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Abstract
Purpose: Relative biological effectiveness (RBE) uncertainties have been a concern for treatment planning in proton therapy,
particularly for treatment sites that are near organs at risk (OARs). In such a clinical situation, the utilization of variable RBE
models is preferred over constant RBE model of 1.1. The problem, however, lies in the exact choice of RBE model, especially
when current RBE models are plagued with a host of uncertainties. This paper aims to determine the influence of RBE models
on treatment planning, specifically to improve the understanding of the influence of the RBE models with regard to the passing
and failing of treatment plans. This can be achieved by studying the RBE-weighted dose uncertainties across RBE models for
OARs in cases where the target volume overlaps the OARs. Multi-field optimization (MFO) and single-field optimization (SFO)
plans were compared in order to recommend which technique was more effective in eliminating the variations between RBE
models.
Methods: Fifteen brain tumor patients were selected based on their profile where their target volume overlaps with both the
brain stem and the optic chiasm. In this study, 6 RBE models were analyzed to determine the RBE-weighted dose
uncertainties. Both MFO and SFO planning techniques were adopted for the treatment planning of each patient. RBE-
weighted dose uncertainties in the OARs are calculated assuming a

b

� �
x
of 3 Gy and 8 Gy. Statistical analysis was used to ascertain

the differences in RBE-weighted dose uncertainties between MFO and SFO planning. Additionally, further investigation of the lin-
ear energy transfer (LET) distribution was conducted to determine the relationship between LET distribution and RBE-weighted
dose uncertainties.
Results: The results showed no strong indication on which planning technique would be the best for achieving treatment
planning constraints. MFO and SFO showed significant differences (P <.05) in the RBE-weighted dose uncertainties in the
OAR. In both clinical target volume (CTV)-brain stem and CTV-chiasm overlap region, 10 of 15 patients showed a lower
median RBE-weighted dose uncertainty in MFO planning compared with SFO planning. In the LET analysis, 8 patients (optic
chiasm) and 13 patients (brain stem) showed a lower mean LET in MFO planning compared with SFO planning. It was also
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observed that lesser RBE-weighted dose uncertainties were present with MFO planning compared with SFO planning
technique.
Conclusions: Calculations of the RBE-weighted dose uncertainties based on 6 RBE models and 2 different a

b

� �
x
revealed that

MFO planning is a better option as opposed to SFO planning for cases of overlapping brain tumor with OARs in eliminating RBE-
weighted dose uncertainties. Incorporation of RBE models failed to dictate the passing or failing of a treatment plan. To eliminate
RBE-weighted dose uncertainties in OARs, the MFO planning technique is recommended for brain tumor when CTV and OARs
overlap.
© 2021 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access arti-
cle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Proton therapy (PT) has an advantage over conven-
tional radiation therapy for tumors that are located near
organs at risk (OARs). This is due to its unique physical
interaction resulting in Bragg peakࣧwhere there is a steep
dose fall-off at the distal end of the proton range. Despite
the well-known physical properties of a proton beam, bio-
logical uncertainties are a concern, that is specifically the
relative biological effectiveness (RBE) uncertainties.

Currently, a constant RBE of 1.1 is used clinically to
include the differential biological effect of protons com-
pared with photons during treatment planning. It is a
conservative estimate based on in vivo RBE experimental
results in the spread-out Bragg peak (SOBP). The need
for variable RBE models is also eliminated as the effect in
RBE at the end of range may be mitigated by range
uncertainties.1

However, the counterargument against the use of a
constant RBE of 1.1 stems from the possibility of under-
dosing or overdosing in the target volume. As suggested
by AAPM TG-256,1 there is a need to understand the spa-
tial variations of RBE within and outside the target vol-
ume on a voxel-wise basis. This can be inferred from the
evidence of experiments that showed RBE exceeding 1.1
at the end of range.2-4 Hence, RBE-weighted dose is espe-
cially important when the target volume is extremely close
to the OARs.

