from the literature, either previously used in
photon-based NTCP models or generally agreed to be predictive of brain necrosis. As
shown in other studies for other endpoints (165, 167, 168), variable RBE resulted in a
substantial increase in estimated NTCP compared to RBEFix. In a model based approach,
selection of patients are determined whether the absolute difference in NTCP exceeds a
specific threshold or not (54), thus disregarding variable RBE, could lead to wrong

decisions/conclusions.

Interestingly, the variations in estimated NTCP caused by variable RBE were largely
dependent on the dosimetric variable in the NTCP model. The increase was twice as
high for Dmax compared to the other predictor variables. There was also a greater
interpatient spread in individual NTCP values as a result of variable RBE in the model
with Dmax. Thus, the choice of variables for NTCP models, is not straightforward, and
one should be cautious only relying only on automatic variable selection during NTCP
model development. Furthermore, for IMPT treatment plans, simulation studies have
shown that equal dose distributions may have completely different LETq4 distributions
(169), which adds and additional uncertainty in actual biological dose. Thus, evaluating

NTCP also in terms of RWDyve, in clinical practice may give useful information.



78

5.2.3 The spatial correlation between LET and RAIC

In lack of long-term follow-up of the patients and due to loss to follow-up, the clinical
significance of asymptomatic lesions is unclear. However, from a scientific point of
view, these lesion are of importance as they represent an objective and easy measurable
biomarker of the clinical effect of irradiation. This is especially true for proton therapy,
where the knowledge gap is large regarding the potential influence of variable RBE on
the incidence and development of radiation-induced toxicity. Recent years there have
been an emerging number of studies addressing RBE effects in pediatric and adult
patient cohorts for various normal tissue endpoints (10, 13-15, 170-181). Similar to
Paper 11 (140), some of these studies analyzed brain image changes observed on post-
treatment MRIs, and spatially correlated them to dose and/or LET (Table 5.1). The
conclusions drawn about the power of LET as predictor of brain necrosis and hence its
significance as surrogate for RBE, are however contradictive. In three of the
publications, the authors concluded that their data provided clinical evidence for the so-
called LET effect. The first study from Peeler et al (13) included 34 pediatric patients
with ependymoma treated with PSPT. The endpoint was T2-FLAIR hyperintensity,
which was observed and contoured on post-treatment MRIs for 14 of the 34 patients.
The spatial correlations between dose and LET; were analyzed using a generalized linear
model with a probit link function. The probit model estimated a rapid increase in the
probability of image change in a voxel as a function of LET:. In the publication from
Bahn et al (170), the patient cohort consisted of 110 patents with low-grade gliomas, of
which contrast enhanced brain lesions (CEBL) were observed on follow-up MRIs in 23
patients. In a voxel-based multivariate logistic regression model, the location of CEBL
were significantly associated with dose and LETq4. Furthermore, a significantly higher
risk of developing CEBL in the periventricular (PVR) region were found, suggesting an
increase in radiosensitivity in this region (170). Similar findings were reported in a
publication from Eulitz et al (173). As in Bahn et al., contrast-enhanced lesions
accumulated at the edge of the CTV, in regions of both high dose and LETq, and
multivariate logistic regression models including dose, LET4 and PVR were superior in
predicting locations of lesions, compared to the univariate models. However, the

statistical analysis applied in these publications assume independent and identically
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distributed observations, while the presented data was hierarchical. As the nested nature
of the data was not accounted for in the analysis it could have led to and underestimation

of the variance and too low p-values (182).

As presented in paper 111, we were able to demonstrate an overall statistically significant
association between LETq and image change using mixed effect modelling. In a study
including 50 patients treated with PSPT for intra-and extracranial tumors, Niemierko et
al. used a similar model without finding LET4 to be significantly correlated to necrotic
regions/voxels (176). In addition to the mixed effect modelling, the authors matched
voxels inside and outside the lesions by dose, generating a data set where, in principle,
the distributions of the LET4 were the only difference between the necrotic and non-
necrotic regions. When adjusted for dose, no significant difference in LETq4 values
between necrotic and non-necrotic regions could be found. The authors reported that the
interpatient variations in the LETq effect were high, and suggested that difference in
patient radiosensitivity, timing of MRI scans, lesions size and other confounding factors
could obscure any LETq effect. Similar tendency, with LETq effects ranging from
negative to positive, could also be observed in our material. However, comparing the
estimated ICCs, patient heterogeneity was higher in Niemierko et al, which directly
affects the estimated variance and p-values, and thus may explain the different results.
Patient heterogeneity was also highlighted as potentially overshadowing a clear LETq
effect in the study from Garbacz et al (174). They analyzed seven cases of contrast
enhanced lesions in 45 patients treated with PBS for skull base tumors. Adjusted for
dose, higher LET4 was found in non-necrotic voxels in one patients, whereas more or
less identical LET4 were found in two of the patients. Overall, only slightly higher LETq
was observed in necrotic voxels (~0.2 keV/um). Similar results were reported in Bertolet
et al (171). They analyzed T2-FIAIR image changes (ICA) in 26 patients treated with
PBS for meningioma, finding higher LETq in the ICAs for only 11 of the patients. In
contrast to this, Harrabi et al (175) found significantly higher LETq4 in 22 out of 23
CEBLs when analyzing dose matched voxels in the patient material first described in

Bahn et al. (170).
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Tabell 5.1: Overview over publications investigating spatial correlations between LET
and RBE with RAIC in the brain. Studies include patient populations with intracranial-
and extracranial tumor sites.

Nb pt/
Publication Disease site | events RAIC/endpoint | Technique | Statistical methods | Findings and conclusions
Peeler et al. 2016 | Intracranial* | 34/14 T2Fair PSPT Probit regression Dose for 50 % risk decreases with
(13) (glioma) hyperintensity increasing LET.
First clinical study demonstrating a
correlation between LET: and RAIC
Eulitz et al. 2019 Intracranial 6/6 Tilw  contrast | PSPT Logistic regression Model with dose and LET indicate
(173) (glioma) enhancement variable RBE different from RBE = 1.1
Niemierko et al. | Intra-and 50/50 Regions of | PSPT Logistic regression. | Letq not correlated to necrotic lesions.
2020 (176) extracranial necrosis Mix effect logistic
(HNC.  Skull regression. Difference in radiosensitivity could
base. ) Comparison  dose- | overshadow the LET effect
matched voxels (I2)
Bahn et al. 2020** | Intracranial 110/23 | Tlw  contrast | PBS Logistic regression RAIC does not occur at random. But in
(170). Harrabi et al. | (glioma) enhancement Comparison  dose- | proximity to ventricular system and in
2021** (175) matched voxels | regions of both high dose and LET..
(one-sided t-test)
Significant difference in mean LET4 for
22 out of 23 patients.
Clinical evidence for an increased risk
in ventricular proximity and for a
proton RBE that increases significantly
with increasing LET
Garbacz et al. 2021 | Extracranial 45/7 Tls  contrast | IMPT/ PBS | Comparison dose- | Large patient heterogeneity. Slightly
(174) (skull base) enhancement. matched voxels (1) | higher average LETq4 in RAIC
T2rair
hyperintensity
Bertolet et al. | Intracranial 228/26 | T2rair PBS Dose-matching Most patients did not show a spatial
(2022) (171) (glioma) hyperintensity | (SFUD) correlation between their image

changes and the LETd values

* Pediatric. ** same patient cohort

The large interpatient variations in our cohort was especially pronounced for the LET..

Compared to dose, the SD of the random effects where substantially higher for LETq.

Most likely this can be explained by the combination of patients in our material, having

both a strongly positive and negative LETq effect, whereas the effect of dose was overall

more consistent across the patients, as illustrated in Figure 4.6. Our work and others are

in general burdened with several uncertainties and limitations. Accurate knowledge

about the delivered dose- and LET distribution is lacking due to treatment variations

leading to range deviations which may influence both the dose- and the LET

distributions. It has previously been showed that uncertainties in the proton range could
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lead to changes in the LETq4 of up to 2 keV/um at the distal end of the beam range (183).
In addition, emphasis is placed on creating treatment plans that are robust against range
uncertainties, which in turn may very well lead to an increased robustness against RBE
uncertainties as well. Furthermore, concerns about a potential unwanted biological
effect of increased RBE due to elevated LET at the end-of-range are in general handled
during treatment planning, mostly by increasing number of total beams in the treatment
plan, as well as restraining number of distal beam edge extending into critical organs
(16, 183, 184). Clinically, one can expect LETq values > 15 keV/um, where typically
the highest LETq will occur in low dose regions (70, 169). In our material, the mean
LETq in RAIC ranged from 2.8 to 5.6 keV/um. This agrees well with the findings from
Niemierko et al (176) who reported mean LETq4 values ranging from 2.2 keV/um to 5.6
keV/um in the necrotic regions. Slightly lower LETq4 values (2.5-3.6 keV/um) were
found in the RAIC by Garbacz et al (174). In contrast, Bahn et al (170) reported higher
mean LETq in the CEBLS, ranging from 3.6-8.8 keV/um. Not knowing any details about
treatment planning and beam composition, it is still interesting to note that in Bahn et
al. treatments were delivered using either a single (n=24) or two beams (n=85) with one
exception, whereas in Garbacz et al, which reported the lowest mean LET4 in the lesions,

median number of beams was four.
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6. Conclusions

The incidence of brain image changes in this patient cohort were comparable to other
proton series consisting of HNC and skull base tumors, however slightly higher than
reported after IMRT for NPC. The image changes were primarily observed in patients
treated for NPC or sinonasal cancers with locally advanced disease. Although the
majority of RAIC developed in the temporal lobes, almost one third of the lesions were
found in the frontal lobes, emphasizing that the risk of developing brain necrosis in this

part of the brain may also be significant.

