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1 | INTRODUCTION

One of the main motivations behind treating cancer
patients with external proton therapy rather than a

| Joost Verburg?

Abstract

Purpose: In proton therapy, dose distributions are currently often conformed to
organs at risk (OARs) using the less sharp dose fall-off at the lateral beam edge
to reduce the effects of uncertainties in the in vivo proton range. However, range
uncertainty reductions may make greater use of the sharper dose fall-off at
the distal beam edge feasible, potentially improving OAR sparing. We quantified
the benefits of such novel beam arrangements.

Methods: For each of 10 brain or skull base cases, five treatment plans robust
to 2 mm setup and 0%—4% range uncertainty were created for the traditional
clinical beam arrangement and a novel beam arrangement making greater use
of the distal beam edge to conform the dose distribution to the brainstem. Met-
rics including the brainstem normal tissue complication probability (NTCP) with
the endpoint of necrosis were determined for all plans and all setup and range
uncertainty scenarios.

Results: For the traditional beam arrangement, reducing the range uncertainty
from the current level of approximately 4% to a potentially achievable level of
1% reduced the brainstem NTCP by up to 0.9 percentage points in the nom-
inal and up to 1.5 percentage points in the worst-case scenario. Switching to
the novel beam arrangement at 1% range uncertainty improved these values
by a factor of 2, that is, to 1.8 percentage points and 3.2 percentage points,
respectively. The novel beam arrangement achieved a lower brainstem NTCP in
all cases starting at a range uncertainty of 2%.

Conclusion: The benefits of novel beam arrangements may be of the same
magnitude or even exceed the direct benefits of range uncertainty reductions.
Indirect effects may therefore contribute markedly to the benefits of reducing
proton range uncertainties.

KEYWORDS
proton therapy, range uncertainty, robust optimization

conventional photon-based treatment is the sharp dose
fall-off at the distal proton beam edge, which allows
for more conformal dose distributions.! However, in
practice, uncertainties in the in vivo proton range often
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prevent the sharp dose gradient at the distal beam edge
from being fully utilized. Such range uncertainties stem
from many different sources, including differences in
the daily patient setup and inaccuracies in the photon-
derived tissue stopping powers relative to water? There
are a variety of approaches to address the presence
of range uncertainties. The less steep dose fall-off at
the lateral beam edge can be used to conform the dose
distribution to nearby organs at risk (OARSs) instead to
reduce the effects of uncertainties in the proton range.?
Robust treatment planning addresses the issue of range
uncertainties by assuring consistent target coverage
and/or OAR sparing in a variety of setup and/or range
error scenarios.*® However, such approaches generally
contribute to an acceptable dose distribution in a wide
range of error scenarios at the cost of increased OAR
and healthy tissue doses in scenarios of low uncertainty.

Different approaches to reduce range uncertain-
ties in proton therapy are currently being investigated.
These approaches can broadly be separated into two
different categories: imaging-based methods which
aim to reduce the range uncertainties of the treatment
planning images, and range monitoring techniques
which rely on measurements conducted during or
soon after irradiation and which aim to verify the exact
position in the patient at which the protons stopped.
The former category includes dual-energy computed
tomography (DECT), which has been shown to provide
more accurate proton stopping power ratios (SPRs)
relative to water than conventional single energy spec-
trum CT scans®’8 Proton-based CT approaches,
which would allow for more direct measurements
of tissue stopping powers relative to water, are also
under consideration.®'%1".12 An early range verifica-
tion approach which is still being pursued today is
based on positron emission tomography (PET) mea-
surements of activated nuclei in the patient shortly
after irradiation.!>1415.16.17 ‘More recently, projects
measuring prompt gamma rays emitted during treat-
ment for real-time range monitoring have also seen
development.'8:19.20.21

The direct dosimetric benefits of proton range uncer-
tainty reductions have been investigated in previous
studies, including our own work which quantified these
benefits in a set of skull base cases?22324 However,
previous studies focused on OAR dose decreases
caused directly by reductions in the range uncertainty,
but reducing the range uncertainty may have additional
indirect effects on doses to healthy tissues and organs
at risk. They may, for example, lead to the feasibility of
novel beam arrangements.

This is because delivery techniques making greater
use of the steep dose fall-off at the distal beam edge are
known to be beneficial in terms of the sparing of nearby
OARs. Distal edge tracking (DET), for example, is able
to achieve preferential OAR doses by placing Bragg
peaks on the target's distal edge?® Such techniques

are, however, very susceptible to range uncertainties,
as additional dose would be "pushed" into the OAR
in question in overshoot scenarios.?%2728 Treatment
plans therefore currently generally make greater use of
the less steep dose fall-off at the lateral beam edge to
reduce the effects of range uncertainties.

