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ABSTRACT

Background: Clinically, a constant value of 1.1 is used for the relative biological effectiveness (RBE) of
protons, whereas in vitro the RBE has been shown to vary depending on physical dose, tissue type,
and linear energy transfer (LET). As the LET increases at the distal end of the proton beam, concerns
exist for an elevated RBE in normal tissues. The aim of this study was therefore to investigate the het-
erogeneity of RBE to brain structures associated with cognition (BSCs) in pediatric suprasellar tumors.
Material and methods: Intensity-modulated proton therapy (IMPT) plans for 10 pediatric craniophar-
yngioma patients were re-calculated using 11 phenomenological and two plan-based variable RBE
models. Based on LET, tissue dependence and number of data points used to fit the models, the three
RBE models considered the most relevant for the studied endpoint were selected. Thirty BSCs were
investigated in terms of RBE and dose/volume parameters.

Results: For a representative patient, the median (range) dose-weighted mean RBE (RBE4) across all
BSCs from the plan-based models was among the lowest (1.09 (1.02-1.52) vs. the phenomenological
models at 1.21 (0.78-2.24)). Omitting tissue dependency resulted in RBE4 at 1.21 (1.04-2.24). Across all
patients, the narrower RBE model selection gave median RBE, values from 1.22 to 1.30.

Conclusion: For all BSCs, there was a systematic model-dependent variation in RBEy, mirroring the
uncertainty in biological effects of protons. According to a refined selection of in vitro models, the RBE
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variation across BSCs was in effect underestimated when using a fixed RBE of 1.1.

Introduction

Pediatric craniopharyngioma occurs in the suprasellar region
of the brain and is often treated with a combination of sur-
gery and radiation therapy [1]. With tumor location in close
proximity to critical brain structures associated with cogni-
tion (BSCs) (e.g., the temporal lobes) and an increased radio-
sensitivity compared to adults, pediatric patients are
particularly vulnerable for cognitive impairment [2]. The
majority of studies related to cognitive impairment in pediat-
ric brain tumor patients have focused on the correlation of
radiation dose to large brain regions [3-5], whereas recent
research has suggested that the dose to smaller substruc-
tures may have a substantial impact on cognitive func-
tion [6-9].

Pediatric brain tumor patients are increasingly being
referred to proton therapy aiming to spare healthy tissues
[10]. This also refers to the potential of avoiding specific and
smaller brain substructures and thereby better preserving
cognitive functions and the related intelligence quotient (IQ)
[4,11]. In clinical practice, a constant value of 1.1 is used to

estimate the relative biological effectiveness (RBE), although
pre-clinical experiments have shown a substantial variation
in RBE with both biological and physical factors [12]. The lin-
ear energy transfer (LET) is higher at the distal end of the
proton beam and is therefore of clinical concern as it may
be linked to an elevated RBE in normal brain tissue [13], and
may differently affect BSCs in the case of suprasellar tumors.

Phenomenological RBE models have been developed from
cell-irradiation experiments to include variations in the phys-
ical and biological parameters [14-26]. The LET distributions
and derived theoretical RBEs vary significantly depending on
the organ at risk and tumor location [27,28]. The complexity
in interpretations of the RBE was recently highlighted by
Rorvik et al. [28], showing how both input data and resulting
RBE vary considerably between the models, pointing toward
a range of RBE values as well as end-point specific selection
of models to best quantify the effect.

In this study, we therefore applied a large number of pub-
lished variable RBE models to analyze RBE-weighted doses in
BSCs in pediatric craniopharyngioma patients following
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proton therapy. In order to estimate more accurate ranges of
RBE-weighted doses to aid in definition and use of dose/vol-
ume parameters for BSCs in proton therapy, we also aimed
to narrow in and identify the RBE models that best matched
our patient group and endpoint.

Material and methods
Treatment planning data

Intensity-modulated proton therapy (IMPT) plans of 10 pedi-
atric patients with craniopharyngioma were optimized in the
Eclipse treatment planning system (Varian Medical Systems,
Palo Alto, CA, USA) using a static RBE of 1.1 to a prescription
dose of 54 Gy (RBE) in 30 fractions. A three-field configur-
ation adapted from double scattering treatment planning
and guidelines was used [9,13]; i.e,, using a right and left
superior anterior oblique field as well as a superior posterior
oblique field (Supplementary Figure A1). The median primary
planning target volume (PTV) was 31 cm? (range; 18-63 cm?)
across all patients. The clinically approved structure sets
were used for treatment planning, whereas additional BSCs
(Supplementary Table A1) were delineated retrospectively
[9,11] from the registered CT- and T1/T2 MRI-scans. All
patient data were anonymized, by also removing age and
gender distributions, as approved through the institutional
review board.

