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Abstract
Background: Applying tolerance doses for organs at risk (OAR) from photon
therapy introduces uncertainties in proton therapy when assuming a constant
relative biological effectiveness (RBE) of 1.1.
Purpose: This work introduces the novel dirty and clean dose concept, which
allows for creating treatment plans with a more photon-like dose response for
OAR and, thus, less uncertainties when applying photon-based tolerance doses.
Methods: The concept divides the 1.1-weighted dose distribution into two parts:
the clean and the dirty dose. The clean and dirty dose are deposited by pro-
tons with a linear energy transfer (LET) below and above a set LET threshold,
respectively. For the former, a photon-like dose response is assumed, while
for the latter, the RBE might exceed 1.1. To reduce the dirty dose in OAR, a
MaxDirtyDose objective was added in treatment plan optimization. It requires
setting two parameters:LET threshold and max dirty dose level.A simple geom-
etry consisting of one target volume and one OAR in water was used to study
the reduction in dirty dose in the OAR depending on the choice of the two
MaxDirtyDose objective parameters during plan optimization.The best perform-
ing parameter combinations were used to create multiple dirty dose optimized
(DDopt) treatment plans for two cranial patient cases.For each DDopt plan,1.1-
weighted dose, variable RBE-weighted dose using the Wedenberg RBE model
and dose-average LETd distributions as well as resulting normal tissue compli-
cation probability (NTCP) values were calculated and compared to the reference
plan (RefPlan) without MaxDirtyDose objectives.
Results: In the water phantom studies, LET thresholds between 1.5 and
2.5 keV/µm yielded the best plans and were subsequently used. For the patient
cases, nearly all DDopt plans led to a reduced Wedenberg dose in critical OAR.
This reduction resulted from an LET reduction and translated into an NTCP
reduction of up to 19 percentage points compared to the RefPlan. The 1.1-
weighted dose in the OARs was slightly increased (patient 1: 0.45 Gy(RBE),
patient 2:0.08 Gy(RBE)), but never exceeded clinical tolerance doses.Addition-
ally, slightly increased 1.1-weighted dose in healthy brain tissue was observed
(patient 1: 0.81 Gy(RBE), patient 2: 0.53 Gy(RBE)). The variation of NTCP val-
ues due to variation of α/β from 2 to 3 Gy was much smaller for DDopt (2
percentage points (pp)) than for RefPlans (5 pp).
Conclusions: The novel dirty and clean dose concept allows for creat-
ing biologically more robust proton treatment plans with a more photon-like
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623 THE DIRTY AND CLEAN DOSE CONCEPT

dose response. The reduced uncertainties in RBE can, therefore, mitigate
uncertainties introduced by using photon-based tolerance doses for OAR.

KEYWORDS
clean dose, dirty dose, linear energy transfer (LET), proton therapy treatment plan optimization,
relative biological effectiveness (RBE)

1 INTRODUCTION

In clinical practice, a constant proton relative biological
effectiveness (RBE) of 1.1 is used to account for dif-
ferences in cell killing between protons and photons.1–3

By using this approximation of a constant RBE, pho-
ton dose threshold values for organs at risk (OAR) are
also applied in proton therapy. However, in-vitro, in-vivo,
and emerging clinical studies4–9 indicate that the RBE
depends on various biological and physical parame-
ters, for example, the linear energy transfer (LET), and
therefore varies along a clinical treatment field.10,11 As
the proton slows down, the LET and hence the RBE
increases. This may result in an RBE higher than 1.1
and an increased biological effective dose particularly
at the distal edge of a spread-out Bragg peak (SOBP).12

Due to safety margins used in clinical practice, the distal
edge of an SOBP is usually placed in normal tissue.That
is, the use of an RBE of 1.1 and photon dose thresh-
old values for OAR introduces uncertainties regarding
the expected biological response. Therefore, the vari-
ation of the RBE along the proton track that remains
unconsidered in clinical practice, increases the proba-
bility of side effects. Neglecting the variability of RBE
may, therefore, lead to unexpected normal tissue compli-
cation probability (NTCP) in OAR adjacent to the target
volume.4–8,13,14

Several methods have been introduced to incorpo-
rate the RBE variability into plan optimization. Some
of them optimize physical parameters like the LET or
the product of LET and dose. Most of them are using
the dose- or track-averaged LET to consider the RBE
variability during treatment plan optimization.15–19 How-
ever, averaging the LET may be inadequate since the
same averaged LET can result from different LET spec-
tra that may lead to different biological effects.20,21

Other methods optimize the RBE-weighted dose by
applying a variable RBE (vRBE) model.15–19,21–24 Most
RBE models depend on specific biological parame-
ters to characterize the radiosensitivity of the tissue.
These biological parameters have large uncertain-
ties especially for heterogeneous tissue.25,26 Since the
result of a direct vRBE-weighted dose optimization
depends strongly on the chosen biological parame-
ters as well as on the chosen RBE model, these
results might have large uncertainties, too. As a
potential alternative, a recent study27 comparing dif-
ferent strategies to incorporate the RBE variability

into plan optimization briefly introduced dirty dose
optimization.