The dosimetric analysis and the predictive modelling are in line with previous
publications and confirm the significance of high dose for the development of RAIC and
radiation necrosis. Furthermore, our results from paper Il show that risk may be
underestimated if variations in RBE are disregarded; thus including variable RBE
weighted doses in treatment plan evaluation could provide valuable clinical information
and should be considered. Our results further indicate that uncertainties from variable
RBE are highest for Dmax, we therefore recommend to avoid using Dmax as dose
constraint in clinical treatment plan evaluation, or implementing NTCP models with

Dmax as a model predictor.

The results in paper 11l showed that LETq were significantly correlated to RAIC. Our
results suggest that the LETq effect could be of clinical significance for some patients.
LETq assessment in clinical treatment plans should therefore be taken into

considerations.
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7. Future perspective

The results from this work strongly support the need for integrating visualization of
LETj distribution and variable RBE-weighted doses into treatment planning systems, as
well as optimization tools based on LETq data and the physical dose. This would allow
for minimizing the LETq in critical OARs, as well as identifying patients one would
expect to be at higher risk of toxicity due to increased RBE of protons. Furthermore,
although large uncertainties are associated with absolute values derived from variable
RBE models, they still may be useful for comparing relative risks (i.e. when comparing
two different treatment plans for the same patient), specifically for IMPT treatment plans
where the LETq distributions may differ largely between treatment plans with similar

dose distributions.

A revise of RBE related guidelines would require stronger clinical evidence of a
correlation between clinical outcome measures and biological effective dose or RBE
surrogates such as LETq. In addition to retrospective and prospective single outcome
studies, high quality systematic reviews and meta-analysis should be performed as well

as pooled analysis of spatial correlations between LET4 and RAIC.

Potentially RBE-related treatment effects should be kept in mind during planning and
design of randomized clinical trials, which preferably should be multicenter studies. E.g.
clinical trials comparing treatment outcome from photon- and proton therapy for
extracranial and intracranial tumors should include RAIC as secondary endpoint, and
have follow-up imaging protocols appropriate for early and accurate detection of image

changes.
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Background and purpose: To characterize patterns and outcomes of brain MR image changes after proton
therapy (PT) for skull base head and neck cancer (HNC).
Material and methods: Post-treatment MRIs >6 months were reviewed for radiation-associated image
changes (RAIC) in 127 patients. All patients had received at least a point dose of 40 Gy(RBE) to the brain.
The MRIs were rigidly registered to planning CTs and RAIC lesions were contoured both on T1 weighted
(post-contrast) and T2 weighted sequences, and dose-volume parameters extracted. Probability of RAIC
was calculated using multistate survival analysis. Univariate/multivariate analyses were performed using
Cox Regression. Recursive partitioning analysis was used to investigate dose-volume correlates of RAIC
development.
Results: 17.3% developed RAIC. All RAIC events were asymptomatic and occurred in the temporal lobe
(14), frontal lobe (6) and cerebellum (2). The median volume of the contrast enhanced RAIC lesion was
0.5 cc at their maximum size. The RAIC resolved or improved in 45.5% of the patients and were stable
or progressed in 36.4%. The 3-year actuarial rate of developing RAIC was 14.3%. RAIC was observed in
63% of patients when Vg7 cy(rge) Of the brain >0.17 cc.
Conclusion: Small RAIC lesions after PT occurred in 17.3% of the patients; the majority in nasopharyngeal
or sinonasal cancer. The estimated dose-volume correlations confirm the importance of minimizing focal
high doses to brain when achievable.
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Radiation therapy for head neck cancers (HNCs) at the skull
base can result in high doses of radiation delivered to the brain,
potentially leading to radiation-associated image changes (RAIC)
[1]. Often the diagnosis of RAIC is based solely on radiographic
findings on post-treatment MRIs obtained for routine cancer
surveillance purposes. For HNCs, information on RAIC stems lar-
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gely from studies in patients with nasopharyngeal cancers (NPC)
treated with Intensity Modulated Radiation Therapy (IMRT), with
reported incidences of temporal lobe RAIC ranging between 2%
and 14% [2-12]. From patients treated proton therapy (PT) a few
mixed cohort studies including selected HNCs report incidences
of brain RAIC of 11-31% [13-16]. In studies evaluating the dose-re-
sponse relationship for RAIC development, constraints have been
suggested for several dose-volume parameters as well as for the
Equivalent Uniform Dose (EUD) (Table 1), whereas the recently
published international consensus guideline for NPC radiotherapy
recommend to aim for a temporal lobe Dgg3,c < 65 Gy and
Do.o3cc < 70 Gy for T1-T2 and T3-T4 tumors, respectively [17].
Owing to the proximity to Central Nervous System (CNS) critical
structures, HNCs with tumor at the skull base or with intracranial
extension are often selected for treatment with PT to improve or
maintain target volume coverage while respecting normal tissues
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Table 1

Brain image changes after proton therapy

Outcome and dose volume constraints reported in literature.

Author (# pat) Incidence  Grading/clinical symptoms  Actuarial rates Median FU Median Prescribed D-V constraints/
(% of diagnosed RAIC) in months latency dose Gy/Gy features/
(range) months (RBE) (# fx) probabilities
(range)
IMRT
Zeng et al. (351) [10] 8.3% CTCAE V3.0: G1: 58.6%, G2:  3y: 5.6%, 5y: 9.7% 76 (6-100) 33 (12-83) 66 (30) TD5/5: Diec: 62.8
T4: 28.0%  31.0%, G3: 3% Gy
TD50/5: Dycc: 77.6
Gy
Kong et al. (132) [4] 12.9% 8 out of 17 symptomatic 5y: 4.7% (T3) 64 (11-106) 43 (19-68) 64-75 TD5/5: Dicc: 62.8
(47.1%) (32-34) Gy
TD50/5: Dq¢c: 80.9
Gy
Vertigo, headache, memory  32.8% (T4 tumors only) TD5/5: Dmax: 69.0
detoriation, muscle Gy
weakness and personality TD50/5: Dmax: 82.1
changes Gy
Feng et al. (695) [2] 8.5% 28.8%: Headache, memory NR 73 (22-108) 38 (22-55) 66-76 TD5/5: Dy 60.3
detoriation, emotion (30-33) Gy
disorder TD50/5: Dyec: 76.9
Gy
SU et al. (870) [6] 4.6% 22%: Dizziness, headaches, NR 40 (6-104) 30 (6-56) 68 (30) 2.7% risk 5 years:
memory detoriation, muscle Vaocy < 11cc
weakness, epileptic attack
Zhou et al. (1887) [12] 2.3% Symptomatic : 30.2% 3y : 3.5%, 5y: 7.0% 28 (6-60) 30 (10-54) 60-70.4 Lesion volume < 5
(30-32) cc:
Viscy < 15.1 cc

Wang et al (749) [9] 5.1% 100% according to RTOG/ NR 48.8 (3.5- NR 66-70.4 Identified features

EORTC: G1: 84.2%, G2:5.3%, 75.1) (30-32) by LASSO*: Do scc,
G3:10.5% Digce
Huang et al (506) 12.5% CTCAE: G1: 72.4%, G2: Cumulative incidence:  40.1 (6- NR 66-70.4(32) 5y: 13.2%: Dycc
(stage T4 only) [3] 17.4%, G3: 10.3% Total 3y:54% 5y: 13.2% 120.1) <71.1 Gy, 63.3% :
46.3%: headache, dizziness, Dicc >71.1 Gy
memory impairment,
epileptic attacks personality
changes, consciousness
Takiar et al (66) [8] 14.0% 2 cognitive impairment NR 35 (1-124) NR 66-70 NR
(33-35)
Proton
Pehlivan (62) [16] 11.3% G1:5,G3: 2 NR 38 (14-92) 19(10-38)  68.4-73.5 NR
(4 fx/week)

McDonald et al. (66) [13] 18.2% G1: 12.4%, G2: 5.7% 3y:124% G2+at3Y: 31 (6-96) 21 (8-51) 62.0-79.2 15% risk 3 year:
5.7%. G1: 9, G2: 1, G3: (31-44) Vaocy(rse) > 16.55¢C
4,G4: 2 Veocy(rae) > 55.0cC

Vzocy(reg) > 1.7¢C

Niyazi et al. (179) [14] 20.7% Grade 2 (CTCAE 4.0): total: ~ 2 y: Intracranial: 2.5%, 4.4 years 1.5 years Intracranial: Intracranial:

(intracranial and (only G2 20.7%; extracranial: 25.5% (0.-13.0) (0.2-6.9) 59.4 (NR) EUDsq 57.7 Gy(RBE)
extracranial tumors) necrosis) intracranial: 8.4%, 5 y: intracranial: 4.5% Extracranial: Extracranial:
extracranial :31.3% extracranial: 42.4%. 70.0 (NR) EUDso: 39.5 Gy
(RBE)
Dagan et al (84) [15] 16.7% " G2: 11 %, G3: 4% NR 29 (5-86)  NR 74.4 Gy(RBE)  NR
G5: 1.7%

D-V: dose volume, CTCAE: Common terminology Criteria for Adverse Events, FU: follow up, y: year.

" Least Absolute Shrinkage and Selection Operator.
“ Only symptomatic patients reported; results not based on MRI findings.

tolerance and reducing the toxicities and symptoms associated
with the greater integral dose with IMRT. However, studies on
the development of RAIC after PT for HNCs are limited. Thus, as
part of a broader effort to better define the role and value of PT
for HNC and to provide PT-specific dose recommendations to guide
clinicians and the PT community, the specific aims of this study
were to:

Characterize the incidence and patterns of RAIC after PT for
skull base HNCs

Identify candidate clinical and dose-volume parameters associ-
ated with RAIC

Propose practical dose constraints to minimize the risk of RAIC

Methods and materials

Patient cohort

Adult patients treated with PT for HNC at University of Texas
MD Anderson Cancer Center were eligible for participation in
two consecutive Institutional Review Board-approved prospective
studies (ClinicalTrials.org identifiers: NCT 00991094 and NCT
01627093). Eligibility included: (1) Anatomic tumor location at
the base of skull, including primary tumors of the nasopharynx,
sinonasal, periorbital, parotid, and skin, (2) A point dose of at least
40 Gy to the brain (relative biological effectiveness = 1.1), and (3)
one or more follow-up MRI >6 months after completion of PT.
Patients with prior radiation therapy to the region or who had
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received photon-based treatment as part of therapy were
excluded.