Reductions in the proton range uncertainty could
lead to the feasibility of novel beam arrangements
which make greater use of the distal beam edge and
are therefore able to maintain target coverage while
reducing OAR and healthy tissue doses when the
range uncertainty is low. To evaluate the full benefit of
range uncertainty reductions, indirect benefits such as
the effects of such novel beam arrangements therefore
also have to be considered. In this study, we investigate
the benefits of proton range uncertainty reductions not
only in terms of the normal tissue complication proba-
bility (NTCP) and healthy tissue dose reductions caused
by range uncertainty reductions directly, but also with
respect to the benefits of novel beam arrangements
which they may render feasible.

2 | METHODS

For every studied case, we created a novel beam
arrangement in addition to the traditional clinical one.
The novel beam arrangement was chosen so that
greater use was made of the sharper dose fall-off at
the distal beam edge to conform the dose distribution
to the brainstem, which abutted the target in all cases.
For each of the two beam arrangements, five treat-
ment plans were created, which were made robust to
setup errors of 2 mm as well as range uncertainties of
0%—4%, in increments of 1%. For all treatment plans,
OAR metrics such as NTCPs were determined, and the
differences in these metrics between different beam
arrangements and levels of range uncertainty robust-
ness were used to evaluate the benefits of reducing the
range uncertainty, both in terms of the direct effects of
range uncertainty reductions as well as with respect to
the benefits of novel beam arrangements made feasible
by reductions in the range uncertainty.

2.1 | Patient selection and treatment
plan creation

This study encompassed treatment plans for 10 skull
base and brain cancer patients with targets abutting
the brainstem who had received pencil beam scan-
ning (PBS) proton therapy at Massachusetts General
Hospital (MGH). All treatment plans included all clinical
planning constraints and objectives. The treatment
planning system used was our in-house Astroid sys-
tem, and doses were calculated using the pencil-beam
algorithm 2239 All treatment plans used the machine
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model of the ProTom Radiance 330 system as installed
at MGH’s recently opened Gordon-Browne Proton
Therapy Center. Using a modern machine model was
important because the investigated range uncertainty
reductions are likely to only be achieved in several
years. Using a modern system that is likely optimized in
terms of a small lateral penumbra was also considered
a fairer comparison than relying on an older system with
a natively larger lateral penumbra. For proton energies
between 70 MeV and 230 MeV, the spot size in air at
isocenter ranged from about 7 mm to about 3.5 mm
sigma.

2.2 | Beam angle selection approach
For each of the studied cases, a total of 10 treatment
plans were created, five of which made use of the tra-
ditional clinical beam arrangement and five of which
used the novel beam arrangement. The five treatment
plans per beam arrangement were related to the five
different levels of range uncertainty robustness, which
ranged from 0%—4%, in increments of 1%. The novel
beam arrangement used the same number of beams as
the traditional clinical beam arrangement, and its beam
angles were chosen so that greater use was made of
the sharp dose fall-off at the distal beam edge to con-
form the dose distribution to the brainstem.

Besides greater reliance on the distal beam edge, sev-
eral additional requirements were placed on the novel
beam arrangement:

- General healthy tissue doses were required to be
lower than or comparable to the traditional clinical
beam arrangement to prevent an increase in the risk
of long-term healthy tissue damage

- Doses to OARs other than the brainstem were like-
wise required to be comparable to the traditional clini-
cal beam arrangement to assure that the novel beam
arrangement did not create an unintended trade-off
between the dose to the brainstem and doses to other
OARs

During beam angle selection, care was taken with
respect to the separation between beam angles to pre-
vent the novel beam arrangement from inadvertently
increasing the general healthy tissue volume receiving a
high dose. A reduction in the path length of brain expo-
sure was also a consideration. Further deciding factors
were often patient-specific and frequently concerned
other nearby organs at risk. Particular attention was, for
example, paid to the dose delivered to the cochlea and
temporal lobes. Depending on the exact target location
and size, other common considerations concerned air
cavities like the ones in the mastoid region.

The process through which the novel beam arrange-
ment was defined consisted of the following steps:

Patient 1 Patient 5
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FIGURE 1 The (a,b) traditional clinical and (c,d) novel beam

arrangement for patients 1 (left) and 5 (right). Beam angles are
indicated by arrows. The yellow and the green structures depicted
are the clinical target volume (CTV) and the brainstem, respectively

1. Definition of an (initial) patient-specific novel beam
arrangement making greater use of the distal beam
edge to conform the dose distribution to the brain-
stem

2. Fluence optimizations with 4% range uncertainty
robustness for both beam arrangements
a. If an unintended trade-off between the dose to the

brainstem and other OARs was observed, the ini-
tial novel beam arrangement was adapted, and the
optimization was re-run

3. Optimizations for all remaining levels of range uncer-
tainty robustness

The traditional and novel beam arrangements for two
patients are shown in Figure 1.