Numerous variable RBE models have been proposed,5-10

with the more prominent ones being local effect model
(LEM) and microdosimetric kinetic model (MKM).
Despite the long history of variable RBE models, the adop-
tion of the variable RBE models has been modest in the
clinic due to the large uncertainties in RBE values.11 These
uncertainties arise from uncertainties in alpha-beta ratio
a
b

� �
x
(patient sensitivity), dose-averaged linear energy trans-

fer, cell-lines used in the experiments, and the experimental
setup.12 Apart from the variable RBE model approach,
another approach using a combination of dose and LET
was also established.13-18 This approach is motivated by the
correlation between LET and RBE, where RBE increases
with LET along the proton beam path. Presently, there are
no commercial and clinical treatment planning systems
(TPSs) that can provide LET-guided optimization during
treatment planning or calculate variable RBE-weighted
dose.

After the TG-256 report, variable RBE models are rec-
ommended for certain clinical situations (OARs close to
target). However, it does not provide recommendations on
the exact RBE models to be used. This provides the moti-
vation for this study, where the dose difference arising
from the use of various variable linear quadratic (LQ)-
based RBE models was examined. Clinical sites where
OARs were situated close to or overlapping the target vol-
ume were chosen as these were the clinical cases where
variable RBE models would be highly relevant. Multi-field
optimization (MFO) or single-field optimization (SFO)
treatment planning was then used on these clinical cases.

In SFO planning, the beam spot position and weight-
age of each field are optimized individually to fulfill the
dose coverage, whereas in MFO planning, all beam spots
of all fields are optimized simultaneously where different
fields can be used to cover different parts of the tumor to
achieve a highly conformal dose distribution. Currently,
MFO planning is known to yield a better plan quality
compared with SFO planning.19-21 Tommasino et al21

stated that there were no statistically significant differen-
ces in RBE-weighted dose increase between MFO and
SFO planning based on McNamara’s RBE model.8 How-
ever, Unkelbach et al revealed that MFO planning has a
higher RBE-variable dose compared with SFO planning.14

This could be due to MFO providing more degrees of
freedom to allocate higher LET doses within the target.
To the best of our knowledge, there is no literature on
whether MFO or SFO planning can lead to a model-
agnostic RBE dose distribution.

In this study, the area of interest lies in the brain tumor
where the clinical target volume (CTV) overlaps with the
brain stem (CTV-BS) and optic chiasm (CTV-CH). In
these overlapping regions, RBE-weighted dose uncertain-
ties were analyzed based on the 6 RBE models in the over-
lapping regions (CTV-BS and CTV-CH) and OARs
(brain stem and optic chiasm). Different a

b

� �
x
were also

applied to the RBE models. Subsequently, the RBE models
were implemented on both MFO and SFO planning to
determine whether there was any difference in RBE-
weighted dose uncertainties distribution. This enabled the
determination of which planning technique (MFO vs

http://creativecommons.org/licenses/by-nc-nd/4.0/
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SFO) was more suitable for arriving at an RBE model-
agnostic dose distribution.
Methods
Patient characteristics

In this study, 15 retrospective patients with brain
tumors of specific features were selected. The types of
brain tumors involve in this study are glioblastoma, astro-
cytoma, and oligodendroglioma. The CTV of each patient
overlapped with OARs (brain stem and optic chiasm) as
shown in Table E1. All patients were treated with photon
radiation therapy treatment before 2017, and the institu-
tional board had approved this study. They were
replanned by a trained and experienced dosimetrist (ano-
nymized for review), and all plans were clinically
approved for proton therapy treatment.
Treatment planning

The treatment planning criteria used in this study fol-
lows the “anonymized for review” protocol, which follows
closely to the Radiation Therapy Oncology Group guide-
line. CTVs were created using a 2-cm uniform expansion
from gross tumor volume. Sixty Gy was prescribed over
30 fractions for the tumor used in this study. These plans
were optimized to achieve D95 > 60 Gy, D10 < 63 Gy and
D0.03cc < 63.6 Gy for the CTV. The dose constraint for
brain stem and optic chiasm is D0.03cc < 60 Gy.