Treatment

All PT plans were based on non-contrast CT images and gener-
ated in the Eclipse treatment planning system (TPS) (Varian Medi-
cal Systems, Palo Alto, CA, USA) using either Intensity Modulated
Proton Therapy (IMPT), Passive Scattered Proton Therapy (PSPT)
or a combination of IMPT/PSPT. For dose prescription a proton rel-
ative biological effectiveness (RBE) value of 1.1 was used as recom-
mended by the ICRU [18]. Dose (prescribed to CTV) and
fractionation regimens were generally 60 Gy(RBE) in 30 fractions
or 63-66 Gy(RBE) in 30-33 fractions in the postoperative PT setting
or 66-70 Gy(RBE) in 33-35 fractions in the definitive PT setting.
Induction chemotherapy regimens used were typically 3 cycles
with taxane and platinum or taxane, platinum and fluorouracil
(TPF), and concurrent chemotherapy was usually platinum-based.

Follow-up and diagnosis of RAIC

Follow-up MRIs took place regularly at 8-12 weeks after ther-
apy completion and then every 3 months in the first year, every
4 months in the second year, every 6 months until 5 years, and
annually thereafter. Defined as RAIC were (i) contrast enhanced
lesions on T1 weighted (T1w) MRIs located in previously irradiated
brain tissue and/or (ii) cysts or white matter lesions manifested as
high signal intensity on the T2 weighted (T2w) sequences [19]. All
RAICs were initially diagnosed by a radiologist during routine dis-
ease surveillance and were, for this analysis, identified through
review of all MRI reports, and retrospectively reassessed by two
board certified radiation oncologists (GBG and SJF). No additional
RAIC to those already diagnosed in the MRI reports was discovered.
The clinical grading of RAIC was performed retrospectively by chart
review according to CTCAE v4.03 [20].

Extraction of clinical and treatment related data

Patient, tumor and treatment characteristics were retrieved
from the patients’ medical records (Epic Systems Corporation, Ver-
ona, WI) and the TPS. The MRIs were rigid registered to the initial
treatment planning CT and qualitatively evaluated through visual
inspection and further manually corrected if deemed necessary.
To detect the extent of the RAIC, gadolinium contrast enhanced
lesions on Tlw sequences (T1w lesions) and hyperintensities
including visible edema from T2w sequences (T2w lesions) were
contoured as individual structures and propagated to the planning
CT. dose-volume histograms (DVHs) for all patients were exported
using bin size of 0.1 Gy(RBE) from where candidate dose volume
parameters for the brain tissue were retrieved, including: the max-
imum dose (Dpax), the dose delivered to 0.5cc (Dgscc) and 1cc
(D1ec) to 5¢c (Dscc) of the brain in 1cc steps, as well as the volume
of brain receiving 40-70 Gy(RBE) in 1 Gy(RBE) steps (V4ocy(rse) t0
(V7ocy(reE))- The selection of candidate variables were based on (a)
previously identified dose-volume parameters judged as impor-
tant in predicting RAIC and (b) applicability to clinical practice
and plan optimization and evaluation. In addition, for each patient
the T1w and T2w lesion volumes with the corresponding mini-
mum dose (Dpn), the mean dose (Dmean) and the Dp,x were
extracted for the first MRI and the MRI with the largest volume
of RAIC (“worst” MRI).

Statistical analysis

The follow-up time was calculated as the time between the last
PT fraction and the patient’s last follow-up MRI. The RAIC latency

time was calculated as the time between the last PT fraction and
first MRI with RAIC. Time to resolution from RAIC was calculated
from date of the first MRI with RAIC and the date of the first MRI
where lesion had resolved.

In a course where the event of interest can transient between
different states, multistate analysis can provide better accuracy
of events reporting. As RAIC resolution is common in a consider-
able proportion of patients, multistate analysis was used to esti-
mate the probability of RAIC over time [21]. For the current
analysis the event of interest was RAIC, and data were censored
if patients were alive and RAIC free at last available follow-up
MRI. Bootstrapping (n = 1000) was used to estimate the 95% confi-
dence intervals [22,23].

Comparisons between patients with and without RAIC were
performed using the Mann Whitney U test, the Chi Square and
Fishers exact test. All tests were two-sided with a significance level
of 0.05. Correlations between the clinical and dosimetric predictor
variables were calculated using Spearman’s rank correlation and
Pearson’s correlation coefficient. Univariate and multivariate anal-
ysis of the association between RAIC and candidate predictors were
performed using Cox Proportional Hazards Regression Analysis
[24,25]. Covariates with p value <0.2 from the univariate analysis
were considered for inclusion in the multivariate analysis. How-
ever, since DVH parameters are highly correlated, the dose volume
variables with the lowest significance level from variables where
the correlation coefficient were >0.8 were chosen for the analysis.

To identify important Vp parameters, recursive partitioning
analysis (RPA) was applied. The chosen endpoint was RAIC three
years post-treatment; dose-volume statistics from patients with
three years follow-up time or more were included in the analysis.
RPA was performed using bootstrapping (n = 1000) with number of
observations in the terminal node constrained to 10% of the dataset
and splitting of nodes based on the Gini index [26,27]. Statistical
analyses were performed in SPSS version 24 (IBM SPSS Statistics
for Windows, Version 24.0. Armonk, NY: IBM Corp, US) and R ver-
sion 3.6 (R Foundation for Statistical Computing, Vienna, Austria).

Results

One-hundred and ninety-three patients treated from 12/2010
through 06/2018 met the inclusion criteria. Of these, 66 were
excluded due to prior photon treatment to the same region. The
remaining 127 patients formed the cohort.

Patient, tumor and treatment characteristics are displayed in
Table 2. Eighty-five patients (66.9%) were treated exclusively with
IMPT, 15 patients (11.8%) exclusively with PSPT and 27 patients
(21.3%) with a combination of PSPT and IMPT. Thirty eight patients
(29.9%) had one adaption of the treatment plan and 6 patients
(4.7%) had two. Twenty patients (15.7%) received both induction
and concurrent chemotherapy.

Median follow-up time was 29 months (range: 6-97). Twenty-
two patients (17.3%) developed RAIC with a median latency of 24
months (9-37); all but one RAIC had developed within three years
after PT. Median follow-up time after diagnosis of RAIC was 14
months (0-70). All patients with RAIC were asymptomatic at initial
diagnoses and subsequent follow-up visits. However, due to pro-
gression of the image changes on the follow-up MRIs, two patients
were treated with pentoxifylline and vitamin E (one of whom also
received dexamethasone), and a third patient was treated with
bevacizumab [28]. A decision to initiate treatment suggests that
the lesions were considered to be clinically severe enough to war-
rant medical intervention, therefore, 3 patients were rated to have
Grade 3 and 19 patients Grade 1 CNS necrosis according to CTCAE
4.03 (Supplementary material Table 1). At last available MRI the
lesions had resolved in six patients, progressed in four, regressed
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Table 2
Patient, treatment and tumor characteristics for the entire cohort and by RAIC group.
Characteristic All patients (n = 127) No RAIC (n = 105) RAIC (n = 22) p
n % n % n %
Sex 0.98
Male 67 52.8 57 543 10 45.5
Female 60 47.2 48 45.7 12 543
Age 0.69
Median (Q1-Q3) 51 (39-64) 50 (37-63) 54 (41-61)
Anatomic Site 0.16
Base of Skull, NOS 7 6.3 6 5.7 1 4.5
Nasopharynx 35 26.8 27 257 8 36.4
Sinonasal 29 228 20 19.0 9 40.9
Parotid 14 11 14 133 - -
Orbital 23 18.1 21 20.0 2 9.1
Skin 10 7.9 9 8.6 1 4.5
Other 9 7.1 8 7.6 1 4.5
T-category 0.77
T1-T2 28 22 24 229 18.2
T3-T4 53 41.7 41 39 12 54.5
Recurrent 29 22.8 25 238 18.2
Tx 5 3.9 5 4.8 - -
No stage 12 94 10 9.5 2 9.1
Surgery 0.23
No 49 38.6 38 36.2 11 50
Yes 78 61.4 67 63.8 11 50
Induction chemotherapy 0.76
No 106 83.5 86 81.9 20 90.9
Yes 21 16.5 19 18.1 2 9.1
Concurrent chemotherapy 0.04
No 54 42.5 49 46.7 5 22.7
Yes 73 57.5 56 53.3 17 773
PT technique 0.72
IMPT 85 69.9 69 65.7 16 72.7
PSPT 15 11.8 12 114 13.6
IMPT/PSPT 27 213 24 229 3 13.6
Prescribed dose
Median (Q1-Q3) 64.0 (60.1-69.7) 64.0 (60.1-68.3) 69.3 (63.1-70.0) 0.04
Brain Dy, < 60 Gy(RBE) 0.01
No 95 74.8 74 70.5 21 96.9
Yes 32 25.2 31 29.5 1 3.1
Brain Dp,.x > 70 Gy(RBE) <0.01
No 89 70.1 81 771 8 36.4
Yes 38 29.9 24 229 14 63.6

Q1: 25 percentile, Q3: 75 percentile. Base of Skull: Adenoid cystic carcinoma, adenocarcinoma, neuro-endocrine carcinoma, chondrosarcoma, ameloblastoma, osteosarcoma.
Other: vagus nerve schwannoma, paraganglioma, melanoma inferior turbinate, unknown primary site. IMPT: Intensity Modulated Proton Therapy, PSPT: Passive Scattering

Proton Therapy.

in four, were stable in four and four patients had yet to have a
follow-up MRI. A case example of the observed RAIC evolution
including overview of evolution timeline can be found in
Supplementary Material Figs. 1 and 2. Overall, the estimated prob-
ability of RAIC at two, three and five years was 8.7% (95% CI: 3.8%,
13.7%), 14.3% (95% CI: 8.2%, 20.4%), and 12.7% (95% Cl: 6.9%, 18.5%),
respectively (Supplementary Fig. 3).