2.3 | Fluence optimizations

The optimization and dose distribution evaluation
approaches were in line with our previous work.2* Flu-
ence optimizations used the Nymph algorithm, a primal-
dual infeasible interior point algorithm 3132 All optimiza-
tions used ¢ = 0.1 Gy(RBE), meaning that optimizations
were completed when the difference between the objec-
tive values and the optima were at most 0.1 Gy(RBE).
Fluence optimizations required the following inputs:

* Planning constraints: We assume that these need
to be fulfilled in every scenario, and denote these as
¢ (x) < 0,where c is a convex vector-valued function;

* Planning objectives: are fulfilled as much as possi-
ble, with each planning objective f; being designated a
weight w; which denotes its relative importance; and

* D matrices: the matrix D° for every scenario s; D®
contains matrix elements D;°, which denote the dose
deposited in voxel i per unit of fluence from proton
pencil beam j.

Throughout this work, scenario refers to error scenar-
ios in which setup and/or range errors are applied as
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well as to the nominal scenario, which is defined as the
scenario in which neither setup nor range errors of any
magnitude occur.

Planning constraints used for this work regarded the
minimum or minimum mean dose (for target structures)
and the maximum or maximum mean dose (for OARs,
healthy tissues, and conformality structures). Objective
functions included maximize minimum and maximize
mean dose (for target structures), minimize maximum
and minimize mean dose (for OARs, healthy tissues, and
conformality structures), and minimize over-/underdose
with respect to a specified bound, which was used to
improve target coverage or OAR sparing without the
severity of a planning constraint.

Since planning objectives do not have to be fulfilled,
an approach to implement planning objectives from dif-
ferent scenarios had to be chosen, and worst-case opti-
mization, which optimizes a single worst-case scenario
rather than, for example, considering worst-case scenar-
ios for all objectives separately, was applied*:

x>0

k
min {TS;‘ Z wifi (d(x;8)):c(x) < 0} (1)

In Equation (1), x is the pencil beam spot weight, s
denotes a scenario, f; is an objective function with weight
w;, and d is the resulting dose distribution. The set of
scenarios S contained up to 21 scenarios. Of the five
different treatment plans created for each of the studied
beam arrangements, one treatment plan was only made
robust to setup errors of +2 mm in every dimension,so S
only contained seven scenarios: six setup error scenar-
ios and the nominal scenario in which no errors occur.
The remaining four treatment plans were made robust
to range errors of 1%—4%, in increments of 1%, in addi-
tion to setup errors of +£2 mm in every dimension. Three
different range error scenarios were included in the opti-
mization: undershoot, nominal, and overshoot. In these
cases, S therefore contained 21 scenarios: the afore-
mentioned seven positional scenarios in each of the
three range scenarios Target coverage was kept con-
sistent between both beam arrangements, all levels of
range uncertainty, and all scenarios, and clinical con-
straints kept the maximum dose within the target below
104% of the prescription dose in all cases. A potential
trade-off between dose hotspots within the target and
sparing of nearby OARs or healthy tissue therefore did
not have to be considered.®®> The number of variables
and constraints for the 0% range uncertainty robustness
treatment plans of all 10 patients included in this study
are shown in Table 1.

Setup and range uncertainty robustness were
achieved through isocenter shifts and by uniform
scaling of the Hounsfield unit (HU) values in the patient
CT?%:23:34=37 Undershoot and overshoot scenarios are
defined as range error scenarios in which the HUs in

TABLE 1 Numbers of variables and constraints for all patients
# of variables # of constraints
Patient # (x103) (x103)
1 75.2 586.4
2 162.6 866.1
3 598.9 831.1
4 310.1 1113.3
5 355.3 894.6
6 394.0 492.1
7 492.8 655.4
8 596.7 1796.0
9 576.1 1060.3
10 697.3 1221.8

The number of variables and constraints for the 0% range uncertainty robust-
ness treatment plan of the traditional beam arrangement for all 10 patients
included in this study. Values for higher levels of range uncertainty robustness
differ due to the increased number of scenarios. Objective functions included
maximize minimum dose, maximize mean dose, minimize maximum dose, min-
imize mean dose, and minimize over-/underdose with respect to a specified
threshold.

the patient CT were scaled with a scaling factor > 1
and a scaling factor < 1, respectively. All target planning
constraints and objectives were applied to all scenarios
included in the optimization. Only a single clinical plan-
ning CT was available for every patient, so anatomical
robustness was not implemented 3440

For each of the studied beam arrangements, the
aforementioned steps yielded five different sets of
fluences X, which corresponded to range uncertainty
robustness levels of 0%—4%. A dose distribution ds was
calculated for every range uncertainty robustness level
and every scenario s:

ds = DS% )

This yielded seven dose distributions for treatment
plans not robust to any range errors and 21 dose dis-
tributions for all other treatment plans. The intensity-
modulated proton therapy (IMPT) approach was cho-
sen for all optimizations, meaning that field-wise dose
distributions were allowed to be non-uniform as long
as the uniformity of the total dose distribution was
preserved.28