The novel dirty and clean dose concept allows for con-
sidering the variability of RBE without averaging of the
LET and without the need for specific biological param-
eters.The idea is to create proton treatment plans with a
photon-like dose response and thereby to reduce uncer-
tainties connected to the use of photon tolerance doses
for OAR. Practically, the dirty and clean dose concept
divides the 1.1-weighted dose distribution in two parts.
The first part, the “clean” dose, is the dose deposited
by low-LET protons. This fraction of the 1.1-weighted
dose can be considered as photon-like.The second part,
the “dirty” dose, is the dose deposited by the remaining
high-LET protons. For this dose fraction, the RBE might
exceed 1.1 and might therefore lead to unexpected side
effects. The sum of the dirty and clean dose in a voxel
adds up to the 1.1-weighted dose used for treatment
planning in this voxel. Reducing the dirty dose in criti-
cal OAR during plan optimization might allow for more
favorable treatment plans in terms of vRBE and reduce
the risk of unexpected side effects due to the applica-
tion of photon dose threshold values for OAR. Hahn
et al.27 concluded in their study that a deep understand-
ing of the dirty and clean dose concept and, particularly,
the influence of the free parameters on the optimiza-
tion results is crucial to fully exploit its potential.However,
such understanding is currently lacking.

Therefore, the aim of this study is a detailed introduc-
tion and explanation of the novel dirty and clean dose
concept as well as the evaluation of its properties by,
first, visualizing clean as well as dirty dose for simple
irradiation geometries and, second, assessing the ben-
efits and risks of optimizing them in exemplary cranial
patient cases.

2 METHODS

2.1 Dirty and clean dose concept and
optimization

The dirty dose contains all dose contributions by individ-
ual protons with an LET above a defined LET threshold
(LETthres). The remaining low-LET dose contributions
yield the clean dose, that is, the 1.1-weighted dose is
the sum of the clean and dirty dose. The actual LET
value of each individual proton in a voxel is considered
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THE DIRTY AND CLEAN DOSE CONCEPT 624

by a binary filter and there is no voxel-wise averag-
ing of the LET spectrum. Note, that the ratio between
clean and dirty dose depends on the chosen LET
threshold.

Since the dirty dose (as well as the clean dose)
distribution is just another dose distribution, it can be
optimized in the same way as any other dose distribu-
tion.All objectives usable for standard dose optimization
(max dose, min dose, uniform dose, …) can also be
applied on clean and dirty dose distributions.However, in
contrast to standard dose optimization, two parameters
must be chosen when applying dirty dose optimiza-
tion objectives.First, the LET threshold parameter,which
defines the part of the dose distribution to be consid-
ered as dirty dose and, second, the dirty dose level
parameter defining the dose objective used on this dirty
dose distribution. For example, when using the max
dirty dose objective, the following parameters must be
chosen:

a) LET threshold: only protons with an LET higher
than this value contribute to the dirty dose and are
considered during optimization of dirty dose and

b) max dirty dose level: maximum allowed dirty dose
value in a voxel, dirty dose in a voxel exceeding this
value gets penalized during optimization.

In this work,standard dose optimization was extended
by adding dirty dose optimization. In dose-limiting OAR
close to the target volume, dose contributions from
high-LET protons (above the LETthres) that exceeded
a defined maximum dose level (max dirty dose) were
penalized during optimization. Therefore, the max dirty
dose objective acts similarly to the standard max dose
objective, but only on one part of the dose distribution:
the dirty dose distribution. A method to score clean and
dirty dose distributions was implemented as a binary
filter together with the dose scorer in the research
version of the treatment planning system RayStation
11B-IonPG (RaySearch Laboratories AB, Stockholm,
Sweden) and used to study and optimize dirty and clean
dose distributions. The separation in dirty and clean
dose is done during the actual simulation of the particle
transport and not as a post-processing operation. When
a particle traverses a voxel, the LET of this particle is
calculated. If the LET is above LETthres, the deposited
dose by the particle is added to the dirty dose,otherwise
the dose is added to the clean dose. For optimization a
quadratic penalty function, as applied for standard dose
optimization, is used.

2.2 Two-step planning approach

A two-step planning approach was used to optimize
different dirty dose distributions in a water phantom as
well as in cranial patient cases (Figure 1). In a first step,

a clinical acceptable treatment plan fulfilling clinical
goals for target dose coverage and OAR sparing was
created. For this plan only standard dose objectives
related to the 1.1-weighted dose were used. Therefore,
this plan represented the optimal 1.1-weighted dose
distribution and served as the reference plan (RefPlan)
in this study. In a second step, dirty dose optimized
treatment plans (DDopt) were created by maintaining
all clinical plan configurations (number and orientations
of all fields) and standard dose objective of the RefPlan
and adding one additional MaxDirtyDose objective for
each critical OAR.Since the fraction of dose considered
as dirty depends on the LETthres, the max dirty dose
level for optimization was chosen as a percentage of
the near-maximum dirty dose (DD1, dirty dose that 1%
of the volume receives) of the RefPlan in the respective
OAR. That is, for a given LETthres first, the DD1 value of
the regarded OAR in the RefPlan was calculated and
then, the max dirty dose level in the DDopt plan was set
relative to this DD1 value (e.g., 50% of DD1).

2.3 Water phantom analysis

In-silico analyses using simple water phantoms were
performed to illustrate the dirty and clean dose concept
and the variation of these dose distributions as a func-
tion of the applied LET threshold. First, only one field,
which homogeneously covers a 5 cm × 5 cm × 5 cm
target volume in water, was studied (Figure 2a). A 1.1-
weighted dose of 60 Gy(RBE) and 2 Gy(RBE) per
fraction was prescribed to the target volume. Dirty dose
distributions were scored for different LET threshold val-
ues and compared with other physical quantities, such
as 1.1-weighted dose or proton dose-averaged LET
(LETd). For all comparisons with the vRBE-weighted
dose, the Wedenberg RBE model15 was applied with
α/β = 2 Gy and the voxel-wise proton dose per fraction.