Each plan consisted of either 2 or 3 proton beams. Gantry
angles varied between 0° and 300° for the first beam, 40° and
270° for the second beam, and 90° and 160° for the third
beam. The rotation of the couch ranged from 0° to 300°. A
range shifter of 4.5 cm water equivalent thickness was used,
depending on the distance of the CTV from the skin.

Robust optimization was used on CTV, brain stem,
and optic chiasm with 3% range uncertainties and 1 mm
setup uncertainties, resulting in a total of 12 scenarios. As
Table 1 Different LQ-based RBE models used in this study

RBE Models RBEmax

Carabe5 0:843 þ 0:413644 LETd
ða=bÞx

Chen6 0:1
ax

þ 1�e
�0:0013LET2

d

0:045axLETd

McNamara8 0:99064 þ 0:35605 LETd
ða=bÞ

Wedenberg10 1 þ 0:434 LETd
ða=bÞx

Wilkens7 0:1 þ 0:02LETd
ax

Maximum and minimum relative biological effectiveness of each model are sh
ity of minimum RBEs are independent of LETd.
Abbreviations: LETd = linear energy transfer distribution; RBE = relative biolo
RBEmin = minimum relative biological effectiveness.
the patients are set up using the ExacTrac system (Brain-
lab AG), less than 1 mm setup uncertainty is expected.

The calculation grid size was set to 0.25 cm and the beam
spot full width at half maximum in air was 4.56 mm (228.8
MeV) to 12.7 mm (71.3 MeV) measured at isocenter. Pro-
ton convolution superposition algorithm was used to calcu-
late the dose in the treatment planning system (TPS).

Both MFO and SFO techniques followed the same
treatment planning protocols. These plans were clinically
approved and planned using Eclipse TPS version 15.6
(Varian).
Monte Carlo simulation

All plans were extracted from TPS and recalculated
using in-house TOPAS Monte Carlo system (MCS).22,23

Our in-house TOPAS Monte Carlo dose calculation has
been validated against TPS in both water phantom and in
patients. The recalculation is necessary because the TPS
does not calculate LET and thus the RBE values. The
number of particle histories was set to a minimum of 107

particles, resulting in a statistical uncertainty in isocenter
dose of less than 0.34 %. The physics models used in this
study included g4em-standard_opt4, g4h-phy_QGSP_-
BERT_HP, g4h-elastic, and g4stopping as these are the
recommended physical models for clinical proton beam
below 5 GeV.24 An 80-core Xeon Gold CPU (Intel) run-
ning at 2.10 GHz was used for this study. The simulation
run time was 4700 protons/s at 150 MeV, and each
patient’s plan took approximately 2 to 13 hours, depend-
ing on the target size. Dose (to medium) and proton LET
were saved as DICOM files from the simulation. Nuclear
particles are considered in both dose and LET scoring,
and the range cut for secondary electron was set to 1 m.
Variable RBE models

In this study, the dose directly obtained from TPS and
MCS has been weighted with a constant RBE of 1.1. Six
RBEmin

1:09 þ 0:01612 LETd
ða=bÞx

1:0

x
1:1012� 0:0039

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiða=bÞx
p

LETd
1:0

1:0

own. All maximum RBEs are dependent on LETd, whereas the major-

gical effectiveness; RBEmax = maximum relative biological effectiveness;
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representative variable RBE models were applied to the
physical dose output from MCS to obtain RBE-weighted
dose. These variable RBE models are based on the LQ
model and are shown in Table 1. a

b

� �
x
for the brain tumor

is set at 3 Gy and 8 Gy to study the variations of RBE-
weighted doses under low and high a

b

� �
x
values.25 These

values are chosen due to the uncertainties in a
b

� �
x
, as

shown in the review by van Leeuwen et al.25
Statistical analysis

A voxel-wise calculation of RBE-weighted dose stan-
dard deviation (SD) is calculated from the 6 RBE models,
thus obtaining a spatial RBE-weighted dose SD map for
Figure 1 CTV D95 of both a
b