Tumor and treatment characteristics for patients with RAIC
including dose-volume summary statistics for the contoured
lesions are provided in Supplementary Materials (Table 2-4). Of
patients diagnosed with RAIC, 68.2% patients had been treated
for T4 or unresectable disease, and 63.6% had intracranial tumor
extension. RAIC was located in the temporal lobe (14 patients),
frontal lobe (six patients) and in the cerebellum (two patients).
The majority of RAIC developed in patients with NPC or sinonasal
cancers (77.3%); all (eight) RAIC occurred in the temporal lobe
for the NPCs and for the patients with sinonasal cancer RAIC was
found both in the temporal lobe (four) and the frontal lobe (five)
(Supplementary Material Fig. 4). Two of the contrast-enhanced

Tlw lesions were inside and seven were outside the CTV, the
remaining 13 were overlapping with the CTV. At first MRI 92% of
the T1w contrast-enhanced lesions were 1cc or less, with a median
volume of 0.3cc (punctuate to 1.1cc); on the MRIs where the RAIC
was at its largest size, 77% of the T1w lesions were less than 1cc
with a median volume of 0.5cc (0.1-3.1cc). The T1w lesion doses
were highest in lesions located in the temporal lobe and for lesions
inside the CTV (Fig. 1).

Statistical significant differences by RAIC group were only found
for prescribed dose and brain dose-volume parameters (Tables 2-3).
Vo cyree)~V70 cyrery for the brain were included in the RPA. The
result showed that 63.1% of the patients with Vg7 cyrsg) > 0.17cc
developed RAIC (Fig. 2/Supplementary Material Table 5). Based on
the result from RPA, we included Vs cyrsg) > 0.17cc in the univari-
ate cox regression analysis. From this analysis prescribed dose, Diax,
Di.scer Va0 (cyree) and Vg7 cyreey > 0.17cc were significantly associ-
ated with the development of RAIC. In the multivariate analysis;
V7 cyree) > 0.17cc was the only statistically significant predictive
factor (HR: 7.57, 95% CI: 1.48, 38.76, p = 0.015) (Table 4).
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Fig. 1. RAIC lesion doses for all lesions (left column), according to location in the brain (middle column) and location relative to the CTV (right column).

Table 3
Dose volume statistics for those with and without RAIC. Median (Q1-Q3) reported.

No RAIC (n = 105)  RAIC (n = 22) p
Median Gy[RBE] (Q1-Q3)

Dose parameters brain

Dimax 643 (58.6-69.6)  73.1(67.7-758)  <.001
Phoe 59.1(51.4-64.7)  67.0(62.8-72.1) <001
D 56.7 (49.8-63.9)  66.2 (58.7-70.5)  <.001
Prp e 543 (48.2-64.4) 647 (57.9-69.0) <.001
Bhp e 51.9 (46.5-61.5)  63.7 (57.4-67.8)  <.001
Dsg cc 50.3 (453-60.7)  63.0(56.3-66.7)  <.001

Volume parameters brain ~ Median cc (Q1-Q3)

Vaao cy(rBE) 16.3 (7.7-41.4) 40.4 (25.8-63.9)  0.001
Vas cy(reE) 10.0 (5.2-31.5) 30.2 (17.3-49.9)  0.001
Vs0 cy(rBE) 5.1 (1.8-21.1) 23.7 (10.7-36.2)  <.001
V55 Gy(RBE) 2.7 (0.11-13.6) 14.3 (6.2-25.1) <.001
V0 Gy(RBE) 0.5 (0-6.9) 9.2 (1.5-16.7) 0.001
Ves Gy(RBE) 0.0 (0.0-0.9) 2.4 (0.4-6.8) <.001
V70 Gy(RBE) 0.0 (0.0-0.0) 0.14 (0.0-2.7) <.001

Discussion

In the current study, we characterized the patterns and clinical
outcomes of RAIC after PT in a relatively large and heterogeneous
cohort of patients with HNCs at the skull base. The crude incidence
rate of RAIC in our study was 17.3%, but given the transient nature
of observed lesions, the estimated probability of RAIC at 2, 3, and 5-
years was 9%, 14%, and 13%, respectively.

In contrast to reported elsewhere, the patients in our study
where asymptomatic. There are several possible explanations for
our findings in contradistinction to other series. Both higher doses
and larger RAIC volumes have been suggested to have an impact on
the development of clinical symptoms [1,28,29]. In the current
study the median T1w and T2w lesion volumes were 0.5cc and
2.9cc at its worst, whereas lesion volumes reported in other studies
were considerable larger. Zhou et al. [12] found mean T1w and
T2w lesion volumes of 4.2cc and 21.7cc, and 30% clinical symp-
toms. Su et al. [6] reported mean T1w and T2w lesion volumes of
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Fig. 2. Results from RPA: 17 out of 27 patients with Vg7 gyrsg) >0.17cc developed
RAIC, whereas 4 out of 30 patients with Vg7 cyree) < 0.17cc developed RAIC.

7.7cc and 21.2cc and 22% clinical symptoms. McDonald et al. [13]
found significant difference in the mean and maximum lesion
doses between Grade 1 vs. Grade 2 lesions. In the McDonald study
the Dmean and Dp,ax for symptomatic contrast enhancing lesions
were 73.0 Gy(RBE) and 82.9 Gy(RBE), respectively, compared to
62.2 Gy(RBE) and 69.0 Gy(RBE) for asymptomatic lesions in the
current study. Secondly, asymptomatic RAIC could be considered
an early sign of impending symptomatic progression, future devel-
opment of clinical symptoms in our cohort cannot be ruled out.
Thirdly, as no formal assessment of neuro-cognitive function was
routinely performed, it is possible that the clinical impact of the
lesions and corresponding edema is underestimated.

In RPA all possible combinations of thresholds among the Vp
parameters were evaluated and showed that 63% of the patients
with Vg7 cyree) >0.17cc developed RAIC; the V7 cyrar) therefore
provides practical and useful reference to support clinical decision
making, particularly in difficult cases where higher dose to the
brain is unavoidable and where the risk of developing RAIC is high.
Our result is in good agreement with the recently published inter-
national consensus guideline for NPC, that recommend avoiding
Ves gy > 0.03cc and Vg gy > 0.03cc for T1-T2 and T3-T4 tumors,
respectively [17]. The result agrees reasonable well with the pro-
posed dose constraint from McDonald et al. [13], who identified
of V70 cyree) < 1.7cc for 15% probability of RAIC using Generalized
Estimating Equation modelling of dose response relationship with

Table 4

RAIC in 66 patients treated with PT. Niyazi et al. [14] used DVH
reduction methods when developing a mixture NTCP model for
patients with intracranial- and extracranial tumors treated with
PT. An a-value of 9 fitted their data best, and they estimated an
EUDg = 39.5 Gy for 50% probability of symptomatic CNS necrosis.
It is not possible to directly compare this to our result, however,
an a-value of 1 equals the mean dose, while with increasing a-
values the high dose area of the DVH curve are more weighted
and the calculated EUD gets closer to the near-maximum dose.

An important goal of the current study was to provide a com-
prehensive overview over the incidence of RAIC in HNC treated
with proton therapy. HNC are a heterogeneous patient group with
varying dose to the brain, depending on both dose prescription and
tumor location; a brain dose threshold as one of the inclusion cri-
teria was therefore considered appropriate. Previous studies have
identified V4cy as one predictor of RAIC and in order to ensure
identification of all RAIC events in the cohort, we selected Dpax
>40 Gy(RBE) as the minimum cut-off point.

Although all MRI reports and images in the current study were
retrospectively reviewed and diagnoses verified, inherent limita-
tions of retrospective review apply. Other limitations in our study
exist, including a relatively short follow-up time, as RAIC can
develop at a later time point or existing lesions could potentially
progress. The MRIs in our study were acquired for standard post
treatment surveillance purposes, and T2 flair sequences were not
routinely available, thus standard T2w sequences were used for
contouring T2w edema signal, which can be less accurate than
T2 flair. Differences in scanner types and image acquisition proto-
cols inherently influence image quality, sensitivity and specificity
and could influence the interpretation of the images. However, as
the MRIs were only used for detection and contouring of the brain
image changes the uncertainty should therefore be small with sim-
ple sequences as T1w and T2w. Further, since the lesions were very
small, accuracy of the calculation of the lesion doses may be influ-
enced by uncertainties in the image registration procedure. Finally,
our material included a variety of tumor sites treated with both
PSPT and IMPT. PSPT generally has a larger irradiated volume,
whereas IMPT is conformal, but more sensitive to uncertainties.
Although PT technique was not significantly correlated with RAIC
development, we cannot rule out that it may influence our results.

Results from univariate and multivariate cox regression analysis of clinical and dosimetric variables associations with the development of RAIC.

Univariate analysis

Multivariate analysis

HR (95% CI) p HR (95% CI) p
Age 1.02 (0.99-1.04) >0.1
Anatomical site* 2.52 (0.99-6.45) 0.054 1.23 (0.41-4.05) >0.1
T3-T4 1.83 (0.79-4.25) >0.1 0.44 (0.12-1.66) >0.1
Surgery 0.56 (0.24-1.30) >0.1 2.46 (0.41-4.05) >0.1
Induction chemotherapy 0.67 (0.20-2.28) >0.1
Concurrent chemotherapy 2.22 (0.82-6.03) >0.1 1.99 (0.42-9.33) >0.1
PT technique 1.06 (0.41-2.72) >0.1
Prescribed dose 1.11 (1.01-1.23) 0.035 1.03 (0.88-1.20) >0.1
Drnax 1.15 (1.07-1.24) <0.01 1.06 (0.92-1.21) >0.1
Dlcc 1.11 (1.05-1.18) <0.01
D2¢c 1.10 (1.04-1.16) <0.01
D3cc 1.08 (1.03-1.13) <0.01
D4cc 1.07 (1.02-1.12) <0.01
D5cc 1.07 (1.02-1.12) <0.01
Vio cy(rBE) 1.01 (0.998-1.02) 0.061 0.99 (0.98-1.01) >0.1
Vs cy(ReE) 1.01 (0.996-1.03) 0.080
V6o Gy(RBE) 1.01 (0.985-1.04) >0.1
V70 cy(reE) 1.18 (1.03-1.34) <0.01 1.06 (0.87-1.29) >0.1
Ve7 cyree) >0.17cc 7.72 (2.84-21.0) <0.01 7.41 (1.48-38.76) 0.015

" Nasopharyngeal carcinoma/sinonasal vs other.
" T3/T4 vs other.
" IMPT vs other, HR: Hazard Ratio.
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In addition, the study could also have limited power to define
dose-volume constraints since our cohort was too small to split
into a training and a validation set for RPA. Therefore, our results
should be externally validated.