Subsequently, a clinically more relevant scenario was
studied by adding a 5 cm × 5 cm × 2.5 cm OAR
adjacent to the same target volume in the water phan-
tom (Figure 2c) to find suitable ranges for the LET
threshold and dirty dose level of the max dirty dose
objective. A reference plan with two orthogonal proton
fields using only standard dose objectives and fulfill-
ing clinical goals for target coverage and OAR sparing
was created. Then, multiple dirty dose optimized plans
using the two-step planning approach described above
for different LET threshold and max dirty dose level
combinations were created. Tested LET threshold val-
ues were between 1 and 4 keV/µm. A total of 28
dirty dose optimized plans with different LETthres—max
dirty dose level combinations were created and ana-
lyzed. In this way, suitable parameter ranges for the LET
threshold and the max dirty dose level can be identi-
fied and afterwards applied for cranial patient cases. A
tolerance dose of 54 Gy(RBE) was assumed for the
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625 THE DIRTY AND CLEAN DOSE CONCEPT

1. RefPlan
Clinical plan configuration
Standard dose objectives

Add MaxDirtyDose objectives for OARs 
a) Score DD(LETthres) of RefPlan
b) Calculate DD1 of OARs
c) Set max dirty dose level = X% of DD1

2. DDopt Plan
Clinical plan configuration
Standard dose objectives
MaxDirty Dose objectives
for OARs

F IGURE 1 Two-step planning approach for creating the dirty dose optimized (DDopt) treatment plans by adding for each organ at risk
(OAR). (A) MaxDirtyDose objective to the reference plan (RefPlan). DD, Dirty dose; DD1, dirty dose that 1% of the volume receives; LETthres,
Linear energy transfer threshold.

(c) (d)

(a) (b)

F IGURE 2 Computed tomography (CT) slices of the water phantom (25 cm × 25 cm × 25 cm) with target volume (blue,
5 cm × 5 cm × 5 cm) and organ at risk (magenta, 5 cm × 5 cm × 2.5 cm) used for visualization (a) and optimization (b–d) of dirty dose. The
arrows indicate the beam orientations. The entire CT consists of water.

OAR. In order to evaluate the results of the dirty dose
optimization, the dose-averaged LET and the vRBE-
weighted dose distribution using the Wedenberg RBE
model with α/β = 10 Gy in the target volume and
2 Gy otherwise as well as the voxel-wise proton dose
per fraction were calculated. For these calculations, the
dose-averaged LET considering all protons in the local
medium normalized to unity density was dertermined.28

To study the influence of the number of fields on
the resulting dose distribution, we created DDopt plans

with the same LETthres (2 keV/µm) and the same max
dirty dose level (70% of DD1 of the RefPlan) using
one (Figure 2b), two (Figure 2c), and three (Figure 2d)
treatment fields.

2.4 Patient analysis

To analyze potential benefits and risks when using
dirty dose optimization, two representative patient cases
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THE DIRTY AND CLEAN DOSE CONCEPT 626

with cranial tumors were selected, both typical for
proton beam therapy indications. The patients enrolled
in a prospective registry study (“ProReg”, German Clin-
ical Trial Register: DRKS00004384) covered by ethics
approval and had provided written informed consent.
Patient 1 suffered from a meningioma of the base
of skull receiving a prescribed dose of 54 Gy(RBE)
in 30 fractions. Patient 2 was diagnosed with a
chondrosarcoma and received a prescribed dose of
69.3 Gy(RBE) to the smaller clinical target volume
CTV2 and 54.45 Gy(RBE) to the CTV1 in 33 fractions
within simultaneous integrated boost strategy. For both
patients, dose-limiting OAR close to the target volume
were brainstem, chiasm, right and left optical nerve.
Clinically acceptable multi-field optimized pencil beam
scanning planning target volume-based treatment plans
served as reference plans (RefPlan).All reference plans
included only objectives based on the 1.1-weighted dose
and represent therewith the optimal absorbed dose
distribution.

To create the dirty dose optimized plans (DDopt), the
above described two-step planning approach was used
and a max dirty dose objective for each dose-limiting
OAR was added to the standard dose objectives of the
RefPlan. Combinations of LET threshold and dirty dose
level yielding the best results in the prior water phan-
tom studies were used to create a set of different DDopt
plans. For each patient a total of nine DDopt treatment
plans were created. Like in the water phantom studies,
the max dirty dose level for a set LET threshold was cho-
sen as a percentage of the DD1 found in the RefPlan in
the regarded OAR for the same LET threshold.

For each plan, the resulting 1.1-weighted dose dis-
tribution (D1.1), the LETd distribution and the vRBE-
weighted dose distribution using the Wedenberg RBE
model (Dwed) as well as the based on the D1.1 result-
ing NTCP (NTCP1.1) and the on the Dwed based NTCP
(NTCPwed) were obtained to analyze the potential ben-
efits and risks of the dirty and clean dose concept for
the patient. If not stated otherwise, α/β = 10 Gy for the
target volume and 2 Gy elsewhere as well as the voxel-
wise proton dose per fraction were used when applying
the Wedenberg RBE model. NTCPwed values based on
the vRBE-weighted dose Dwed were calculated using the
relative seriality model for brainstem necrosis (model
parameters: s = 1, γ = 2.4, D50 = 65.1 Gy(RBE)) and
blindness (s = 1, γ = 2.5, D50 = 65.0 Gy(RBE)).29,30

The same NTCPwed calculations were repeated with an
α/β = 3 Gy in healthy tissue including the critical OAR to
estimate the influence of biological parameters.To eval-
uate the impact of the dirty dose optimization on the
dose in the target volume the dose coverage (dose to
95% of the target volume D95%), the homogeneity index
(HI) and the conformity index (CI) were calculated and
compared to the reference plan.For all analyses,a dose
and LETd grid size of 2 × 2 × 2 mm3 and a statistical
Monte Carlo uncertainty of 0.5% was used.