� �
x
: Six RBE models were applie

of each RBE model. The green Δ/� represents RBE 1.1. The
Abbreviations: CTV = clinical target volume; MFO = multi-fi
SFO = single-field optimization.
each planning technique and each patient. Statistical anal-
ysis was performed on the overlapping region for both
a
b

� �
x
values in CTV-BS and CTV-CH as these were the

regions having high RBE-weighted doses while trying to
satisfy the dose coverage for CTV. Kruskal-Wallis H-test
was first used to test for the significant difference in the
RBE-weighted dose SD between the 2 planning techni-
ques across all patients. A post hoc test was then used to
determine significant differences of RBE-weighted dose
SD between the MFO and SFO planning techniques of
each patient. Bonferroni correction was applied for multi-
ple comparison. A 2-sided P value <.05 was considered
significant. The aforementioned statistical tests were
repeated for the LET distribution for both planning tech-
niques across all patients and within each patient.
d to both MFO and SFO planning. Δ/� shows the dose
dotted line refers to the dose prescribed to the tumor.

eld optimization; RBE = relative biological effectiveness;



Figure 2 D0.03cc of brain stem for both a
b

� �
x
: Six RBE models were applied to both MFO and SFO planning. Δ/�

shows the dose of each RBE models. The green Δ/� represents RBE 1.1. The dotted line refers to the tumor dose con-
straint of 60 Gy. Abbreviations: MFO = multi-field optimization; RBE = relative biological effectiveness; SFO = single-field
optimization.
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Results
CTV coverage and OARs dose constraint

Figure E1 shows the dose distribution of a patient for
MFO and SFO planning. There were no distinct visual
differences in conformality. For all patients, target cover-
age in TPS was similar where it fulfilled the criteria for
D95. D10 for CTV and D0.03cc for both CTV and OARs
were within constraints. Figures 1, 2, and E2 show the
boxplot of CTV D95, brain stem D0.03cc and optic chiasm
D0.03cc, respectively. These were calculated for all
patients based on RBE 1.1, and the RBE models with dif-
ferent a

b

� �
x
: Assuming a a

b

� �
x
of 8 Gy led to an increase in

median RBE-weighted dose for CTV D95 and OAR
D0.03cc compared with a

b

� �
x
of 3 Gy.
In Figure 1, SFO planning technique is observed to
have a slight edge over MFO in terms of CTV coverage.
The difference between the median RBE-weighted dose
and 60 Gy is lesser for SFO compared with MFO. In Fig-
ures 2 and E2, the difference between median dose of
D0.03cc and 60 Gy (dose constraint) is lesser for both
OARs in SFO compared with MFO plans.
Dose uncertainties in CTV-OAR overlapping
regions

Figures 3 and E4 show the violin plot of the RBE-
weighted dose SD in the overlapping region between
CTV-BS and CTV-CH with different a

b

� �
x
values, respec-

tively. In the CTV-BS overlap region, 10 of 15 patients



Figure 3 Violin plot of RBE-weighted dose uncertainties based on the 6 RBE models in the CTV-brain stem intersecting
regions for both a

b

� �
x
: Abbreviations: CTV = clinical target volume; MFO = multi-field optimization; RBE = relative biolog-

ical effectiveness; SD = standard deviation; SFO = single-field optimization.
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have lower median RBE-weighted dose SD when using
MFO planning compared with SFO planning. The median
RBE-weighted dose SD ranges from 1.6 to 1.9 Gy for high
a
b

� �
x
and 1.9 to 2.2 Gy for low a

b

� �
x
: CTV-CH follows a

similar trend as CTV-BS, where 10 of 15 patients have
lower median RBE-weighted dose SD in MFO planning
compared with SFO planning. The median RBE-weighted
dose SD ranges from 1.5 to 2 Gy for high a

b

� �
x
and 1.5 to

2.2 Gy for low a
b

� �
x
: There is a statistically significant dif-

ference (P <.01) between MFO and SFO planning in
terms of RBE-weighted dose SD.
LET in OARs