Calculations of relative biological effects

The LET and the RBE dose distributions were calculated on
the planning CT using the FLUKA (Version 2011.2x) Monte
Carlo code [29-31] and in-house Python-based software
[29,30]. The dose-averaged LET (LETy) was calculated
accounting for primary and secondary protons. In order to
calculate the full range of possible RBE values, 11 phenom-
enological models (Table 1) [28], in addition to two plan-
based models from Frese et al. (FRE) [22] and Unkelbach
et al. (UNK) [14] were applied to the most representative
patient (the patient with the PTV closest to the median value
across all patients). Phenomenological models are fitted from
in vitro data of clonogenic cell survival experiments, while
plan-based models are dependent on treatment plan varia-
bles (i.e., LETy and dose) and normalized to an average RBE
of 1.1 in the target volume. For the tissue dependent mod-
els, i.e,, including the linear quadratic parameters of the ref-
erence radiation («/f)x in the fitting equations as shown in

Table 1, (o/f)x of both 2 Gy and 3 Gy was used with the
exception of the model by Chaudhary et al., where (a/f), of
1.83 Gy and 8.71 Gy was used (corresponding to the two
(o/ B)y of the cell lines used to derive the model). In the non-
tissue dependent models, a constant («/f), of 3.76 Gy was
used for the model by Wilkens and Oelfke (WIL) and a con-
stant («/f), of 3.33 Gy for the model by Chen and Ahmad
(CHE). The input parameter of 3.76 Gy applied to the WIL
model is the ratio of the intermediate value of «, and S, in
the V79 cell line found by Tilly et al. [31]. Both the weighted
(RORW) and unweighted (RORUW) version of the model sug-
gested by Rarvik et al. were included [17].

For the complete set of ten patients, three models were
selected as described in the following section.

Categorization of variable RBE models

The variable RBE models differ from each other in terms of
basic assumptions, regression technique, and experimental
database used to fit the models [28,32]. Key values in the
experimental database were organized, and the RBE values
were handled both jointly and categorized according to
model properties. To narrow down the suitable RBE models
for the endpoint of cognitive impairment while also covering
relevant LET values, a set of selection criteria was defined
from the included phenomenological models: (i) range of
radiation fractionation sensitivity (o/f5), data point values cov-
ering 2-3 Gy, which reflects a probable range in BSCs; (ii)
LETy4 data point values covering a range up to 20 keV um™'
which mirrors clinically relevant LET4 values; (iii) a lower limit
for the number of data points used to fit each model was
pragmatically set to 20, thereby choosing the most data
abundant models while still keeping the majority of them
within the selection.

Dose/volume and RBE analysis

The BSCs (Supplementary Table A1) were investigated in
terms of RBE-weighted dose/volume parameters and RBE.
Dose/volume parameters associated with white matter dam-
age (%V40Gy) and reduction of neural stem cell number
(%V10Gy) were analyzed with respect to the variable RBE
models for all BSCs [33]. Discrete RBE mean dose values
(RBEy) for each structure were reported by dividing the RBE-
weighted mean dose from each model by the physical mean
dose (RBE = 1.0) (further details in [34]). Associated decline

Table 1. Median RBE4 (range) across all BSCs for sorted model categories.

Category

Models

Median RBE4 (range)

Type of model
Phenomenological

Plan-based FRE, UNK
Tissue dependency
Non-tissue dependent CHE, WIL, UNK

Tissue dependent
Number of cell lines
Single cell line
Multiple cell lines

CAR, CHE, TIL, WED

CAR, CHE, CHD, JON, MAI, MCN, PLR, TIL, WED, WIL, RORW/RORUW

CAR, CHD, FRE, JON, MAI, MCN, PLR, TIL, WED, RORW/RORUW

CHD, JON, MAI, MCN, PLR, RORW/RORUW

1.21 (0.78-2.24)
1.09 (1.02-1.52)

1.21 (1.04-2.24)
1.18 (0.78-1.93)

1.22 (1.01-2.24)
1.21 (0.78-1.93)

The second column shows which models are included in each category.
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in 1Q points was estimated based on models from Merchant
et al. [35].

Results
RBE estimation across all models

Across the 13 RBE models, there were large variations in
RBE-weighted dose distributions and RBE-weighted mean
doses for each BSC (Figure 1, and Supplementary Table B1).
The median RBE4 across all models and structures for the
representative patient was 1.20 (range 0.81-2.24).