F IGURE 3 Line doses of the 1.1-weighted dose (Dose),
Wedenberg dose (Dwed), and dirty dose distributions for different
linear energy transfer threshold values (LETthres) as well as
dose-averaged LETd in a clinical spread-out Bragg peak
homogenously irradiating a target volume in a waterphantom
(Figure 2a).

For each patient one LET-optimized (LETopt) treat-
ment plan reducing LETd values in all critical OAR higher
than 2.5 keV/µm in voxels receiving a dose of at least
40 Gy(RBE) were created, to evaluate and compare the
achieved optimization results by DDopt.

3 RESULTS

3.1 Water phantom analysis

The dirty dose distribution depended on the chosen LET
threshold. Figure 3 shows the dirty dose distribution as
a function of LETthres between 1 and 5 keV/µm for an
SOBP in water. Note that the peak of the dirty dose
distribution closely resembles the peak of the Dwed dis-
tribution for LETthres > 1 keV/µm and that the dirty dose
distribution converges to the 1.1-weighted dose distribu-
tion when LET threshold goes to 0 keV/µm. Accordingly,
the two-field reference plan in a water phantom with one
target volume and one OAR showed increasing dirty
dose at the distal edges of each beam,resulting in a dirty
dose maximum at the position where the distal edges of
the two fields overlap (Figure 4). In inverse proportion to
the increase of the dirty dose, the clean dose decreased
at the distal edges.

All tested combinations of LET threshold and max
dirty dose level for optimization resulted in plans with
a reduced near-maximum Wedenberg dose, Dwed,1,
in the OAR (Figure 5b). The extent of this reduc-
tion in Dwed,1 depended on the chosen optimization
parameter combination. For low LETthres (∼1 keV/µm),
almost all the dose was considered, that is, optimized
in dirty dose optimization. Then, the dirty dose objec-
tive acted similarly to a standard dose objective that
optimizes the absorbed dose (Figure 5c) and not the
LET (Figure 5a). The higher the LET threshold values,
the smaller the part of the dose distribution considered
in dirty dose optimization (Figure 3). Accordingly, the
achievable reduction in vRBE-weighted dose became
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627 THE DIRTY AND CLEAN DOSE CONCEPT

F IGURE 4 Representative computed tomography (CT) slice of the water phantom showing the target volume (blue) and the organ at risk
(magenta) and dose distributions for the two-field reference plan: (a) 1.1-weighted dose distribution normalized to 60 Gy(RBE), (b) dirty dose
distribution (LET threshold = 2.5 keV/µm), (c) clean dose distribution both normalized to 40 Gy(RBE). Corresponding line doses (d) along the
horizontal grey line in the CT slice.

smaller. Furthermore, dirty dose optimization could lead
to a (small) increase of the absorbed dose in the OAR
(increase in D1 ≤ 0.1 Gy), even though the resulting
vRBE-weighted dose Dwed,1 decreased in the OAR.

Some dirty dose optimization parameter combina-
tions, especially the one achieving the highest Dwed,1
reduction, led, in some areas outside of the OAR (where
no dirty dose objective was applied), to an increase
in local dose by up to 25% compared to the corre-
sponding RefPlan (Figure 6a, b). However, there was
a range of parameter values (LETthres between 2 and
3.5 keV/µm,max dirty dose level between 60% and 70%
of DD1,RefPlans) in which a reduction of Dwed,1 was pos-
sible without a relevant change in the dose distribution
relative to the reference plan (Figure 6c,d).For the latter
plans, the reduction in vRBE-weighted dose in the OAR
was mainly achieved by changing the LET distribution in
the OAR but not the 1.1-weighted dose.

The comparison between DDopt plans with differ-
ent numbers of treatment fields showed, in general, a

decreasing amount of dose considered as dirty with an
increasing number of treatment fields (Figure 7). Inde-
pendent of the number of treatment fields a substantial
reduction of the DD1 in the OAR was achieved, namely,
by 11.1 Gy(RBE), 11.8 Gy(RBE), and 10.8 Gy(RBE)
for one, two, and three beam angles, respectively. For
two and three treatment fields, the dirty dose reduction
in the OAR led to an increased dirty dose in nor-
mal tissue areas, where no dirty dose objective was
applied, by 0.2 Gy(RBE) and 1.3 Gy(RBE) for two
and three treatment fields, respectively. For the one-
field plan, the DD1 in the normal tissue was slightly
decreased by 0.1 Gy(RBE). In the latter case, the
reduction of the near-maximum DD1 in the OAR was
achieved by redistributing the dirty dose within the OAR,
which led to an increase in mean dirty dose in the
OAR by 4.7 Gy(RBE). The two- and three-field con-
figurations, on the other hand, reduced the mean dirty
dose in the OAR by 1.2 Gy(RBE) and 1.8 Gy(RBE),
respectively.
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THE DIRTY AND CLEAN DOSE CONCEPT 628

(a) (b) (c)ΔLET1(OAR) ΔDwed,1(OAR) ΔD1(OAR)

F IGURE 5 Differences between the dirty dose optimized plans and the reference plan for different combinations of linear energy transfer
(LET) threshold and max dirty dose level used for dirty dose (DD) plan optimization in terms of near-maximum dose-averaged LET, LETd,1, (a)
near-maximum variable RBE-weighted dose Dwed,1, (b) and near-maximum 1.1-weighted dose D1, (c) in the organ at risk.

F IGURE 6 Differences in 1.1-weighted dose between the reference plan and four dirty dose (DD) optimized plans using different
optimization parameter combinations (LET threshold, DD level in the OAR relative to reference plan). (a) (1 keV/µm, 50% × DD1); (b) (2 keV/µm,
50% × DD1); (c) (2 keV/µm, 70% × DD1); (d) (2.5 keV/µm, 70% × DD1). Contours of the target volume and the OAR in blue and magenta,
respectively.