Figure E5 shows the LET distribution in the axial plane
between MFO and SFO planning of a patient where the
beam angles are set at 290° and 180°. Figure 4 shows the
LET distribution difference between MFO and SFO plan-
ning in the overlapping region of CTV and OARs (brain
stem and optic chiasm). Figure 5 shows the voxel-wise
plot of LET distribution against RBE-weighted dose SD
½abx ¼ 8 Gy] map of the same patient’s CTV, OARs, and
the intersecting region between CTV and OARs for MFO



Figure 4 Difference in LET distribution between MFO and SFO plan of each patient in the CTV-brain stem and CTV-
chiasm intersecting regions. These data were obtained from Figures E6 and E7, which show the LET distribution of MFO
and SFO individually. Abbreviations: CTV = clinical target volume; LET = linear energy transfer; MFO = multi-field opti-
mization; SFO = single-field optimization.
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and SFO plan. In the CTV and the intersecting region of
CTV and OARs, RBE-weighted dose SD increases with
increasing LET for both MFO and SFO plan. Figure E9 (A)
and (B) shows the voxel-wise kernel density plot of LET
distribution against RBE-weighted dose SD ½abx ¼ 8 Gy]
map of the patient for MFO and SFO plan of a patient.
The low LET region (2� 6 keV=mm) corresponding to
RBE-weighted dose SD (< 0:125 Gy) is heavily weighted for
both MFO and SFO plan. The kernel island at higher RBE-
weighted dose SD (1:5� 2:5 Gy) corresponds to the high
LET in the intersecting region between CTV and OARs, as
shown in Figure 5.

There is no clear trend on which planning technique
results in a higher LET distribution. In the nonoverlap-
ping region of OARs, lower median LET in MFO plan-
ning was observed compared with SFO planning for optic
chiasm (8 patients) and brain stem (13 patients).

Figure E8 shows the voxel-wise difference in LET
between MFO and SFO planning for both brain stem and
optic chiasm. In the entire brain stem, 14 patients have a



Figure 5 (a) and (b) show the voxel-wise plot of LETD vs relative biological effectiveness-weighted dose
standard deviation of the CTV, organs at risk, and the intersecting regions of CTV and organs at risk for
MFO and SFO plan of the same patient respectively. a

b

� �
x
¼ 8 Gy is used in these plots. Abbreviations: CTV =

clinical target volume; LETD = linear energy transfer distribution; MFO = multi-field optimization; SFO = single-field
optimization.
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lower mean LET in MFO planning compared with SFO
planning; in the entire optic chiasm, 9 patients have lower
mean LET in MFO planning compared with SFO plan-
ning. The majority of MFO planned patients showed
lower LET values compared with SFO planned patients in
this study.
Discussion
In RBE modeling, LQ based models are either using
empirical data from clonogenic cell survival for curve fit-
ting or mechanistic hypotheses of radiation action such
MKM26,27 and LEM28 models. However, only empirical
LQ-based RBE models are used in this study. Many stud-
ies have been done on the comparison between the dif-
ferent RBE models,9,29-31 and the novelty of our work
lies in achieving a model agnostic in RBE-weighted
dose distribution with 2 different treatment planning
techniques.

MFO and SFO planning was performed in 15 patients
to study the RBE-weighted dose differences in the OAR
resulting from 6 representative variable LQ-based RBE
models (including the constant 1.1 RBE model). MFO
planning shows a better target coverage19-21 compared
with SFO planning. In this study, all RBE models and
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RBE 1.1 are compared. Looking at the RBE 1.1 data points
alone, the majority of the patients exhibited better target
coverage with MFO planning compared with SFO plan-
ning. Nonetheless, SFO planning has a slight advantage
over MFO planning in relation to dose coverage. This is
due to the smaller difference between the median RBE-
weighted dose and 60 Gy at D95 for both high and low a