For the two plan-based models (FRE and UNK), the
median RBEy across all structures was 1.09 (1.02-1.52), com-
pared to a median of 1.21 (0.78-2.24) for the phenomeno-
logical models (Table 1). However, the phenomenological
Peeler (PLR) model estimated an RBE4 of less than 1.1 con-
sistently across all included structures. Considering the non-
tissue dependent models (CHE, WIL, and UNK), the estimated
RBE4 range was 1.04-2.24, whereas somewhat lower for the
tissue dependent models (0.78-1.93). The variable RBE mod-
els fitted to a single cell line revealed no systematic differ-
ence compared to models fitted to multiple cell lines in our
data set. The lowest median RBE4 (across all models) of 1.14
was observed for the (left) parietal lobe while the highest
(1.65) was found for the cerebellum (Figure 1). The CHE
model provided the highest RBE4 across all structures apart
from the cerebellum, parietal lobes, and left hippocampus
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tail, where the unweighted version of the ROR model
(RORUW) provided the highest values.

Model selection and analysis of RBE across all patients

Three models (JON, MCN, and RORW) fulfilled the defined
selection criteria (Table 2). From the eleven models, five ful-
filled the criterion for minimum included data points, four
for (a/f)x range and five for LET4. Four models (CHE, TIL,
WED, WIL) failed on all three criteria, whereas four models
were omitted based on one or two criteria (PLR, MAI, CAR,
CHE). The two plan-based models, UNK and FRE, were
excluded as these were not generated from in vitro data.

Among the three selected models, the JON model pro-
vided the highest median RBEy value, whereas RORW
resulted in the lowest. The estimated RBE4 range across the
investigated structures from the three selected models was
markedly narrower and thereby more consistent compared
to the RBE4 estimates including all models (Figure 2). For the
representative patient, the median RBE4 was 1.22 (1.12-1.93)
across the three selected models, whereas 1.20 for
all models.

Applying the narrower model selection across all studied
structures and patients, the estimated RBE4; range was
1.11-2.62. The JON model estimated the highest median
RBE4 at 1.30 (1.15-2.62) across all structures and patients,
whereas the model by RORW and MCN resulted in median
values of 1.22 (1.12-2.18) and 1.23 (1.11-2.08), respectively
(Figure 3).
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Figure 1. The calculated RBE4 of the analyzed BSCs across all models for the representative patient.
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Table 2 . Overview of data point values in experimental databases used to fit the variable RBE models (phenomenological) along with model dependencies.

Number of LET4 range
Models Abbreviation data points [>20] (o/ B)x range (Gy) [2-3] (keV pm”) [2-20] Dependencies
Carabe et al. [24] CAR 44 2.0-2.8 1.0-20.0 LETq, (o/P)x
Chaudhary et al. [15] CHD 12 1.8-8.7 1.1-25.9 LETy, (a/P)y
Chen and Ahmad [16] CHE 14 2.2-2.8 7.7-37.8 LETy4
Jones [18] JON 28 0.5- 0.5-654 (5.1-33)° LETq, o B
Mairani et al. [25] MAI 25 2.7-69.5 7.7-37.8 LETqy, (o/ )«
McNamara et al. [21] MCN 285 0.1-29.5 0.2-20.0 LETq, (o/B)x
Peeler [26] PLR 48 2.6-5.1 0.9-19.0 LETy, (o/B)x
Rervik et al. [17] RORW/RORUW 85 1.2-18.4 0.4-37.8 d(L), (a/ B)/LETy, (o/ B)x
Tilly et al. [19] TIL 7 27-2.8 7.7-20.0 LETy, (o/B)x
Wedenberg et al. [20] WED 19 2.7-69.5 7.7-30.0 LETy, (ca/P)
Wilkens and Oelfke [23] WIL 19 2.1-3.7 2.3-30 LETy4
Required range defined by the selection criteria is given in square brackets. Table values in bold are within the required range.
Protons only.
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Figure 2. Minimum and maximum RBE, values for all models (filled green) and the selected set of models (filled yellow) calculated for the patient with target vol-
ume closest to the median value. Both input parameters of («/f3), were applied to the tissue-dependent models. The beige bars show the physical mean dose of
each structure. Black dashed line show RBE 1.1, and the two other dashed lines show median values across all structures for all models (green) and the selected set
(yellow). Ent. Cor.: entorhinal cortex; L: left; R: right; LFWM: left frontal white matter; Hippo: hippocampus; SVZ: subventricular zone.