3.2 Patient analysis

LET threshold values of 1.5, 2, and 2.5 keV/µm yielded
the best results in the prior waterphantom studies
and were, therefore, considered in the patient analysis
together with max dirty dose levels of 40%, 50%, and
60% of the respective DD1 values in the RefPlan. The
computational time for scoring the dirty dose in addition

to the standard 1.1-weighted dose was about 40%
higher than for scoring only the 1.1-weighted dose. The
optimization of the DDopt treatment plans took about
30% more time than the optimization of the RefPlans.
All DDopt patient plans showed an increase in photon-
like clean dose and at the same time a decrease in the
dirty fraction of the dose in the OAR. Figure 8 shows
this behavior exemplary for the chiasm of patient 1.
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629 THE DIRTY AND CLEAN DOSE CONCEPT

F IGURE 7 Dirty dose (DD) distributions for reference plans (RefPlan, a, d, g) and dirty dose optimized plans (DDopt, b, e, h) for one (a, b),
two (d, e) and three (g, h) treatment fields as well as the difference between the DD of the RefPlans and the DDopt plans (c, f, i). The LET
threshold was set to 2 keV/µm and the max dirty dose level to 70% of DD1 of the RefPlan. Contours of the target volume and the OAR in blue
and magenta, respectively.

Results for patient 2 can be found in the supplement
(Figure S1, S2). For all tested combinations of LET
threshold and dose objective level, the dirty dose opti-
mization led to slightly higher near-maximum values of
the absorbed dose D1 in the critical OAR. At the same
time, all DDopt plans showed lower LETd values and
therefore a reduction of the near-maximum value of the
Wedenberg dose Dwed,1 in all critical OAR. Figure 9a
and B shows the results exemplary for the chiasm of
patient 1. Only DDopt plans with the highest tested
max dirty dose level (60% DD1 of RefPlan) for patient
2 did not lead to a reduction of Dwed,1. The achieved
reduction in variable RBE-weighted dose showed a
more pronounced dependence on the chosen dose
level than on the LET threshold (Figure 9).

Dirty dose optimization did not impact the dose dis-
tribution of the target volume. All DDopt plans showed
the same HI and CI as the corresponding RefPlan. For
patient 1, the mean difference (±standard deviation) of
the D95% in the CTV between the DDopt plans and
the corresponding RefPlan was 0.04 (±0.10) Gy(RBE).
For patient 2 this difference was 0.06 (±0.01) Gy(RBE)
for CTV1 and 0.02 (±0.37) Gy(RBE) for CTV2, respec-
tively.However,dirty dose optimization slightly increased
the absorbed dose in the OAR (Figure 9c) and led
to an increase of the mean absorbed dose to healthy
brain tissue (Figure 9d). The increase in 1.1-weighted

D1 (±standard deviation) in the OAR averaged over
all DDopt plans and all OAR compared to the RefPlan
was 0.47 (±0.65) Gy(RBE) and 0.08 (±0.28) Gy(RBE)
for patient 1 and 2, respectively. This increase trans-
lated into a maximum increase of the NTCP1.1 of 1
percentage point (pp). The average increase of mean
1.1-weighted dose in healthy brain tissue compared to
the RefPlan was 0.81 (±0.21) Gy(RBE) and 0.53 (±0.20)
Gy(RBE) for patient 1 and 2, respectively.

For patient 1 and compared to the DDopt plans,
the LETopt plan showed an overall higher reduction
in both LETd and Dwed in the critical OAR, including
the near-maximum values LET1 and Dwed,1. Averaged
over all DDopt plans, LET1 and Dwed,1 in the chiasm
were 4.06 (±0.49) keV/µm and 56.98 (±1.05) Gy(RBE),
respectively. For the LETopt plan, values of 3.95 keV/µm
and 51.71 Gy(RBE) were found for LET1 and Dwed,1,
respectively. The corresponding vRBE-weighted dose
and LET volume histograms for an exemplary DDopt
and the LETopt plan can be found in the supplement
(Figure S4). Besides reducing the vRBE-weighted dose
in OAR, LETopt also influenced the dose in the target
volume and the healthy brain tissue leading to val-
ues of 52.64 Gy(RBE) and 7.04 Gy(RBE) for D95%
of the CTV and Dmean of the healthy brain tissue,
respectively. DDopt plans showed an averaged D95% for
the CTV of 53.04 (±0.10) Gy(RBE) and an averaged
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THE DIRTY AND CLEAN DOSE CONCEPT 630

F IGURE 8 Representative slice for patient 1 including the CTV (blue), brainstem (white), chiasm (magenta), right (green) and left (red)
optical nerve and overlaying the 1.1-weighted dose (D1.1), dirty dose (DD) and clean dose (CD) for the reference plan RefPlan (a, b, c) and the
dirty dose optimized plan DDopt (d, e, f) with LET threshold = 2 keV/µm and max dirty dose level = 50%. Corresponding line dose profiles
(along the indicated straight lines) for the reference plan (g) and the dirty dose optimized plan in (i) as well as dose-volume histograms using the
Wedenberg RBE model (blue) and linear energy transfer-volume histograms (green) for the reference plan (h) and the dirty dose optimized plan
(j). Arrows indicate coplanar (white) and non-coplanar (red) beams as well as beams passing through the skull cap (green).