2.4 | Monte Carlo simulations of dose
and dose-averaged linear energy transfer
(LET,) distributions

To verify the accuracy of treatment planning system
(TPS)-based results and the underlying pencil beam
algorithm, Monte Carlo simulations were performed for
the nominal scenario of the treatment plans only robust
to setup errors of +2 mm using the TOPAS Monte Carlo
tool.*" The TOPAS workflow only required the patient
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CT and the relevant treatment plan as inputs. Brainstem
NTCPs calculated using Monte Carlo simulation-based
dose distributions were then compared to the corre-
sponding TPS-based values. Dose-averaged linear
energy transfer (LET,) distributions were determined
as well to provide additional information on the potential
effects of the novel beam arrangements studied.

2.5 | Evaluation of dose distributions
A Python tool was created for the evaluation of all result-
ing dose distributions. Different target coverage metrics
such as the percentage of the target volume receiving at
least 95% of the prescription dose were determined to
verify that target coverage was consistent for both beam
arrangements, all range uncertainty levels, and all sce-
narios. Metrics including mean and maximum doses as
well as NTCPs were determined for all potentially rele-
vant OARs.

NTCPs were calculated using the Lyman-Kutcher-
Burman (LKB) model, which relies on the following
parameters®?:

» TD50: tolerance dose at which an NTCP of 50% is
observed

* n: governs the NTCP’s volume dependence

* m: determines the slope of the dose-NTCP curve

* Dose: modeled as the entire OAR being irradiated
with an effective dose, as suggested by Mohan et al

NTCPs were determined for all OARs within 1 cm of
the target to assure that the novel beam arrangement
did not inadvertently create a different trade-off between
the NTCP for the brainstem and complication probabil-
ities of other OARs. OARs further than 1 cm from the
target were not considered relevant because they are
expected to be largely unaffected by the investigated
changes in range uncertainty. The presented results will
limit themselves to the brainstem as the only OAR which
was relevant in at least five cases.

The parameters used to calculate the brainstem
NTCP with the endpoint of necrosis were n = 0.16,
m = 0.14, and TD50 = 65 Gy(RBE). These parameter
values may be conservative and may therefore overes-
timate the true NTCPs.*>** The healthy brain volume
receiving a dose of at least 30 Gy(RBE) was determined
as well because it has been linked to a range of impair-
ments such as a reduction in the working memory*°

3 | RESULTS

3.1 | Results based on TPS dose
calculations

For all patients, both beam arrangements, and all range
uncertainty robustness levels, the brainstem NTCP in

Brainstem NTCP

Traditional (nominal)
8 A Novel (nominal)
| Best-/Worst-case

ssauIsNqol %t
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(b) Brain volume receiving 30 Gy(RBE)
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Patient

FIGURE 2 The (a) brainstem NTCP and (b) healthy brain
volume receiving a dose of at least 30 Gy(RBE) for all patients, both
beam arrangements, and all range uncertainty robustness levels. In
every patient column, circles and triangles indicate the traditional
clinical and the novel beam arrangement, respectively. Within a set of
data points, range uncertainty robustness ranges from 0% on the left
to 4% on the right. Data points indicate the values in the nominal
scenario while error bars indicate the best-case and worst-case
scenario for the relevant metric. In (a), differences in the results for
different patients are explained by patient-specific factors such as
prescription dose and target volume. The general healthy tissue dose
was expected to be comparable for both beam arrangements, so no
benefits were expected to be observed in (b)

the nominal and the best-case and worst-case sce-
nario is shown in Figure 2. Best-case and worst-case
here refer to the scenario in which the relevant met-
ric is lowest and highest, respectively. The novel beam
arrangement was expected to be linked to a trade-
off with regard to brainstem sparing: at low levels of
range uncertainty robustness, the novel beam arrange-
ment was expected to reduce the dose to the brainstem
because the steeper dose fall-off at the distal beam
edge was expected to allow for a more conformal dose
distribution at the target-brainstem interface. At higher
levels of range uncertainty, on the other hand, the novel
beam arrangement was expected to deliver a higher
dose to the brainstem than the traditional clinical beam
arrangement, especially in the worst-case scenario, as
greater use of the distal beam edge was expected to
cause additional dose to be "pushed" into the brain-
stem. This trend was generally observed and can be
seen especially clearly in the data for patients 7 to 10 in
Figure 2.