The difference in RBE4 values from using the two (o/f3),
input parameters was less prominent for the JON model
than for RORW and MCN (Figure 4). The estimated RBE4
range between («/f), of 2 Gy and 3 Gy for MCN and RORW
appeared to be lower for BSCs generally exposed to high
dose levels, e.g.,, amygdala, thalamus, and entorhinal cortex,
whereas the JON model showed the opposite trend.

Among the three models, the JON model generally pro-
vided the highest RBE values surrounding the target volume
(Supplementary Figure B1) as well as the highest values of
RBE4 across all structures and patients. This was, however,
different for the parietal lobes, where the RORW model pro-
vided the highest values for some of the patients
(Supplementary Figure B2). For RORW and MCN, the RBE4
values were higher with (a/f), of 2 Gy than of 3 Gy. The
results were opposite using the JON model, with the excep-
tion of the parietal lobes which followed the expected
behavior of the RORW and MCN models.

In the supratentorial structures, the highest RBE4 values
were found in the temporal lobes, with a median RBE4 of
1.27. The highest RBE4 values amid the temporal lobe BSCs
were found in the hippocampal structures, where estimates
for the left hippocampal tail resulted in the highest RBEq4
with a median value of 1.41 (1.17-2.21) across all patients.

In accordance with the RBEg the investigated volume
parameters increased with the variable RBE models com-
pared to the use of a fixed RBE of 1.1, with the JON model
estimating the highest volume fractions (Supplementary
Figure B3). In general, there was a larger increase in %V40Gy
than the %V10Gy (both relative and absolute values), e.g., an
increase in %V40Gy from 4% to 9% for the hippocampi with
the JON model compared to the fixed RBE or 1.1.

For the 10 patients, the estimated median change in IQ
score ranged from —8.8 to —9.4 based on RBE 1.1 and
ranged from —7.7 to —9.6 applying the variable RBE models
(Supplementary Figure B4 and Table B2).
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Discussion

In this study, we investigated a large number of cognitive
structures in terms of RBE-weighted dose in the setting of
proton therapy of pediatric brain tumors. The results illus-
trate the considerable difference in the proton RBE values
relative to different brain structures when a large number of
variable RBE models are applied.

Brain structures exposed to high doses and elevated RBE
are vulnerable to toxicity. Compared to the full temporal
lobes, anatomic substructures within (such as the hippocam-
pus and amygdala) appear to be particularly susceptible to
high mean doses and elevated RBEy, a finding which high-
lights the implications of the spatial inhomogeneity in RBE.
For the supratentorial brain volume, there is a known correl-
ation between dose and cognitive impairment [3]; the impli-
cated substructures demonstrated substantial RBE variation
in our patient group. For example, both the left and right
thalami were exposed to relatively high RBE4 values in add-
ition to considerable physical doses, whereas the parietal
and frontal lobes were spared of high RBE; compared to
other structures. These latter structures are located in the
entrance region of the beams, and thereby exposed to lower
LET values [36]. This might explain the fairly low RBE4 values
observed when compared to structures in closer proximity to
the target volume. A closer agreement across the set of
models was generally seen for cognitive structures located in
these low LET4 regions, which is in agreement with previous
studies [28,36]. Overall, the distributions of LET4 are highly
influenced by the chosen beam configuration, and the

observed patterns of LET4 and physical doses in our patients
are therefore limited to cases with similar target location and
field set-up.

Based on the dose distributions of the craniopharyngioma
patients, the predicted 1Q decline was up to approximately
10 points, with variations by one-two points depending on
RBE and 1IQ model applied. The model estimates do, how-
ever, represent an extrapolation from photons, and is likely
also influenced by the full dose distribution including the
whole brain volume. In addition, recent studies have noted
the important role the cerebellum plays in cognition [37],
where specifically dose to the posterior and anterior aspects
correlates with IQ decline [3]. The cerebellum was exposed
to high RBE4 for all patients across all variable RBE models,
albeit in the setting of low physical doses. Although elevated
RBE may be found in high LET-regions, the RBE also increase
with low physical doses, which likely contributed to the high
RBE values found.

The models incorporating tissue dependence have add-
itional variation beyond dose and LET. Compared to the phe-
nomenological models, the plan-based model by Unkelbach
et al. [14] was in the lower range of RBE4 across all struc-
tures, potentially underestimating the biological effects when
omitting this tissue dependence. Other models excluding tis-
sue variations apply constant (o/f), values [16,23], which
may explain the relatively wide range of values in
this category.