Dmean for healthy brain tissue of 6.65 (±0.21) Gy(RBE).
When comparing the LETopt plan with the correspond-
ing RefPlan, the LETopt plan achieved a ΔLET1 of
−3.35 keV/µm and a ΔDwed,1 of −8.03 Gy(RBE) for the
chiasm of patient 1. Compared to the RefPlan, LETopt
reduced the CI and HI by 0.03 and 0.04,respectively,and
the D95% for the CTV by 0.44 Gy(RBE). Furthermore,
the mean dose in healthy brain tissue was increased
by 1.2 Gy(RBE). For patient 2, the results for DDopt
and LETopt were found to be comparable. For the brain-
stem, the LETopt plan achieved ΔLET1 and ΔDwed,1
values of −2.61 keV/µm and −1.1 Gy(RBE), respec-
tively. Compared to the RefPlan, HI and CI values of

the LETopt plan remained unchanged. The difference
of D95% of the target volume between the RefPlan and
the LETopt plan was −0.05 Gy(RBE) for CTV1 and
0.02 Gy(RBE) for CTV2, respectively. The mean dose to
healthy brain tissue was increased by 0.62 Gy(RBE).For
both patients, vRBE-weighted dose-volume histograms
using the Wedenberg RBE model and LET-volume
histograms of the LETopt plans can be found in the
supplement (Figure S3).

All DDopt plans reduced the NTCPwed in all OAR com-
pared to the corresponding RefPlan when considering
the Wedenberg dose (Table 1). Furthermore, varying
α/β from 2 to 3 Gy led to less difference in NTCPwed
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631 THE DIRTY AND CLEAN DOSE CONCEPT

(a) (b)

(d)(c)

ΔLET1(OAR) ΔDwed,1(OAR)

ΔD1(OAR) ΔDmean(brain-CTV)

F IGURE 9 Differences between the dirty dose optimized plans and the reference plan for patient 1 in the chiasm: near-maximum
dose-averaged linear energy transfer (LET), LETd,1 (a), near-maximum variable relative biological effectiveness (RBE)-weighted dose using the
Wedenberg RBE model, Dwed,1 (b), near-maximum absorbed dose, D1, (c). Differences in mean dose in the healthy brain tissue, Dmean (d).

TABLE 1 NTCPwed values resulting from the variable relative biological effectiveness (RBE)-weighted dose distribution using the
Wedenberg RBE model for the reference plan (RefPlan) and dirty dose optimized plans (DDopt).

Patient 1 Patient 2
Organ at risk α/β/Gy RefPlan DDopt RefPlan DDopt

Brainstem 2 1% 0% ± 0% 17% 11% ± 2%

3 0% 0% ± 0% 12% 8% ± 1 %

Chiasm 2 20% 4% ± 2% 18% 6% ± 1%

3 12% 2% ± 2% 13% 5% ± 1%

Right optical nerve 2 0% 0% ± 0% 18% 7% ± 2%

3 0% 0% ± 0% 12% 5% ± 1%

Left optical nerve 2 27% 12% ± 3% 6% 2% ± 2%

3 18% 8% ± 5% 4% 1% ± 1%

Note: For DDopt, the mean NTCPwed and standard deviation for all considered dirty dose optimization parameter combinations are given.

(defined as ΔNTCPwed = NTCPwed(α/β = 2 Gy)—
NTCPwed(α/β = 3 Gy)) for all DDopt plans. For the
RefPlans of patient 1 and 2, the mean ΔNTCPwed aver-
aged over all OAR was 5 (±3) pp and 5 (±2),respectively.
For the DDopt plans, the same variation in α/β led to a
smaller mean ΔNTCPwed of 2 (±2) pp and 2 (±1) pp
for patient 1 and 2, respectively. The relative changes of
NTCPwed (defined as ΔNTCPwed/NTCPwed(α/β = 2 Gy)
for OAR with NTCPwed(α/β= 2 Gy)> 0) averaged over all

OAR were comparable for the RefPlans and the DDopt
plans and were in the order 0.5 and 0.3 for patient 1 and
2, respectively (Table 1).

4 DISCUSSION

The basic idea of the novel dirty and clean dose
concept is to separate the 1.1-weighted proton dose
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THE DIRTY AND CLEAN DOSE CONCEPT 632

contributions into a clean dose part with an expected
biological dose response similar to that of photons and
a dirty dose part with a non-photon-like dose effect.
The goal of the concept is to decrease the dirty dose
in critical OAR to reduce the RBE-related uncertainties
when using photon-based OAR tolerance dose val-
ues in proton therapy plan optimization and approval
together with a constant RBE.

When applying the dirty and clean dose concept, val-
ues for two parameters, namely, the LET threshold and
the dirty dose level, are decisive and must be chosen for
optimization. The present analysis showed, as expected
from the definition of the novel concept, that for low LET
threshold values,almost the whole dose was considered
as “dirty” and, consequently, the maximum dirty dose
objective acted similarly to a standard dose objective in
plan optimization. On the other hand, for too high LET
threshold values, nearly no influence on the resulting
plan was observed, because the optimized “dirty” part
of the dose was too small. Accordingly, the choice of
the LET threshold determines whether the dose distri-
bution is changed, or the LET is redistributed to achieve
the reduction of the dirty dose. Moreover, the choice of
the max dirty dose level showed a greater impact on
the resulting plan than the LET threshold value. In the
performed water phantom studies, LET threshold val-
ues between 1.5 and 2.5 keV/µm resulted in the best
results, that is, the most pronounced reduction in vRBE
dose in the OAR. Studies4,31–35 analyzing the occur-
rence of unexpected side effects after proton therapy
found radiation-induced image changes to occur in vox-
els especially with a mean LET higher than 2.5 keV/µm.
It should be noted that these studies considered dose-
or track-averaged LET values in their analysis. More-
over, according to the Wedenberg RBE model an LET
of 1.5 keV/µm leads to an RBE of 1.1 when using an
α/β = 2 Gy and a dose per fraction of 2 Gy. Therefore,
this value might be suitable for dividing the 1.1-weighted
dose into a clean and a dirty part.