b

� �
x

when all RBE models are considered. Based on the RBE
formalism, an increase in a

b

� �
x
value (Gy) will lead to an

increase in RBE-weighted dose, as shown in Figure 1.
Regardless of the change in LET distribution (MFO/SFO
planning) and a

b

� �
x
values, comparing D95 of CTV and

D0.03cc of OARs, Rovik’s and Wedenberg’s model gave
the lowest dose (lower quartile of boxplot) for all patients,
whereas Carabe’s model gave the highest dose to the
majority of the patients. When a

b

� �
x
increases, the median

dose in both D95 of CTV and D0.03cc of OARs varies
from Chen’s (dose increases above median) to Wilkens’s
or McNamara’s model. This trend is similar to the change
from SFO to MFO plans, thus showing these models may
be more sensitive to LETD and a

b

� �
x
change. Additionally,

SFO plans have a lower median D0.03cc for both brain
stem and optic chiasm as shown in Figures 2 and E2, thus
revealing better control of hotspot in the OARs. Overall,
it is inconclusive which planning technique would be bet-
ter for the plan to achieve the dose constraint with the
inclusion of RBE models.

The largest contribution of uncertainty to proton ther-
apy lies in the range uncertainty. Many works regarding
the range uncertainties in proton therapy have been done,
especially in the area of MFO and SFO.21,32,33 In addition
to range uncertainty, RBE-weighted dose is also a con-
cern. As shown by Carabe et al,34 the biological dose
uncertainties will translate to a displacement of the distal
end of the RBE-weighted SOBP curve. Considering the
overlap between the OARs and CTV, an increase in RBE
might lead to a larger depth of the SOBP curve. Thus, it is
important to consider the RBE-weighted dose uncertain-
ties between models in the event where the end of range
of proton beam might fall in the OARs. The first observa-
tion in the result is the distinct difference in RBE-
weighted dose SD, where low a

b

� �
x
leads to higher median

RBE-weighted dose SD compared with high a
b

� �
x
in the

OARs. This can be explained by the RBE formalism.
When a

b

� �
x
increases, the RBE-weighted dose decreases for

4 of the RBE models, while the models by Chen6 and
Wilkens7 return an increase in RBE-weighted dose,
assuming a constant ax and LET. Thus, this reduces the
RBE-weighted dose SD in the OARs. Similarly, Marteins-
dottir et al35 had also demonstrated that the impact of a
variable RBE is larger in low a

b

� �
x
compared with high a

b

� �
x
:

Therefore, it is advised to be cautious during treatment
planning for low a

b

� �
x
CTV overlaps with OARs.

In the overlapping region between CTV and brain
stem, 5 patients had higher median RBE-weighted dose
SD in MFO planning compared with SFO planning
regardless of a
b

� �
x
: Similarly, in the overlapping region

between CTV and chiasm, 4 patients with low a
b

� �
x
and 5

patients with high a
b

� �
x
had a higher median RBE-weighted

dose SD in MFO planning compared with SFO. There
was a significant difference (P <.01) in RBE-weighted
dose SD between SFO and MFO for all patients. Compar-
ing the kurtosis and skewness of the RBE-weighted dose
SD distribution in these regions for each patient, there
was no significant difference between MFO and SFO
planning. However, 12 to 14 patients had RBE-weighted
dose SD negatively skewed when assuming a higher a

b

� �
x
in

both overlapping regions. From the above results, MFO
plans showed lower RBE-weighted dose SD distribution.
Hence, there is a higher probability of having lesser RBE-
weighted dose uncertainties when RBE models are consid-
ered during dose calculation. Therefore, MFO planning
can be a better choice in eliminating RBE-weighted dose
variations in patients. In other works, MFO plans have
also been shown to be superior to SFO plans in terms of
plan quality and dose sparing in OAR.19,21 This supple-
ments the fact that MFO planning might be a better
choice in the situation where CTV and OAR overlap.