The point at which novel beam arrangements
become favorable—that is, maintain or reduce the brain-
stem NTCP compared to the traditional clinical beam
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TABLE 2 Novel beam arrangement favorability as a function of
range uncertainty

Favorable novel beam arrangements

Range [%]

li;lcertamty Nominal Worst-case
(%) scenario scenario

0 100 100

1 100 100

2 100 100

3 90 80

4 60 40

The percentage of favorable novel beam arrangements for all levels of range
uncertainty robustness and the nominal and worst-case scenario. Favorability is
defined as the novel beam arrangement maintaining or reducing the brainstem
NTCP compared to the traditional clinical beam arrangement. All novel beam
arrangements were favorable starting at a range uncertainty of 2%. Many novel
beam arrangements, however, became favorable at a range uncertainty >2%.

arrangement—is essential, as it determines by how
much the current range uncertainty would have to be
reduced for novel beam arrangements to become viable
and for the associated NTCP reductions to be achieved.
For the nominal and the worst-case scenario, the per-
centage of cases for which the novel beam arrange-
ment was favorable as a function of range uncer-
tainty is shown in Table 2. Compared to the traditional
clinical beam arrangement, the novel beam arrange-
ment reduced the brainstem NTCP in all cases start-
ing at a range uncertainty of 2%. However, in many
cases, the novel beam arrangement became favorable
at a range uncertainty >2%. The feasibility of some
novel beam arrangements at a range uncertainty of 4%
is largely explained by cases in which the brainstem
NTCP remained near or at 0% at all levels of range
uncertainty.

The current clinical range uncertainty margin is
institution-dependent and ranges from 2.5% + 1.5 mm to
3.5% + 3 mm.2“® This work therefore approximates the
clinical range uncertainty margin as 4%. In vivo range
verification methods, on the other hand, already report
millimeter accuracy.'®2? A range uncertainty reduction
to a level of 1% may therefore eventually be achievable.

When solely relying on the traditional clinical beam
arrangement, a range uncertainty reduction from 4% to
1% decreased the brainstem NTCP by up to 0.9 per-
centage points in the nominal scenario and by up to
1.5 percentage points in the worst-case scenario. When
taking the feasibility of novel beam arrangements at
low levels of range uncertainty into account, however,
a 4% to 1% range uncertainty reduction decreased the
brainstem NTCP by up to 1.8 percentage points in the
nominal scenario and by up to 3.2 percentage points in
the worst-case scenario. The benefits of range uncer-
tainty reductions generally increased with the prescrip-
tion dose. For both beam arrangements, the brainstem
NTCP decreases caused by a range uncertainty reduc-

Traditional Novel
S8e o ° ~0.0 “s8e o

T ‘. 05— :
£ 0>
£ ® ~-1.0- °
o — | i [ ]
ey -1.5 .
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Dpre. [GY(RBE)]

50 52 54 56 7072
Dpre. [GY(RBE)]

FIGURE 3 The brainstem NTCP decreases caused by a 4% to
1% range uncertainty reduction as a function of prescription dose
Dyre- The left and right column concern the use of the traditional
clinical beam arrangement and the novel beam arrangement,
respectively, at a range uncertainty of 1%. The first and second row
depict the data in the nominal and in the worst-case scenario. Every
data point reflects one patient, and the data point with a prescription
dose of 70 Gy(RBE) corresponds to a case in which a CTV with a
prescription dose of 56 Gy(RBE) contained a sub-structure with a
prescription dose of 70 Gy(RBE). Values correspond to the
differences between the 4% and 1% data points shown in Figure 2.
The unit pp refers to percentage points

tion from 4% to 1% as a function of prescription dose
are shown in Figure 3.

Novel beam arrangements being linked to larger
range uncertainty reduction benefits was attributable to
the greater use of the sharper dose fall-off at the distal
beam edge to conform the dose distribution to the brain-
stem. This is visualized in Figure 4, which depicts the
nominal dose distributions of the 0% range uncertainty
robustness treatment plan for patient 8 for both beam
arrangements as well as the dose changes caused by
increasing range uncertainty robustness from 0% to 4%.
Despite comparable target coverage, the novel beam
arrangement was able to deliver a lower dose to the
brainstem when range uncertainty was low. At higher
levels of range uncertainty, however, the novel beam
arrangement caused additional dose to be "pushed"
into the brainstem, while the traditional clinical treatment
plan caused additional dose to be deposited along the
target’s boundary with the brainstem instead.

3.2 | Monte Carlo simulations to verify
dose calculation accuracy

For all ten cases included in this study, the TPS- and
Monte Carlo simulation-based brainstem NTCP for the
nominal scenario of the treatment plan only robust to
setup errors of +2 mm is shown in Figure 5. Monte Carlo

85U80|7 SUOWWIOD @A eaI 8|qeo![dde ayy Aq pausenob are sejolie YO ‘8sN JO Se|n. 10} Areiqi8UlUQ A8]IM UO (SUORIPUCO-PUB-SWLBY/LICD" A3 | 1M ATe1q 1[BUI [UO//SANY) SUORIPUOD PUe S8 18U} 88S *[£202/60/62] UO Akeiq1aulluo A1 ‘Auewsen sueiyooD Aq #795T duw/Z00T 0T/I0p/w0 A8 1M AReid jpuljuo widee//sdny woly papeojumoq ‘L ‘Z20Z ‘602vELrZ