We calculated the LETd and the vRBE-weighted dose
using the Wedenberg RBE model to assess the benefits
and risks of the dirty and clean dose concept. Although
averaging the LETd might introduce uncertainties,36

most biological data and analyses of clinical out-
come data are based on averaged LETd values.4–6,9

This might change in the future since the amount
of microdosimetry studies analyzing LET spectra and
LET values of individual particles is increasing21,36–38

and new techniques for calculating these quantities
have been developed.39,40 Nevertheless, since biologi-
cal analyses and correlations of clinical outcome data
with LET spectra and other microdosimetric quantities
are still lacking, we chose to calculate the LETd and
vRBE-weighted dose distribution using the Wedenberg
RBE model to assess the benefits of the novel con-
cept. In this way, also a comparison with other strategies
to optimize vRBE-related quantities is possible since

most of these studies calculated similar quantities to
assess the benefits of their strategies. Using the dirty
and clean dose optimization strategy led to more ben-
eficial plans in terms of vRBE using the Wedenberg
RBE model. Most DDopt plans reduced the number
of high LET protons, thereby reducing the LETd and
the near-maximum vRBE-weighted dose in critical OAR
translating into lower NTCPwed values. Interestingly, for
DDopt plans, both the variable RBE and NTCPwed val-
ues were less dependent on variations in the α/β-value
compared with the corresponding reference plan. Espe-
cially, the resulting absolute changes in NTCPwed were
clearly smaller for the DDopt plans compared to the Ref-
Plans.This may be of relevance,since the uncertainty in
the α/β value, which is needed to model RBE, is usually
considered as a major source of uncertainty for vari-
able RBE dose.25,26 The decreased dependence of the
NTCP on biological parameters can be explained with
the dependence of the variable RBE on the α/β value.
In the Wedenberg model, the term depending on α/β
is multiplied with LETd. Since the LETd values in OAR
are generally smaller in DDopt than in reference plans,
a change of or an uncertainty in the α/β value also has
less effect on the variable RBE and thus NTCP in DDopt
plans.

Nevertheless, optimizing the dirty dose also comes at
a cost. DDopt plans showed a higher absorbed dose in
surrounding healthy tissue, where no dirty dose objec-
tive was applied. Furthermore, a small increase of the
near-maximum 1.1-weighted dose in the critical OAR
was observed, which translated in a small NTCP1.1
increase by a maximum of 1 pp. However, the clini-
cally used tolerance doses for the 1.1-weighted dose
in the OARs were never exceeded and the resulting
vRBE-weighted dose and, therefore, also the NTCPwed,
were still reduced. This may be due to the two-step
planning approach used here. This approach is in line
with other studies17,27,41 analyzing potential optimiza-
tion strategies. By adding the max dirty dose objective
to the standard dose objectives of the reference plan to
create the DDopt plans, the standard max dose objec-
tives also restricted the maximum 1.1 weighted dose in
the OAR for the DDopt plans. In this study, dirty dose
optimization showed nearly no impact on the dose cov-
erage,homogeneity,and conformity of the target volume,
which is in line with current guidelines1 suggesting to
keep target dose the same when applying strategies for
reducing vRBE related uncertainties in OAR.

When comparing the DDopt plans with the LETopt
plans we found a slightly higher reduction of Dwed,1 in
the OAR for the LETopt plans of patient 1. At the same
time,the LETopt reduced the dose coverage,homogene-
ity, and conformity in the target volume, which might
influence tumor control and might contradict current
guidelines1 suggesting to keep the dose distribution
in the target volume unchanged while optimizing RBE
related quantities in OAR.Adjusting the objectives of the
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633 THE DIRTY AND CLEAN DOSE CONCEPT

LETopt plan of patient 1 might prevent dose changes in
the target volume but might at the same time reduce the
achieved reduction of Dwed,1 and might therefore lead
to comparable results between DDopt and LETopt, as
found for patient 2. No influence on the dose in the tar-
get was found for DDopt for any of the tested parameter
combinations.Hence,optimization of dirty dose appears
less likely to result in dose changes in target volume
compared to the optimization of LETd.

We chose patients with typical cranial tumors to con-
firm the basic findings of the water phantom studies
because their geometrical and anatomical conditions
might result in especially high RBE uncertainties in
normal tissues42,43 and, consequently, most clinical evi-
dence for a variable RBE in proton therapy is available
for these entities.Therefore,patients with cranial tumors
may benefit most from the novel dirty dose optimization
strategy. Here, two patient cases with different pre-
scribed doses were presented to show the feasibility
of the concept for different dose regimes. In the future,
larger in silico patient studies that go beyond introducing
the dirty and clean dose concept could extend to various
body sites and further confirm the obtained results in a
more general way.

Several other strategies44–48 have been proposed to
account for vRBE uncertainties during plan optimization,
for example, the optimization of the averaged LET, the
track-end distribution, the product of dose times aver-
aged LET and a direct optimization of vRBE-weighted
dose using different RBE models. To be able to assess
the efficiency of the different strategies some publi-
cations evaluated the same quantities as in the study
at hand, so that a direct comparison is possible. Hen-
jum et al.,48 for example, optimized the vRBE-weighted
dose using the Rᴓrvik21 and McNamara16 RBE model.
They achieved a reduction of about 3% of the max-
imum vRBE-weighted dose compared to a reference
plan. With the dirty dose optimization in this study a
reduction of the near-maximum vRBE-weighted dose of
up to 11% was achieved. However, it should be noted
that here the Wedenberg15 RBE model was applied
for vRBE-weighted dose calculation. When optimizing
the track-end distribution Traneus and Ödén44 found a
reduction in NTCPwed of up to 19 pp, which was also
achieved in this study with dirty dose optimization.More-
over, dirty dose optimization led to a reduction of the
near-max LETd of up to 4 keV/µm while Liu et al.,46

for example, reported a reduction of up to approxi-
mately 2 keV/µm for the maximum value of LETd in
OAR when applying different strategies to optimize the
dose-averaged LETd. Strategies optimizing the LET or
the product of dose and averaged LET usually optimize
dose- or track-averaged LET. Therefore, they may intro-
duce new uncertainties, since different LET spectra in
a voxel with different biological effects, can lead to the
same averaged LET value. Whether these uncertain-
ties are negligible in a clinical environment is currently

under debate. Some studies did not find a significant
difference in proton RBE values based on averaged and
not-averaged values,49 while other studies suggest that
the use of the actual LET value might be favorable.36