We investigated RAIC in a heterogeneous cohort of skull base
HNC and found that 17.3% developed RAIC, the majority of these
occurred in nasopharyngeal or sinonasal cancers. The lesions were
small and asymptomatic, resolved in 27% of the patients and pro-
gressed in 18% of the patients. The estimated dose-volume corre-
lations identified in our study were in agreement with previous
studies and confirm the importance of minimizing focal high doses
to brain when achievable.

Conflict of Interest

None.

Acknowledgement of grants or other financial support

Engeseth is funded by Trond Mohn Foundation. S Stieb is
funded by the Swiss Cancer League (BIL KLS-4300-08-2017). Stok-
kevag is funded by Kreftforeningen. Fuller received funding and
salary support related to this project from the National Institutes
of Health (NIH), including: the National Institute for Dental and
Craniofacial Research Establishing Outcome Measures Award
(1R01DE025248/R56DE025248) and an Academic Industrial Part-
nership Grant (RO1DE028290). Dr. Fuller received funding and sal-
ary support unrelated to this during the project from: National
Science Foundation (NSF), Division of Mathematical Sciences, Joint
NIH/NSF Initiative on Quantitative Approaches to Biomedical Big
Data (QuBBD) Grant (NSF 1557679); a National Institute of
Biomedical Imaging and Bioengineering (NIBIB) Research Educa-
tion Programs for Residents and Clinical Fellows Grant
(R25EB025787-01); the NIH Big Data to Knowledge (BD2K) Pro-
gram of the National Cancer Institute (NCI) Early Stage Develop-
ment of Technologies in Biomedical Computing, Informatics, and
Big Data Science Award (1R01CA214825); NCI Early Phase Clinical
Trials in Imaging and Image-Guided Interventions Program
(1R01CA218148); an NIH/NCI Cancer Center Support Grant (CCSG)
Pilot Research Program Award from the UT MD Anderson CCSG
Radiation Oncology and Cancer Imaging Program (P30CA016672)
and an NIH/NCI Head and Neck Specialized Programs of Research
Excellence (SPORE) Developmental Research Program Award (P50
CA097007). Dr. Fuller has received direct industry grant support,
honoraria, and travel funding from Elekta AB. S.J. Dr. Dr. Frank
reports personal fees from Varian, grants and personal fees from
C4 Imaging, grants from Eli Lilly, grants from Elekta, grants and
personal fees from Hitachi, other from Breakthrough Chronic Care,
personal fees from Boston Scientific, and personal fees from
National Comprehensive Cancer Center (NCCN). Dr. Gunn reports
philanthropic donation from the Family of Paul W. Beach.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.radonc.2020.07.008.

References

[1] Lawrence YR, Li XA, el Naqa I, Hahn CA, Marks LB, Merchant TE, et al. Radiation
dose-volume effects in the brain. Int ] Radiat Oncol Biol Phys 2010;76(3 Suppl):
S20-7.

[2] Feng M, Huang Y, Fan X, Xu P, Lang ], Wang D. Prognostic variables for
temporal lobe injury after intensity —modulated-radiotherapy of
nasopharyngeal carcinoma. Cancer Med 2018;7:557-64.

[3] Huang ], Kong FF, Oei RW, Zhai RP, Hu CS, Ying HM. Dosimetric predictors of
temporal lobe injury after intensity-modulated radiotherapy for T4
nasopharyngeal carcinoma: a competing risk study. Radiat Oncol 2019;14:31.

[4] Kong C, Zhu XZ, Lee TF, Feng PB, Xu JH, Qian PD, et al. LASSO-based NTCP model
for radiation-induced temporal lobe injury developing after intensity-
modulated radiotherapy of nasopharyngeal carcinoma. Sci Rep 2016;6:26378.

[5] Su SF, Huang SM, Han F, Huang Y, Chen CY, Xiao WW, et al. Analysis of
dosimetric factors associated with temporal lobe necrosis (TLN) in patients
with nasopharyngeal carcinoma (NPC) after intensity modulated radiotherapy.
Radiat Oncol 2013;8:17.

[6] Su SF, Huang Y, Xiao WW, Huang SM, Han F, Xie CM, et al. Clinical and
dosimetric characteristics of temporal lobe injury following intensity
modulated radiotherapy of nasopharyngeal carcinoma. Radiother Oncol
2012;104:312-6.

[7] Sun Y, Zhou GQ, Qi ZY, Zhang L, Huang SM, Liu LZ, et al. Radiation-induced
temporal lobe injury after intensity modulated radiotherapy in
nasopharyngeal carcinoma patients: a dose-volume-outcome analysis. BMC
Cancer 2013;13:397.

[8] Takiar V, Ma D, Garden AS, Li ], Rosenthal DI, Beadle BM, et al. Disease control
and toxicity outcomes for T4 carcinoma of the nasopharynx treated with
intensity-modulated radiotherapy. Head Neck 2016;38(Suppl 1):E925-33.

[9] Wang ], Miao Y, Ou X, Wang X, He X, Shen C, et al. Development and validation
of a model for temporal lobe necrosis for nasopharyngeal carcinoma patients
with intensity modulated radiation therapy. Radiat Oncol 2019;14:42.

[10] Zeng L, Huang SM, Tian YM, Sun XM, Han F, Lu TX, et al. Normal tissue
complication probability model for radiation-induced temporal lobe injury
after intensity-modulated radiation therapy for nasopharyngeal carcinoma.
Radiology 2015;276:243-9.

[11] Zhou GQ, Yu XL, Chen M, Guo R, Lei Y, Sun Y, et al. Radiation-induced temporal
lobe injury for nasopharyngeal carcinoma: a comparison of intensity-
modulated radiotherapy and conventional two-dimensional radiotherapy.
PLoS One 2013;8:e67488.

[12] Zhou X, Ou X, Xu T, Wang X, Shen C, Ding ], et al. Effect of dosimetric factors on
occurrence and volume of temporal lobe necrosis following intensity
modulated radiation therapy for nasopharyngeal carcinoma: a case-control
study. Int ] Radiat Oncol Biol Phys 2014;90:261-9.

[13] McDonald MW, Linton OR, Calley CS. Dose-volume relationships associated
with temporal lobe radiation necrosis after skull base proton beam therapy. Int
J Radiat Oncol Biol Phys 2015;91:261-7.

[14] Niyazi M, Niemierko A, Paganetti H, Sohn M, Schapira E, Goldberg S, et al.
Volumetric and actuarial analysis of brain necrosis in proton therapy using a
novel mixture cure model. Radiother Oncol 2020;142:154-61.

[15] Dagan R, Bryant C, Li Z, Yeung D, Justice ], Dzieglewiski P, et al. Outcomes of
sinonasal cancer treated with proton therapy. Int J Radiat Oncol Biol Phys
2016;95:377-85.

[16] Pehlivan B, Ares C, Lomax AJ, Stadelmann O, Goitein G, Timmermann B, et al.
Temporal lobe toxicity analysis after proton radiation therapy for skull base
tumors. Int | Radiat Oncol Biol Phys 2012;83:1432-40.

[17] Lee AW, Ng WT, Pan JJ, Chiang CL, Poh SS, Choi HC, et al. International guideline
on dose prioritization and acceptance criteria in radiation therapy planning for
nasopharyngeal carcinoma. Int J Radiat Oncol Biol Phys 2019;105:567-80.

[18] International Commission on Radiation Units and Measurements. Report 78:
prescribing, recording and reporting proton-beam
therapy. Oxford: International Commission on Radiation Units and
Measurements; 2007.

[19] Shah R, Vattoth S, Jacob R, Manzil FF, O'Malley JP, Borghei P, et al. Radiation
necrosis in the brain: imaging features and differentiation from tumor
recurrence. Radiographics 2012;32:1343-59.

[20] NCI Common Terminology Criteria for Adverse Events (CTCAE): National
Cancer Institute 2010 [Available from: https://evs.nci.nih.gov/ftp1/CTCAE/
CTCAE_4.03/CTCAE_4.03_2010-06-14_QuickReference_5x7.pdf.

[21] Wang YX, King AD, Zhou H, Leung SF, Abrigo ], Chan YL, et al. Evolution of
radiation-induced brain injury: MR imaging-based study. Radiology
2010;254:210-8.

[22] Aalen OO, Johansen S. An empirical transition matrix for non-homogeneous
Markov chains based on censored observations. Scand ] Stat 1978;5:141-50.

[23] Datta S, Satten GA. Validity of the Aalen-Johansen estimators of stage
occupation probabilities and Nelson-Aalen estimators of integrated
transition hazards for non-Markov models. Stat Prob Lett 2001;55:403-11.

[24] Therneau T, Grambsch PM. Modeling survival data: extending the Cox
model. New York: Springer; 2000.

[25] Therneau T. A package for survival analysis in R. version 2.38 2015 [Available
from: https://CRAN.R-project.org/package=survival].

[26] Kuhn M. caret: Classification and regression training. R package version 6.0-84
2019 [Available from: https://CRAN.R-project.org/package=caret].

[27] Therneau T, Atkinson, B. rpart: Recursive Partitioning and Regression Trees. R
package version 4.1-15 2019 [Available from: https://CRAN.R-project.
org/package=rpart].