NOVEL PROTON BEAM ARRANGEMENT BENEFITS

0% robustness
e

© ‘ 56.7
c
L) 55.4
-
o 54.0
©
= 52.9

51.3
48.6
43.2

37.8

‘ 27.0

Dose [Gy(RBE)] (b) \

21.5
| .
18.0

MEDICAL PHYSICS——=2
Increasg to 4%‘

32.0
28.5

25.0

(d) Bra i't’-'em

I 14.5
11.0

7.5

/

40 A

FIGURE 4 The dose distribution for the treatment plan only robust to setup errors of +2 mm for the (a) traditional clinical and (b) novel
beam arrangement and the dose changes caused by increasing range uncertainty robustness from 0% to 4% for the (c) traditional clinical and
(d) novel beam arrangement for patient 8. All dose distributions concern the nominal scenario. Arrows emphasize the brainstem sparing
achieved by the novel beam arrangement at low levels of range uncertainty. The green and yellow structure depicted are the brainstem and the
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FIGURE 5 The brainstem NTCP with the endpoint of necrosis
for all 10 patients included in this study. Circles and triangles indicate
values for the traditional clinical and the novel beam arrangement,
respectively. Within each patient column, data points on the left and
right concern treatment planning system (TPS)- and Monte Carlo
(MC) simulation-based dose calculations, respectively. All data points
concern the nominal scenario of the treatment plan only robust to
setup errors of +2 mm

simulation-based dose distributions resulted in small dif-
ferences in the absolute NTCP values as compared to
TPS dose calculations, for both the traditional and novel
beam arrangement. This was because more accurate
modeling of multiple Coulomb scattering by Monte Carlo
simulations resulted in slight differences in the end-of-
range of the proton beams. However, the reduction of
the NTCP achieved by the novel beam arrangements
remained almost identical to the differences observed
for TPS dose calculations.

4 | DISCUSSION

4.1 | Radiobiological effects at the end
of range

As is done in clinical practice, dose calculations applied
a relative biological effectiveness (RBE) value of
1.1 to account for the differences between photon
and proton irradiation. Models in which the RBE is a
function of parameters like dose and LET are being
investigated*’~*° However, RBE will depend on the
specific endpoint that is considered, and variable RBE
models are generally based on data for clonogenic cell
survival and therefore more relevant for target struc-
tures than organs-at-risk, in addition to being associated
with considerable uncertainties.>%-%"

For brainstem necrosis specifically, clinical stud-
ies of pediatric patients with central nervous system
(CNS) malignancies, low-grade glioma, and posterior
fossa tumors indicate that proton therapy is associated
with lower or comparable toxicity rates than conven-
tional photon treatments®?-°* In addition, a study
which included 111 medulloblastoma patients who
received proton therapy and which focused on patients
with clinical symptoms of CNS or brainstem injury
observed higher LET values compared to the target but
statistically not significant RBE differences in 8 out of
10 treatment change areas identified using magnetic
resonance imaging (MRI).>®> The study also reported
CNS and brainstem injury rates that were comparable
to those associated with photon treatments.
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TABLE 3 The mean dose-averaged linear energy transfer
(LETg) within the brainstem for all 10 cases

LET, [keV/um]

Patient # Traditional Novel
1 5.5 5.2
2 3.3 3.3
3 3.1 3.7
4 5.2 5.1
5 4.6 6.1
6 2.7 3.1
7 25 2.7
8 4.0 5.7
9 4.0 5.7
10 4.0 4.3

The mean dose-averaged linear energy transfer (LET4) within the brainstem for
all 10 cases included in this study. All values concern the nominal scenario of
the treatment plan only robust to setup errors of +2 mm.

The potential effects of differences in LET between
the traditional and novel beam arrangement have to be
taken into account nonetheless. Table 3 contains the
simulated mean LET within the brainstem for the nom-
inal scenario of the treatment plan only robust to setup
errors of +£2 mm for all cases and both beam arrange-
ments included in this study. Monte Carlo simulations
showed that the novel beam arrangement led to an
increase in the mean LET 4 within the brainstem for some
of the investigated cases.

Previous studies suggest a variable RBE-induced
range uncertainty of approximately a few millimeters or
<2% 24856 The novel beam arrangement, on the other
hand, was favorable—that is, maintained or reduced
brainstem NTCP in all cases and scenarios compared
to the traditional clinical beam arrangement—at a
range uncertainty of 2%, and became feasible at a
range uncertainty >2% in most cases. The novel beam
arrangement would therefore have remained beneficial
when including the effects of variations in RBE, provided
range uncertainties can be reduced to a sufficiently low
level.