The LET distribution of each plan is further studied to
examine any LET difference between MFO and SFO plans,
along with the analytical insights of the uncertainties in the
RBE models. As seen in Figure E5, there is no visually
detectable difference in LET distribution of the patients
between the 2 techniques. Figure 4 shows that more
patients possess lower median LET values in the intersect-
ing region between CTV and OAR by MFO planning com-
pared with SFO planning. There is a significant difference
(P <.05) in LET distribution between SFO and MFO across
all patients for brain stem and optic chiasm. Having a sig-
nificant difference in LET distribution (P <.05) and RBE-
weighted dose SD distribution (P <.01) between MFO and
SFO plans further emphasize that there is a significant dif-
ference in the dose distribution between MFO and SFO
planning technique. The LET distributions in the OARs
and overlapping regions are more inhomogeneous and
have a higher maximum LET as compare to the CTV in
SFO plans, and this is consistent with the findings from
Hahn et al.33 In addition, having higher LET might lead to
an increase in RBE-weighted dose and range uncertainties.
This is explained by Figure 5, where the CTV and the inter-
secting regions between CTV and OARs represented by
blue, red, and purple markers show the LET increases with
RBE-weighted dose SD. Therefore, it will be advantageous
to choose MFO plans where the max LET is lower. Consid-
ering the results for the entire brain stem and chiasm in
Figure E8, MFO planning results were observed to have a
lower median LET in the OAR compared with SFO plan-
ning. A lower median LET leads to a decrease in RBE dose
SD at high a

b

� �
x
but an increase in RBE-weighted dose SD at

low a
b

� �
x
: These LET results are analogous to the analytical

analysis of RBE-weighted dose uncertainty across all 6 RBE
models as shown in Figure E10. As all the RBE models are
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analytical as a function of dose, LET, and a
b

� �
x
; the uncer-

tainties of the RBE models are obtained analytically with
these 3 parameters. For the clinical plans, the dose distribu-
tion is similar between MFO and SFO planning techniques,
a
b

� �
x
is fixed at 3 Gy and 8 Gy; and the uncertainty will only

be related to the LET distribution. Figure E10 shows the
RBE weighted dose SD heat map for both a

b

� �
x
for a range of

LET ð0:1� 10 keV=mmÞ and dose ð0:1� 10 GyÞ: It shows an
increase in LET will increase the RBE-weighted dose uncer-
tainty. As MFO may have more freedom of redistributing
LET, our results show lower median LET values in the
OAR of MFO plans compared with SFO plans. This reiter-
ates the higher RBE-weighted dose uncertainty in SFO
plans and further explains why the MFO techniques are
more effective in reducing RBE-weighted dose uncertainty
arising from different RBE models.

LEM and MKM models were not used, which limits
the study to only LQ-based RBE models. Further analysis
can be done by factoring LEM and MKM models in, to
obtain the RBE-weighted dose uncertainties. This meth-
odology can easily be extended to other clinical sites to
determine which planning technique is better at reducing
RBE-weighted dose uncertainties arising from different
RBE models when the OARs are situated close to or over-
lapping the CTV. In addition, LET optimization can be
considered because it has proven to be able to redistribute
high LET out of OARs into CTV.15,18,36 A reduced LET in
the OARs will lead to a decrease in RBE-weighted dose
uncertainties, as shown in the results. RBE-weighted dose
uncertainties can then be examined in the OAR between
MFO and SFO planning to determine whether there are
any differences in the application of these 2 techniques.
Conclusions
There is no indication of which planning technique
would be better in achieving the planning constraint of
the brain tumor. In situations in which OARs are
extremely close to or overlap the target volume, the results
present the case that there is lesser RBE-weighted dose SD
in the region of overlap in MFO planning. The median
LET in the OAR is lower in most patients using MFO
planning compared with using SFO planning. Therefore,
MFO is the preferred technique for reducing RBE-
weighted dose uncertainties that arise from RBE models,
and this is important for OARs near target volume during
treatment planning.
Supplementary Materials
Supplementary material associated with this article can
be found in the online version at doi:10.1016/j.adro.
2021.100844.
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