[28] Rahmathulla G, Marko NF, Weil RJ. Cerebral radiation necrosis: a review of the
pathobiology, diagnosis and management considerations. J Clin Neurosci
2013;20:485-502.

[29] Cheung MC, Chan AS, Law SC, Chan JH, Tse VK. Impact of radionecrosis on
cognitive dysfunction in patients after radiotherapy for nasopharyngeal
carcinoma. Cancer 2003;97:2019-26.



Supplementary material

Table I: Grading of central nervous system necrosis according to the National Cancer Institute Common Toxicity
Criteria for Adverse Events (CTCAE) v4.03.

Grade 1 Grade 2 Grade 3 Grade 4 Grade 5
Asymptomatic; Moderate Severe symptoms; Life-threatening Death
clinical or diagnostic symptoms; medical consequences; urgent

observations only; corticosteroids intervention intervention indicated

intervention not indicated indicated

indicated
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Figure 1: Evolution of RAIC: Male (54 years) with nasopharyngeal cancer, treated with PT and concurrent
chemotherapy. 19 months after treatment the patient was diagnosed with bilateral temporal lobe RAIC. The post
contrast T1 and T2 weighted MRIs are displayed on top and middle row, respectively. Image a) demonstrates
bilateral contrast enhanced temporal lobe lesions on the post contrast T1 weighted MRI, and increased signal
intensities on the corresponding T2 sequence (d). b): MRI two months later shows decrease in size on the contrast
enhanced lesion in the right temporal lobe and increase in size and enhancement in the left temporal lobe. The area
with hyperintensities on the T2 weighted MRIs has correspondingly decreased and increased in volume (e). c) and
f): MRI 33 months after diagnosis of RAIC: RAIC lesions have resolved spontaneously without medical intervention.
Bottom row: IMPT dose distribution displayed in representative axial (g), coronal (h) sagittal views (i). CTV 1 (70
Gy[RBE]) and CTV 2 (63 Gy[RBE]), CTV 3 (57 Gy[RBE]) shown in orange, blue and yellow, respectively; T1w lesion is
contoured in magenta and T2w lesion in cyan.
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Table Ill: Summary statistics for all T1 and T2 lesion. Median (Q1-Q3) values reported. Dose in Gy(RBE) and volume in CC.

First MRI Volume Dmean Dimax Dmin

0.3(0.1-0.6) 62.2 (55.2-66.2) 69.0 (63.8-71.7) 51.6 (38.2-58.8)
T1 lesion

1.0 (0.4-2.8) 51.2 (41.9-62.3) 67.6 (62.1-70.9) 25.0 (15.4-50.0)
T2 lesion
Worst MRI Volume Dmean Dimax Dmin

0.5 (0.2-1.0) 62.9 (54.5-66.4) 69.9 (64.9-71.9) 44.5 (35.2-57.6)
T1 lesion

2.9(0.6-9.4) 50.5 (38.8-62.2) 68.3 (61.3-72.2) 21.1(9.7-36.3)
T2 lesion

Table IV: Summary statistics by location of T1 and T2 lesion at first MRI. Median volume and dose statistics
for all lesion and according to location relative to CTV. Median (Q1-Q3) values reported. Dose in Gy(RBE), volume in cc.

Location T1 lesion relative to

Py Volume Dmean Drmax Dmin

First MRI

Inside 0.2(-) 67.7 (-) 70.2(-) 64.6 (-)
Overlapping 0.4 (0.1-0.8) 61.9 (53.5-66.0) 68.7 (62.8-72.6) 50.4 (37.6-57.7)
Outside 0.2(0.1-0.7) 56.2 (55.2-64.7) 69.2 (63.2-70.5) 49.6 (33.8-57.7)
Worst MRI

Inside 03(-) 67.3(-) 72.0 () 60.7 (-)
Overlapping 0.5(0.3-1.4) 63.8 (55.7-67.0) 69.6 (64.6-73.2) 45.4 (36.0-58.0)

Outside 0.7 (0.1-0.8) 55.2(52.1-64.7) 69.2 (61.8-70.8) 39.4(23.8-57.3)
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Figure 4: Location of RAIC according to initial disease site.

Table V: Model performance statistics.

Confusion matrix final model

Observed /predicted No Yes
No 49.1% 16.4%
Yes 6.6% 27.9%
Bootstrapped confusion matrix
Observed /predicted No Yes
No 47.6% 16.0%
Yes 17.7% 18.7%
Performance statistics

Final model Bootstrapped
Accuracy 0.770 0.663
AUC 0.780 0.649
Sensitivity 0.875 0.736
Specificity 0.636 0.560
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brain image change (RAIC). The purpose of the current study was to investigate voxel-wise dose and LET correlations with
RAIC after IMPT.

Methods and Materials: For 15 patients with RAIC after IMPT, contrast enhancement observed on T1-weighted magnetic
resonance imaging was contoured and coregistered to the planning computed tomography. Monte Carlo calculated dose and
dose-averaged LET (LET,) distributions were extracted at voxel level and associations with RAIC were modelled using uni-
and multivariate mixed effect logistic regression. Model performance was evaluated using the area under the receiver operat-
ing characteristic curve and precision-recall curve.

Results: An overall statistically significant RAIC association with dose and LET4 was found in both the uni- and multivariate
analysis. Patient heterogeneity was considerable, with standard deviation of the random effects of 1.81 (1.30-2.72) for dose
and 2.68 (1.93-4.93) for LET,, respectively. Area under the receiver operating characteristic curve was 0.93 and 0.95 for the
univariate dose-response model and multivariate model, respectively. Analysis of the LET, effect demonstrated increased
risk of RAIC with increasing LET, for the majority of patients. Estimated probability of RAIC with LET4 = 1 keV/um was
4% (95% confidence interval, 0%, 0.44%) and 29% (95% confidence interval, 0.01%, 0.92%) for 60 and 70 Gy, respectively.
The TD, 5 were estimated to be 63.6 and 50.1 Gy with LET, equal to 2 and 5 keV/um, respectively.

Conclusions: Our results suggest that the LET, effect could be of clinical significance for some patients; LET4 assessment in
clinical treatment plans should therefore be taken into consideration. © 2021 The Author(s). Published by Elsevier Inc. This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction

The main rationale for using intensity modulated proton
therapy (IMPT) in the treatment of head and neck cancers
(HNC) is the ability to create highly conformal treatment
plans with reduced normal tissue doses and potentially
lower complication rates compared with photon therapy.'
Protons are considered to be more biologically effective
than photons. In proton treatment planning and delivery
this is accounted for by using a fixed value of 1.1 for the
proton relative biological effectiveness (RBE).” However,
the RBE of protons is not constant; it varies depending on a
complex combination of dose, clinical endpoint, tissue «/f,
and the linear energy transfer (LET).”> An approximately
linear increase in RBE with increasing LET (keV/um) has
been shown for dose- and energy ranges relevant for clini-
cal use.” As LET increases with increasing depth, its maxi-
mum is at the end of the proton range, typically close to the
clinical target volume (CTV) border. Further, IMPT treat-
ment planning studies have reported elevated LET and
increased biological dose in organs at risk (OAR) in close
proximity to the CTV.® Questions are therefore raised
whether increased RBE in OAR adjacent to the CTV could
lead to radiation-associated normal tissue injury with subse-
quent development of adverse effect.

The clinical evidence of a causal effect of LET with radi-
ation-associated side effects is limited and inconclusive.
Based on voxel-level analysis of posttreatment imaging
data, a few studies have reported correlations between LET
and regions of radiation associated brain image change
(RAIC) in pediatric and adult patients treated with proton
therapy.” In contrast, no such correlation was found in a
recent study including 50 patients treated with passive scat-
tering proton therapy (PSPT), where several different meth-
ods were used to investigate LET and RAIC associations. '’

As HNC near the skull base often consists of complex tar-
get volumes surrounded by dose-limiting critical organs,

highly modulated proton beams with steep dose gradients are
required to create optimal treatment plans. This may poten-
tially lead to high LET and increased biological effect in criti-
cal structures compared with what is indicated by the fixed
RBE weighted dose distribution.*'' Moreover, our group
recently characterized a cohort of patients with skull base
HNC with RAIC events after treatment with proton therapy.'”
These lesions were overlapping or located just outside the
CTV border, indicating a potential increased biological effec-
tiveness of protons due to elevated LET in the dose fall-off
area. Therefore, the purpose of the current study was to
explore dose and LET correlations with RAIC in a subgroup
of patients treated with IMPT for skull base HNC.

Methods and Materials

Patients and treatment

The study cohort included 15 patients with HNC at the skull
base who had been diagnosed with RAIC after IMPT. These
15 patients were identified after review of available magnetic
resonance (MR) reports and images for development of RAIC
in 85 patients previously treated with IMPT at our center
between December 2010 and June 2018. All patients were par-
ticipants in 1 of 2 prospective clinical trials (ClinicalTrials.org
identifiers: NCT 00991094 and NCT 01627093) and had pro-
vided study-specific written informed consent.

The patients’ treatment plans had been generated in the
Eclipse Treatment planning system (Varian Medical Sys-
tems, Palo Alto, CA). Treatment planning was based on
non-contrast CT images acquired with the patient in supine
position and immobilized with a posterior customized mold
and thermoplastic mask. CTV definitions had been manu-
ally performed and peer-reviewed before treatment plan-
ning. The typical beam arrangements consisted of multiple
beams with large angular separation to spread out the
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placement of potential high-LET and with the majority of
patients being treated with 1 posterior and 2 left and right
anterior oblique beams (Fig. E1). Each treatment plan used
a simultaneous integrated boost technique and was individ-
ually optimized to obtain optimal CTV coverage while min-
imizing dose to surrounding normal tissues.