LET-based optimization could be applied to deter-
mine whether novel beam arrangements may be able
to achieve comparable or lower LETy in nearby OARs
when LET is optimized in addition to dose*’ This study
applied the same (dose-based) planning constraints
and objectives as the patients’ original clinical treatment
plans, so LET within the brainstem was not included in
any of the optimizations. The observed differences in
LET distributions between the two beam arrangements
may therefore be able to be reduced if LET-based plan-
ning constraints and objectives are included in addition
to conventional dose-based ones. Applying LET-based
optimization may reduce the range uncertainty reduc-
tion benefits as quantified in this study but would
also help mitigate the risk of potential LET effects. The

variable RBE-induced range shift, which has been quan-
tified previously for some cases, could likewise be taken
into account during treatment planning, for example as
a modifier applied to the proton beam range 24856

The traditional beam arrangement generally exhibited
lower mean LETy within the brainstem than the novel
beam arrangement, and range uncertainty reduction
benefits for traditional beam arrangements have been
quantified in this as well as previous studies??2* How-
ever, range uncertainty reduction benefits associated
with the novel beam arrangement as quantified in this
study were twice as high or higher than the benefits
associated with the traditional beam arrangement.
Solely relying on the traditional beam arrangement
may therefore prevent the potential benefits of range
uncertainty reductions from being fully utilized.

Once novel beam arrangements have been investi-
gated in greater detail and range uncertainties have
been reduced to a sufficient level, a clinical study may
be able to help determine the benefits of novel beam
arrangements over traditional clinical ones. However,
since brainstem necrosis is a severe side effect and
treatment planning therefore takes care to keep brain-
stem necrosis rates low, such a study would have to be
sufficiently large for potential differences between brain-
stem necrosis rates to be observed.

4.2 | Range uncertainty reductions
necessary for novel beam arrangements to
become favorable

At the current clinical range uncertainty, which is
institution-dependent and which can be approximated
as 4%, the novel beam arrangement was frequently
unfavorable in terms of brainstem NTCP compared to
the traditional clinical beam arrangement.*% This trend
was expected because the current reliance on the less
steep dose fall-off at the lateral beam edge is moti-
vated by improved OAR and healthy tissue sparing in
a wide range of scenarios at higher levels of range
uncertainty.

The level to which the current range margin would
have to be reduced for novel beam arrangements to
become favorable was 2% for both the nominal and
worst-case scenario. Most novel beam arrangements
became favorable at a range uncertainty >2%, and
improvements in the favorability of novel beam arrange-
ments were observed between all levels of range
uncertainty. Smaller range uncertainty reductions were
therefore also beneficial. The range uncertainty reduc-
tion necessary for novel beam arrangements to become
favorable is expected to depend on factors such as
treatment site and relevant OARs. In all cases, the novel
beam arrangement was able to reduce the brainstem
NTCP at low levels of range uncertainty without com-
promising the sparing of other OARSs or healthy tissue.
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The range of the TPS pencil beam algorithm was
validated using Monte Carlo simulations. TPS-based
NTCPs were generally slightly higher but in good
agreement with NTCPs calculated based on Monte
Carlo simulations. At a low level of range uncertainty,
the novel beam arrangement remained beneficial in
terms of brainstem NTCP even when dose calculations
were Monte Carlo simulation based. Although absolute
NTCPs varied, the magnitude of this benefit was consis-
tent with the results of TPS dose calculations.

4.3 | Candidate cases especially
benefitting from range uncertainty
reductions

The benefits of range uncertainty reductions increased
with prescription dose and, to a lesser extent, target vol-
ume. The former was particularly relevant because CTV
prescription doses, which ranged from 50.4 Gy(RBE)
to 56 Gy(RBE), were low relative to NTCP model
parameters such as the tolerance dose of TD50 = 65
Gy(RBE).*?*4 Even a prescription dose difference of a
few Gy(RBE) therefore frequently affected the magni-
tude of the observed NTCP reductions markedly. The
relationship between prescription dose and brainstem
sparing is in line with what we observed in our previous
work, which focused solely on skull base cases?* The
relevance of the prescription dose is expected to vary
depending on factors such as the OAR in question and
the chosen NTCP model parameters.

The relationship between target size and NTCP
reduction magnitude was attributable to the compara-
tively large volume of the brainstem, which was usually
in the dozens of cc. This is because comparatively low
prescription doses led to a larger part of the OAR having
to receive a considerable dose for NTCP changes to be
observed. However, target size is not expected to have
a crucial effect for all OARs. Our previous study sug-
gests that for smaller organs at risk such as the optic chi-
asm, proximity to the target plays a greater role2* This is
because such organs are generally small enough for a
considerable portion of the OAR to receive a significant
dose whenever the OAR in question is in close proximity
to the target.

4.4 | The relative importance of
considering novel beam arrangements

It has been suggested that the benefits of range
uncertainty reductions may be much smaller than the
OAR dose reductions achieved by reducing setup
uncertainties ?>23 As this study focused on the interplay
between novel beam arrangements and range uncer-
tainty reductions specifically, our results do not allow
us to draw any conclusions regarding this exact point.