With the dirty and clean dose optimization approach,
the LET value of each proton determines whether this
proton is considered in the optimization. Optimizing the
product of dose and LETd tend to overestimate the influ-
ence of the LETd, since both quantities are included
equally in the optimization. This means that a doubling
of the LETd leads to the same effect as a doubling
of the dose. When optimizing a dirty dose distribution
there are two free parameters (LET threshold and, e.g.,
max dirty dose level). With these parameters, one can
choose which dirty dose distribution is optimized and
thus (indirectly) influence in which ratio dose and LET
are considered in the optimization. For a direct opti-
mization of the vRBE-weighted dose, the choice of RBE
model is crucial. For proton therapy, many different RBE
models are described in the literature,15–19,21–24 and
most of them are based on cell survival data. So far, all
these models are only used for research purposes and a
clinically accepted RBE model for the use in proton treat-
ment planning is still lacking. Moreover, the use of an
RBE model requires accurate knowledge of biological
parameters, such as α/β, which are typically uncertain.
Since the dirty dose distribution is just another dose
distribution, the optimization of this distribution corre-
sponds to an optimization of purely physical parameters
and was found to be more robust against uncertainties
in α/β.

A recent study27 compared four different strategies,
including the optimization of dirty dose, that all achieved
a vRBE-weighted dose reduction in critical OAR while
maintaining plan quality regarding the 1.1-weighted
dose. In that study, the choice of only a single dose
level and LET threshold value was considered as the
limiting factor to fully exploit the potential of DDopt.
In the studies performed here, (especially, those with
the water phantom) the range of suitable optimization
parameters could be narrowed down to approximately
1.5–2.5 keV/µm for the LET threshold and 40%–60%
of the DD1 of the corresponding RefPlan for the max
dirty dose level. In this range, the resulting DDopt plans
were found to be robust against changes of the param-
eter values. The parameter combination used in the
before mentioned study was within this range and can
therefore, based on the results at hand, be consid-
ered as a suitable choice. Since the study mentioned
before analyzed one plan for each of the ten patient
cases studied, the results of the work at hand are
expected to hold also for a larger patient cohort. For the
future,probably the best approach to determine suitable
optimization parameters would be the analysis of clin-
ical outcome data aiming at max dirty dose level and
LET threshold values that are associated with toxicities.
As long as these data are not available, the two-step
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THE DIRTY AND CLEAN DOSE CONCEPT 634

planning approach suggested here (first, RefPlan and
based on that, second, DDopt plan) might be a practical
alternative.

In the current implementation, the separation in dirty
and clean dose is performed only for primary and
secondary protons. The dose of heavier secondary
particles is treated as clean dose, since the uncertain-
ties when calculating their LET spectra are currently
under investigation. In a future implementation, the sep-
aration in clean and dirty dose will be performed for
all particles, which might further improve the optimiza-
tion results when applying the dirty and clean dose
concept.

In this study, the same optimization weights as in the
corresponding RefPlan were used in the DDopt plans.
For the MaxDirtyDose objective a weight of around 10%
of the weight of the standard dose objectives used for
OAR sparing was applied. Therefore, the weights of all
standard dose objectives, including the MaxDirtyDose
objective, were kept constant. Studies using multi cri-
teria optimization might be performed in the future to
better understand the influence of the individual weights
on the resulting dose distribution. Using other clean and
dirty dose related objectives may further improve the
optimization results in terms of the biological effect. For
example, considering different dirty dose volume his-
togram parameters or the mean dirty dose in an OAR
might help achieving treatment plans with a photon like
dose response. Furthermore, comparing between differ-
ent number of treatment fields,showed that the stopping
protons might get redistributed to normal tissue outside
of the OAR to achieve the desired reduction of dirty
dose in the OAR. Therefore, future studies could add
dirty and clean dose related objectives for the normal
tissue also outside the OAR to prevent or at least limit
large amounts of dirty dose somewhere in healthy tis-
sue. As the dirty and clean dose concept just requires
the optimization of another dose distribution, this con-
cept allows for the implementation of all objectives used
for standard dose optimization,as well as the implemen-
tation of robust optimization and robustness analysis in
the same way as performed for the 1.1-weighted dose
distribution.

5 CONCLUSION

The dirty and clean dose concept separates the 1.1-
weighted proton dose in two parts; the clean dose, with
an expected biological dose response similar to that of
photons and the dirty dose with a non-photon like dose
response.It allows for a targeted optimization of the dirty
part of the dose, which is more likely to contribute to
RBE-related unexpected side effects in proton therapy.
As a consequence, the biological effect of DDopt plans
is expected to be more similar to photon irradiation and
less uncertainties are introduced when applying dose

threshold values for OAR sparing based on photon data.
In terms of the biological effect in critical OAR DDopt
plans outperform, depending on the dose level and LET
threshold, clinically acceptable RefPlans. The resulting
NTCP values of DDopt plans were not only reduced
but also more robust against the variation of uncertain
biological model parameters.
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