RAIC definition, image registration, and Monte
Carlo simulations

RAICs had initially been assessed on posttreatment surveil-
lance MRIs, which were routinely acquired every 3 to 4
months during the first 2 years after treatment completion,
then every 6 months until 5 years, and annually thereafter.
The MRI findings defined as RAIC included gadolinium
contrast-enhanced brain lesions on T1-weighted (Tl)
sequences, accompanied by increased signal intensity/
edema and/or cysts on T2-weighted (T2,,) sequences.'’
Retrospectively, a second review with verification of the
RAIC diagnosis was performed by 2 board-certified radia-
tion oncologists (GBG and SJF). Both the radiologists and
the oncologists were blinded to the dose and LET distribu-
tions and were not involved in the further statistical analysis
and modeling of the dose and LET correlations with RAIC.
In a typical RAIC evolution, the initial phase is often fol-
lowed by progression of the lesion.'* The majority of the
patients had several consecutive MRIs after RAIC diagno-
sis with lesions of varying (increasing/decreasing) size; for
the current analysis we considered the contrast enhanced
lesions from the earliest T1,, MRI with observed RAIC to
be the most appropriate surrogate for the origin of the radia-
tion associated injury. The earliest MRI with RAIC and the
treatment planning CTs were automatically registered
(rigid), and the result of the image registration was evalu-
ated by visual inspection and manually modified if deemed
necessary. Figure El shows an example of a contrast
enhanced lesion visible on the T1,, MRI sequence and the
contoured lesion propagated on the treatment planning CT
with the 40 to 70 Gy(RBE) isodose lines overlaid.

For characterization of the proton beam quality either the
full LET spectrum or an average LET at each point could be
used. The LET average is typically calculated using either
the arithmetic mean of the LET fluence spectrum (track
averaged [LET,]) or by weighting the LET by the dose it
deposits in each point(dose averaged LET [LETg4))." For
therapeutic proton beams, LET, is considered to be more
appropriate than LET,.” "1 To obtain accurate dose and LET
distributions for the brain tissue and the RAIC lesions, the
treatment plans were recalculated using an in-house devel-
oped Monte Carlo system: the Fast Dose Calculator (FDC).
The FDC is a track-repeating algorithm for proton therapy,
validated for scanning beams.'”"'” The FDC algorithm cal-
culates the dose and unrestricted LET; based on the
patient’s treatment plan and the assigned planning CT. The
LET, includes primary and secondary protons and is com-
puted using a step-by-step approach previously described

by Cortes-Giraldo and Carabe,”” where LET, is calculated
from pregenerated tables of stopping power obtained from
GEANT4.?! The resulting Monte Carlo doses and LET, dis-
tributions were extracted at the voxel level for each patient,
whereupon each voxel within a contoured lesion was
defined as one single RAIC event (ie, binary response
value = 1), with the voxels outside the lesions (in the brain
tissue) defined as nonevents (ie, binary response value = 0).

Modeling and risk estimation

The data material consisted of multiple voxels from each
patient, including the voxel-wise associated dose, LETy, and
binary response values. Because the data were clustered within
patients, mixed effect logistic regression was used to investi-
gate the association between RAIC, dose, and LETd.zz’24 In
contrast to a standard logistic regression model, mixed effect
logistic regression takes into account patient heterogeneity
and the within-patient correlation of the data. It allows for var-
iation of the model intercept and/or predictor coefficients and
provides estimates of the effects that are constant across the
patients (fixed effects) as well as the effects that vary across
patients (random effects). The main predictors in the current
models were the physical dose and the LET,, and we assumed
that the effect of these predictors varied between the patients.
Therefore, the univariate and multivariate analyses were per-
formed with estimation of the fixed and random effects of
both dose and LET,. In addition to dose and LETy we
included an interaction term (LETg4:dose) in the multivariate
model. Interaction terms can be applied during modeling to
investigate whether a predictor has a different effect on the
outcome depending on the value of another predictor. Because
the scale of LET, and dose differ, Z-standardization of the pre-
dictor variables was performed before modeling (mean = 0,
standard deviation = 1).

Model fits were evaluated using the Akaike information
criterion (AIC), log likelihood, pseudo Rz, and Brier score.
The models’ ability to discriminate between voxels with
and without RAIC was evaluated using the receiver operat-
ing characteristic (ROC) curve and the calculated C-index
(area under the curve [AUROC]). As an additional discrimi-
native measure, we generated precision-recall (PR) curves,
as they are an appropriate and useful supplement to ROC
curves for evaluating performance in imbalanced data sets
with rare events and where the minority class is of interest,
as with the current study.”” Both ROC curves and PR
curves are model-wide evaluations; for a range of different
probability thresholds, the ROC curves plot the trade-offs
between the true positive rate versus the false positive rate,
whereas the PR curves plot the precisian versus the recall.

Cluster bootstrapping was used for internal model vali-
dation. The cluster bootstrapping procedure involves resam-
pling of patients with replacement, rather than resampling
of individual observations. This resampling strategy has
been proven superior over both resampling of individual
observations and a 2-level successive resampling of patients
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and observations.”® For the current analysis this implied
that patients (including all the voxels from each of the
selected patients) were resampled with replacement (num-
ber of samples = 1000), whereupon the model was fit on
each of the bootstrap samples and performance measures
extracted. The modeling was performed in R, version
3.6.0”’, using the glmer function from the ime4 library.”®

Results

The patient characteristics are presented in Table 1. All
patients had skull base and/or intracranial involvement with
typical disease extent to sphenoid sinus, cavernous sinus,
and dura. Thirteen (86.7%) lesions were in the temporal
lobe(s) and 2 (13.3%) in the frontal lobe. The median
(range) lesion volume was 0.2 em® (0.1-1.1 cm®). Ten of
the patients had lesion volumes less than 0.3 cm®. The num-
ber of voxels in the lesions ranged between 195 and 5365,
whereas the number of voxels in the irradiated brain area
ranged between 6157 and 49,238. The proportion of voxels
with RAIC in the total data set was 6%. The median (range)
LET hean and Dppean (RBE = 1.1) in the lesions were 3.61
keV/um (2.82-5.59 keV/pum) and 63.5 Gy(RBE) (42.2-69.0
Gy[RBE]), respectively. The highest LET, value in a lesion
was 8.04 keV/um and the highest LET, value in the brain
tissue was 10.69 keV/um. An example of dose and LET,
distribution including RAIC and CTV contours is displayed
in Figure 1.

Table 1  Patient characteristics (15 patients)
Characteristics No. (%) or median (range)
Female sex 8(53.3)
Age 53 (24-71)
Disease site
Nasopharynx 8(53.3)
Sinonasal 5(33.3)
Other 2 (13.3)
T category
T1-T2 3 (20)
T3-T4 10 (66.7)
Recurrent 2(13.3)
Unresectable disease 7 (46.6)
Chemotherapy 14 (93.3)
CTV 1 volume (cm?)* 110.6 (25.5-340.0)
CTV 2 volume (cm?)’ 194.0 (3.0-484.0)
Number of beams 3 (2-5)
Prescribed dose (Gy[RBE]) 70 (60-70)
Number of fractions 33 (30-33)
Fraction dose (Gy[RBE]) 2.12 (2.0-2.20)
Time to RAIC (months) 19 (9-33)
Abbreviations: CTV = clinical target volume; RAIC = radiation-
associated brain image change; RBE = relative biological
effectiveness.

* Prescribed dose: 63-70 Gy(RBE).
T Prescribed dose: 57-63 Gy(RBE).Other: orbital and skin.

The fixed effects represent the overall (constant) effect
of the predictors on RAIC. There was a positive and statisti-
cally significant correlation between RAIC and dose, as
well as between RAIC and LET in both the univariate and
multivariate models (Table 2). We further found a small but
significant interaction between LETy and dose; that is, as
dose increases, the effect of LET4 decreases and vice versa.
As shown by the negative coefficient sign, the combined
effect of dose and LET,4 was therefore less than the sum of
the individual effects. The conditional effects of LET4 and
dose are illustrated in Figure E2. Based on the multivariate
model we generated probability curves for several LETy
values and dose levels (Fig. 2a,b). The corresponding sur-
face plot of the model is displayed in Figure 2c. The TD;5
(the dose for 15% probability of RAIC) were estimated to
be 63.6 and 50.1 Gy with LET, equal to 2 and 5 keV/um,
respectively (Fig. 2a). A rapid increase in RAIC risk could
be observed when doses exceeded 60 Gy even for lower
LET, values; for LET equal to 1 keV/um the estimated risk
of RAIC was 4% (95% confidence interval [CI], 0%-
0.44%) at 60 Gy versus 29% (95% CI, 0.01%-0.92%) at 70
Gy (Fig. 2b).

The random effects are associated with patient heteroge-
neity. The intraclass correlation (ICC) was 0.77. The stan-
dard deviations (95% CI) of the random effects were 1.81
(1.30-2.72) for dose and 2.68 (1.93-4.93) for LET,. The
interpatient variation is illustrated in Figure 3, where the
risk estimates are plotted as a function of dose and LET,4
and with individual trend lines generated for each of the
patients. A distinct difference between dose and LET, could
be observed; although the effect of the dose was moderate
for some patients, there was still a clear trend of increasing
risk with increasing dose (Fig. 3a). For LETy, on the other
hand, the trend was less consistent, with a positive LET,4
effect for the majority of the patients; however, with a nega-
tive LET effect for 3 of the patients (Fig. 3b). Besides an
overall lower LET, in the RAIC regions compared with the
rest of the brain tissue in these 3 patients, our analysis
revealed nothing specific regarding number of beams (2-3),
beam arrangements, dose distribution, CTV location, or dis-
ease extent that could explain this finding. The interpatient
variation resulted in large uncertainties in RAIC predic-
tions. The probability curves with 95% prediction interval
are displayed in Figure E3.

Model fit and performance measures are displayed in
Table 2. The AUROC and the area under the precision recall
curve (AUPRC) were 0.85 and 0.33 for the univariate model
with LET, as predictor, and 0.93 and 0.54 for the univariate
model with dose as predictor, respectively. The performance
of the multivariate model was slightly improved with an
AUROC and AUPRC of 0.95 and 0.59, respectively (Fig. 4).
Cluster bootstrapping was used for internal validation of the
multivariate model. The mean AUROC from the cluster
bootstrap procedure was 0.95 (95% CI, 0.92-0.97), whereas
the mean AUPRC was 0.58 (95% CI, 0.41-0.71).