MEDICAL PHYSICS——%

Our results do, however, indicate that only considering
the direct effects of range uncertainty reductions may
drastically underestimate the total benefits of reduc-
ing range uncertainties. Range uncertainty reduction
benefits achieved through novel beam arrangements
exceeded the benefits when only relying on the tra-
ditional clinical beam arrangement in all patients, in
some cases by a factor of 2 or more. Future stud-
ies should therefore include indirect benefits of range
uncertainty reductions such as the feasibility of novel
beam arrangements, as not doing so may underes-
timate the benefits of range uncertainty reductions
markedly.

4.5 | LKB model parameters
The parameters used in the LKB model underlying the
brainstem NTCP calculations may be conservative.*%#*
If potentially less conservative parameters—for exam-
ple, a higher TD50 value—were available and had been
applied, calculated brainstem NTCPs would have been
lower. Potentially reducing the risk of brainstem necro-
sis is relevant because of its severity, but it is also an
uncommon side effect, with necrosis rates of 0.7% and
1.1% and a 5-year brainstem injury rate <2% having
been reported.52:53.57

Range uncertainty reduction benefits could have been
quantified in terms of dose rather than NTCP This
would have made results independent of uncertainties
in LKB model parameters. However, doing so would have
come with its own shortfalls. A 5 Gy(RBE) reduction
in the maximum dose to the brainstem, for example,
may be more relevant for higher initial maximum brain-
stem doses. Results were represented in terms of NTCP
rather than dose because the LKB model already takes
such factors into account, in addition to also considering
aspects such as volume-dependence.

4.6 | Effects of methodological
differences like beam angle optimization
and the inclusion of additional
uncertainties

For this study, novel beam arrangements were cho-
sen manually. However, beam angle optimization
approaches are also being investigated.5859 While
novel beam arrangements were favorable at low levels
of range uncertainty despite manual beam angle selec-
tion, beam direction optimization may have been able
to determine even more beneficial beam arrangements
compared to the traditional clinical beam arrangement.
The quantified benefits of novel beam arrangements
may therefore have been greater if beam angle opti-
mization rather than manual beam angle selection had
been applied.
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The traditional beam arrangement was defined as
the clinical beam arrangement with which a given
patient had been treated. We therefore did not con-
sider it necessary to define alternative traditional beam
arrangements. However, if beam angle optimization
was applied to determine novel beam arrangements,
traditional beam arrangements should be determined
in the same way to assure a fair comparison.

As mentioned in Section 2.3, anatomical robustness
was not included in this study because only a single
planning CT was available for every patient.3*% Includ-
ing such additional uncertainties in the optimizations
(or other methodological differences related to the
optimizations) may affect results. As with beam angle
optimization, any changes in methodology should be
consistent for all beam arrangements to assure that
the comparison is fair.

5 | CONCLUSION

We have investigated the benefits of range uncer-
tainty reductions in 10 brain cancer and skull base
cases treated with IMPT, with a focus on novel beam
arrangements made feasible by reductions in proton
range uncertainties. The benefit of novel beam arrange-
ments and range uncertainty reductions was quanti-
fied in terms of the associated decrease in brainstem
NTCP with the endpoint of brainstem necrosis, a rare
but severe side effect. When only considering the tra-
ditional clinical beam arrangement, a range uncertainty
reduction from the current margin of approximately 4%
to a potentially achievable level of 1% decreased the
brainstem NTCP by up to 0.9 percentage points in the
nominal scenario and by up to 1.5 percentage points in
the worst-case scenario. When taking into account the
feasibility of novel beam arrangements at lower levels
of range uncertainty, however, a 4% to 1% range uncer-
tainty reduction decreased the brainstem NTCP by up
to 1.8 percentage points in the nominal scenario and
by up to 3.2 percentage points in the worst-case sce-
nario. The novel beam arrangement became favorable
in terms of brainstem NTCP at a range uncertainty of
2%.In most cases, the novel beam arrangement became
favorable at a range uncertainty >2%. This suggests
that the novel beam arrangement would remain benefi-
cial even if RBE-induced range uncertainties are consid-
ered, provided range uncertainties can be reduced to a
sufficiently low level. Future studies should nonetheless
optimize LET in addition to dose to investigate whether
the novel beam arrangement may be able to achieve
LET benefits similar to the advantages in NTCP reduc-
tion quantified in this study.

The NTCP reductions achieved by novel beam
arrangement exceeded the direct benefits of range
uncertainty reductions, by as much as a factor of 2 or

more in some cases. Considering indirect benefits of
range uncertainty reductions, such as the feasibility
of novel beam arrangements at lower levels of range
uncertainty, may therefore be crucial in determining the
full benefits of reducing proton range uncertainties.
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