The range of RBE4 values was considerably narrower using
the finer selection of models compared to applying the full
model set. The selection method accounted for both physical
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Figure 4. RBE4 values for the selected set of models across all patients and (o/f), of 2 and 3 Gy, in the supratentorial substructures (upper), temporal lobe sub-
structures (middle), and ventricular substructures (lower). Corp.: corpus callosum; Ent. Cor.: entorhinal cortex; Front: frontal; L: left; R: right; Par: parietal; Temp: tem-
poral; SVZ: subventricular zone.

and biological factors by applying range criteria to the (o/f), adjusted accordingly. Preferably, this adjustment would
and LET values. The specific models collected can thereby be include (o/f), intervals to account for the uncertainties inher-
regarded as limited to similar patient groups. In the case of ent in this variable which, in itself, encompasses other com-
other endpoints, the included (x/f), values should be plex biological factors.



Increasing RBE with decreasing («/f5), was prominent for
the RORW and MCN models, whereas an increase of RBE
with increasing («/f), generally appeared for the JON model,
in agreement with Rervik et al. [28]. Furthermore, the JON
model resulted in the highest RBE4 combined with the small-
est RBE4 range when changing the tissue parameters ((c/f)x
of 2 and 3 Gy). The JON model is derived from experimental
data including heavier particles (e.g., helium and carbon) in
addition to protons [18]. These heavier ions have different
track structures with denser energy deposition than protons,
which by itself could be considered as a criterion
for exclusion.

The cutoff value for the total number of data points in
the experimental databases was based on the assumption
that models originating from a limited set of data may be
more susceptible to uncertainties. However, as most of the
models were excluded based on other criteria, only one
omitted model (CHD) would additionally be included if the
data point criterion was neglected. Nevertheless, as an alter-
native to applying selection criteria to the database of exist-
ing models, a possibility would be to fit end-point specific
models for the patient group by selecting and including the
most relevant experiments only. Depending on the availabil-
ity of relevant data for the specific end-point, the number of
data points for such models could be very limited.

As most clinical LET4 values are within the range of
2-5 keV um™' [38], the LET-range could have been set nar-
rower. However, since most of the models not fulfilling this
criterion lacked data point values in the lower region, nar-
rowing the LET span would not have affected the number of
models chosen. The lack of data points in the lower regions
of the CHE, TIL, and WED models are accounted for by
extrapolation from high LET4 data, and therefore the model
fits have associated uncertainties in the lower LETy
ranges [36].

In addition, the model selection criteria did not account
for the relative frequency of data point values. For instance,
the WIL and CAR models came short in terms of the (o/f),
range; however, the models have a high frequency of data
point values of LETy within the clinical region [28]. These
models provided values relatively close to the median value
for most structures across all models, and therefore including
these would have made only small differences to the esti-
mated biological dose and RBE4 range resulting from the
included set of models.

The in vitro data used to fit the RBE models stem from a
wide range of experiments, including monoenergetic beams
as well as spread out Bragg peaks obtained through both
active and passive scattering techniques. A large portion of
these models are fitted using monoenergetic beams only
[28], and it could be that such models are better grasping
the diversity in energy and LET compared to models based
on data from mixed energy beams/fields. Furthermore, the
effect of neutrons is not explicitly included during proton
RBE modeling, and the influence of this contamination on
the in vitro data and model fit is unknown. The contribution
from neutrons is overall quite small; and considerably lower
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during pencil beam scanning compared to passively scat-
tered protons [39].

It should be pointed out that the main limitation of the
current study is that the explored variable RBE models are
based on in vitro cell experiments. In vitro RBE models are
based on clonogenic cell survival which is more closely
related to tumor control above normal tissue damage [40].
Furthermore, in vitro data cannot be directly extrapolated to
the complex environment found in vivo [41], with different
interlacing factors influencing the cell repair cycles.
Extracting o and fp parameters directly from the dose-res-
ponse curves of tissues and organs from clinical follow-up
data could be an alternative. With the current paucity of rele-
vant in vivo data to validate the RBE models, pre-clinical
models can be applied to widen our understanding of varia-
tions across cell lines and potential effects of different dose
distributions in patients.

Conclusion

This study showed that there was a large and systematic
model-dependent variation in RBE across the cognitive struc-
tures. The broad span of resulting RBE and dose/volume par-
ameter values, especially seen by the use of all models,
reflects the uncertainty associated with the biological effects
of protons. Bearing in mind that the estimated RBEs are
based on in vitro models, the results suggest that the bio-
logical dose might be underestimated in the BSCs for this
patient group with the clinically applied RBE of 1.1.
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