We further performed a subgroup analysis to investi-
gate dose and LET, correlations with RAIC when all
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change (RAIC) (red contour): the contoured contrast enhanced lesion from the T1 weighted magnetic resonance imaging

(MRI).

voxels with doses below 40 Gy were removed from the
data set. The results from this analysis were consistent
with the main analysis, with significant associations with
dose and LET, in both the uni- and multivariate analysis,
and a significant interaction between LET, and dose.
Compared with the main model, the AUROCs were
slightly reduced to 0.84 for both the univariate models
and to 0.90 for the multivariate model. The parameter
estimates from the analysis are displayed in Table El
with ROC and PR curves in Figure E4.

Table 2

and performance measures

Discussion

In the current study, dose and LET, associations with RAIC
in patients treated with IMPT for HNC at the skull base
were explored using voxel-level data and mixed effect
logistic regression modeling. Our result demonstrated posi-
tive and significant dose and LETj, associations with RAIC
in all models and a slightly improved ability to discriminate
between voxels with and without RAIC when LET4 was
included as predictor. We further found that the effect of

Parameter estimates (95% confidence intervals in parenthesis) for the univariate and multivariate models including model fit

Variables Univariate model (LETy) Univariate model (dose) Multivariate model
LETq (keV/pum) 1.81 (0.79, 2.84)* - 1.90 (0.56, 3.20)"
Dose (Gy) - 2.72 (1.86, 3.58)* 2.90 (2.00, 3.79)*
LET:dose - - —0.32 (—0.38, -0.26)*
Random effects (SD)

LET, (keV/pm) 2.09 (1.51,3.14) - 2.68 (1.93,4.93)

Dose (Gy) - 1.73 (1.24,2.61) 1.81 (1.30,2.72)
Model fit and performance

AIC 101,671.8 76,704.9 70,106.4

Log likelihood —50,831.9 —38,348.4 —35,046.2

Pseudo R? (fixed effects) 0.37 0.39 0.48

Pseudo R? (total) 0.63 0.83 0.88

Brier score 0.05 0.04 0.04

Abbreviations: AIC = Akaike Criteria Information; CI = confidence interval; LET, = dose-averaged linear energy transfer; SD = standard deviation.

* P <.001.
fP<.0l.
LET:dose: interaction term; Pseudo R% Nagelkerke's.
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linear energy transfer (LETy) values in and for (b) 3 different dose levels in. Dashed horizontal lines correspond to (a) 15%
and (b) 5% probability of radiation associated brain image change (RAIC). (c) The corresponding surface plot is displayed.

All the plots were generated from the multivariate model.

dose and LET| varied considerably between patients, result-
ing in wide CIs and large uncertainties in predictions.

A few previous studies have aimed to investigate the
associations between elevated LET and regions with RAIC
by analyzing voxel level data. In 34 pediatric patients
treated with PSPT for ependymoma, Peeler et al” reported a

significant correlation between hyper-intensities on T2-
Fluid-attenuated inversion recovery images and LET,. They
developed a model with LET, and dose as predictors and
showed that the estimated tolerance dose for 50% risk
(TDsg) of image change in a voxel was reduced when LET,
increased. Similar findings were reported by Eulitz et al,>*
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investigating correlations between LET, and contrast
enhanced lesions from T1,, MRIs in adult patients treated
with PSPT for glioma. They found improved predictive per-
formance when including LET, in the dose-response mod-
els; and, as in Peeler et al, a reduction in TDsy, was
observed with increasing LET,. Bahn et al’ developed a
model for patient-specific predictions of the local risk of
image change based on the treatment plan using voxel level
data from a large cohort (n = 110) of low-grade gliomas
treated with pencil beam scanning. They showed that the
location of RAIC mainly occurred in regions with com-
bined high dose and LET, and not at random. In all these
studies, the LET-RAIC associations were analyzed using
generalized linear models, assuming uncorrelated observa-
tions. Similar to the present study, mixed effect modeling

was used by Niemierko et al'® when analyzing LETq associ-
ations with RAIC in 50 patients treated with PSPT for brain
tumors and HNC. In contrast to our findings, the effect of
LETy was not found to be significantly correlated with
RAIC, neither from the analysis using dose-matched voxels
nor by mixed effect logistic regression. Compared with the
current study, the heterogeneity in their patient material
was higher (ICC of 0.96 vs 0.77), which may be one expla-
nation for the difference in the significance of LET,. Fur-
ther, our patients received treatment with IMPT, which may
yield an overall higher LETy compared with PSPT.**

Our result showed a more rapid increase in RAIC risks for
doses exceeding 60 Gy even for the lowest LET values, con-
firming that dose is the main determinant in the development
of RAIC.*>' However, the ability of the model to distinguish

ROC curves PR curves
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Fig. 4. Receiver operating characteristic (ROC) curves (left) and precision-recall (PR) curves (right). The dashed lines rep-

resent a no-skill model (area under the receiver operating characteristic [AUROC] = 0.5 and area under the precision recall

[AUPR] = 0.06).
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between voxels with and without RAIC was improved when
including the LET as predictor. Although our random effect
analysis showed large interpatient variation in the LET effect,
it is relevant to consider assessment of the LET distribution in
the evaluation of clinical treatment plans, not least because
our result showed a clear LET, effect for the majority of the
patients. For IMPT, where the LET distributions can be very
different for seemingly similar dose distributions,”” studies on
LET optimized treatment planning have reported promising
results, with reduced high LET values in OARs;!' %3 how-
ever, this remains an area of active investigation and it is
unknown whether this translates into a clinical benefit.
Regardless, analyzing clinical outcomes from LET optimized
treatment plans may provide useful insight of the importance
of LET and increased biologic effectiveness.

Previously, we reported RAIC associations at patient
level in a cohort of patients with HNC treated with passive
scattering and/or active scanning, finding significant RAIC
correlations only for dosimetric variables in the multivari-
ate analysis.'” For the current study, where we specifically
investigated the spatial relationship between dose, LETy
and RAIC, we considered it appropriate to only include
patients with RAIC. In future studies, it may be relevant to
also include patients without RAIC. To identify potential
differences in the LET distributions between patients with
and without RAIC, a matched design with a large patient
cohort would be required.

In the present study, we used a mixed effect logistic
regression model to investigate the dose and LET, correla-
tions with RAIC. A standard logistic regression model
would consider each voxel as an independent observation,
ignoring the correlation between the voxels in each patient.
Neglecting this clustering structure of the data would affect
the parameter estimates and in particular the associated P
values and CIs. The mixed effect logistic regression model
strengthens the result of the current study, as the method
controls for nonindependence between voxels.

In addition to the intrinsic shortcomings of a retro-
spective analysis, the limitations of the present study
include the low number of patients in the study cohort
and the uncertainties in the dose and LET, values used
for modeling due to potentially image registration inac-
curacies, proton range uncertainties, and anatomic defor-
mations. Further, the LETy was used as input variable in
the models instead of the full LET spectrum. Although
it is assumed that the LETs in clinical proton beams are
in the range where the RBE increases linearly with
LET, and hence are below values where the overkill
effect is likely to occur, we cannot rule out that this
simplification adds additional uncertainty to the models.
Finally, there are uncertainties in the identification of
the lesion origin location due to the progressive nature
of RAIC. As the MRIs are obtained in a certain time
interval during clinical follow-up, RAIC could have
been in progression for a period at the earliest available
MRI.

In conclusion, using a mixed effect method we found an
overall statistically significant dose and LET correlation
with RAIC after IMPT for HNC. Despite the large interpa-
tient difference in radiosensitivity, our results suggest that
the LET, effect could be of clinical significance for some
patients. LET assessment in clinical treatment plans should
therefore be taken into consideration. Future directions
include investigating if LET, optimization could reduce
observed and predicted RAIC risk without compromising
treatment plan and target dose coverage.
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Supplementary material

Figure 1: Dose distributions and typical beam directions (red arrows). White contour is contrast enhanced region from MRI
(left) and on planning CT (right). Yellow, cyan , green and magenta isodose lines represents 40 GyRBE, 40, 60 and 70 GyRBE,
respectively. Red contour is CTV-70 GyRBE and blue contour is CTV-66 GyRBE.
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Figure 2: Conditional effects of dose and LET, for the main model. As dose increases, the effect of LET4 decreases (a) and vice
versa (b). Further, the negative interaction between LETy and dose means that the combined effect of LET4 and dose is less
than the sum of the individual effects.
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Figure 3: Probability curves (solid lines) including 95% prediction intervals (dotted lines) for four different values of LET4 (a)
and three different dose levels (b). In both plots the dashed horizontal line corresponds to 5% probability of RAIC.

Table I: Result from subgroup analysis of mixed effect regression modelling for voxel with dose > 40 Gy

Univariate Multivariate
Parameter Coefficient Random effects Coefficient Random effects
LETq (keV/pm) 1.17(0.15, 2.18)* 1.87 (1.35,2.82) 1.46 (0.24, 2.69)** 2.26 (163, 3.40)
Dose (Gy) 1.10(0.50, 1.70)*** 1.10(0.80,1.66) 1.14 (0.43, 1.85)*** 1.31(0.95,1.97)
LET4:dose -0.55 (-0.60,0-0.51)***

Random effects: standard deviation, p < 0.05, **p < 0.01, ***p < 0.001. LETq: dose: interaction term
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Figure 4: Result from the subgroup analysis. ROC- and PR curves for the univariate and multivariate models displayed at the
left and right figure, respectively. The AUC were 0.84 for both the univariate models and 0.90 for the multivariate model.

The PR-AUC were 0.52 for univariate model with LET, as predictor, 0.57 for the model with dose as predictor and 0.63 for the
multivariate model. Dotted lines represents a no-skill model.
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